
University of Alberta

Cost-Effective and Scalable Solutions to Materials Science Problems—Novel 
Thin Film Semiconductors for Photovoltaic Applications and Template 

Directed Synthesis of Copper Nanowires

By

Nathan J. Gerein

A thesis submitted to the Faculty of Graduate Studies and Research 

In partial fulfillment of the requirements for the degree of 

Doctor of Philosophy

Department of Chemistry

Edmonton, Alberta 
Spring 2007

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Library and 
Archives Canada

Bibliotheque et 
Archives Canada

Published Heritage 
Branch

395 Wellington Street 
Ottawa ON K1A 0N4 
Canada

Your file Votre reference 
ISBN: 978-0-494-29678-3 
Our file Notre reference 
ISBN: 978-0-494-29678-3

Direction du 
Patrimoine de I'edition

395, rue Wellington 
Ottawa ON K1A 0N4 
Canada

NOTICE:
The author has granted a non
exclusive license allowing Library 
and Archives Canada to reproduce, 
publish, archive, preserve, conserve, 
communicate to the public by 
telecommunication or on the Internet, 
loan, distribute and sell theses 
worldwide, for commercial or non
commercial purposes, in microform, 
paper, electronic and/or any other 
formats.

AVIS:
L'auteur a accorde une licence non exclusive 
permettant a la Bibliotheque et Archives 
Canada de reproduire, publier, archiver, 
sauvegarder, conserver, transmettre au public 
par telecommunication ou par I'lnternet, preter, 
distribuer et vendre des theses partout dans 
le monde, a des fins commerciales ou autres, 
sur support microforme, papier, electronique 
et/ou autres formats.

The author retains copyright 
ownership and moral rights in 
this thesis. Neither the thesis 
nor substantial extracts from it 
may be printed or otherwise 
reproduced without the author's 
permission.

L'auteur conserve la propriete du droit d'auteur 
et des droits moraux qui protege cette these.
Ni la these ni des extraits substantiels de 
celle-ci ne doivent etre imprimes ou autrement 
reproduits sans son autorisation.

In compliance with the Canadian 
Privacy Act some supporting 
forms may have been removed 
from this thesis.

While these forms may be included 
in the document page count, 
their removal does not represent 
any loss of content from the 
thesis.

Conformement a la loi canadienne 
sur la protection de la vie privee, 
quelques formulaires secondaires 
ont ete enleves de cette these.

Bien que ces formulaires 
aient inclus dans la pagination, 
il n'y aura aucun contenu manquant.

i * i

Canada
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



For Carla and Zoe

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Abstract

In Part 1 o f this thesis minerals from the Cu-Bi-S and Cu-Sb-S phase systems are 

identified as candidates for use as the solar absorber in thin film PV devices. Thin films 

o f the mineral wittichenite, Cu3 BiS3 , were synthesized on fused silica substrates by 

heating Cu-Bi metal precursor films and Cu-S-Bi metal sulfide precursor films under 

H2 S. The effect o f precursor composition and structure, heating temperature, heating 

profile, and gas composition and pressure were systematically investigated. Phase-pure 

Cu3 BiS3 films 250-1000 nm thick were synthesized, with the morphology o f the films 

being dependent on the composition, structure, and heating profile o f  the precursor films. 

Regardless o f processing conditions, Cu3 BiS3 thin films produced in this two-step process 

are either discontinuous or contain hollow pockets between the film and substrate. The 

electrical resistivity o f these Cu3 BiS3 films ranged from 3-200 £>cm.

Cu3 BiS3  thin films were also synthesized in a one-step process by reactive sputter 

deposition o f Cu-S and Bi on heated fused silica substrates. Films produced by this 

process are crystalline, phase-pure, dense, smooth, and continuous. As-deposited films, 

300-600 nm thick, have a direct forbidden band gap o f 1.4 eV, an optical absorption 

coefficient o f 1 x 105 cm ' 1 at 1.9 eV, p-type conductivity, and an electrical resistivity of 84 

£l cm. The crystallite sizes o f the films may be increased, and the electrical resistivity of 

the films decreased to 9.6 Q-cm, by post-deposition annealing under H 2 S. Cu3 BiS3 thin 

films o f similar quality, 1.2 pm thick, were deposited on TCO coated soda-lime and 

borosilicate glass substrates by the same method. Material and method compatibilities
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were also investigated as a preliminary step in the application o f combinatorial methods 

to the development o f thin film PV devices based on Cu3 BiS3 .

In Part 2 o f this thesis the effect o f AC electrodeposition conditions on copper 

deposition into porous aluminum oxide templates are systematically investigated. A 

FFDOE was utilized to study the effect o f five variables: frequency, voltage, pulsed or 

continuous deposition, electrolyte concentration, and barrier layer thinning voltage, on 

the quality o f copper deposition into oxalic acid-anodized templates. Continuous AC 

sine wave deposition conditions yielded excellent uniformity o f pore-filling, but damaged 

the PAO template when deposition was continued until bulk copper was deposited on the 

surface o f the electrode. Pulsed electrodeposition yielded comparable uniformity o f pore- 

filling and no damage to the PAO template.

Further optimization o f pulsed deposition conditions was accomplished by 

examining the effect o f square and sine waveforms, and pulse polarity, on the quality o f 

copper deposition into sulfuric and oxalic acid-anodized templates. Pulsed square 

waveforms produced better pore-filling than pulsed sine waveforms. For sine wave 

depositions, the oxidative/reductive pulse polarity was more efficient than the commonly 

used reductive/oxidative pulse polarity. For square wave depositions into sulfuric acid 

grown pores, the reductive/oxidative pulse polarity produces more uniform pore-filling, 

likely as a result o f enhanced resonant tunneling through the barrier layer and re

oxidation o f copper in faster filling pores.
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Chapter 1. Cost-Effective and Scalable Solutions to Materials Science 

Problems

Materials science is diverse and highly interdisciplinary, with researchers pushing 

the boundaries o f the theory, scale, synthesis, fabrication, characterization, and 

application o f materials. Advances in science have been implicit in many o f society’s 

steps forward, and current topics in materials research are likely to support further 

progress in key areas including: energy production and storage, medical diagnostics and 

treatment, and the development o f advanced optical and electronic devices. While 

performance will continue to be the primary criteria for evaluating new materials and 

technologies, other factors may ultimately determine their success. For example, 

emerging technologies for energy production must be clean and efficient, but to ensure 

widespread deployment they must also be reliable, cost competitive with existing 

technologies, and able to meet ever growing demand.

If  target applications o f new materials require high-volume, low-cost production, 

synthetic strategies for these materials should be scalable, and the starting materials 

readily available. In this thesis, two materials science problems arising from the need for 

scalable and cost-effective syntheses of functional materials are addressed. In Part 1, a 

novel semiconductor is synthesized for possible use as the solar absorber in thin film 

photovoltaic devices, in an effort to increase the energy production capacity o f this 

technology beyond that o f the current, resource limited device configurations. In Part 2, 

the effect o f AC electrodeposition conditions on the growth o f copper nanowires in PAO 

templates are studied, in an effort to take full advantage of the scalable and cost-effective

2
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nature o f the as-formed PAO templates, and develop a low-cost, high-throughput route to 

metal nanowires. Within the general objective o f finding solutions to these two 

problems, the specific objectives o f this thesis follow.

Part 1:

i. To introduce PV devices as a group o f technologies that have the potential to 

provide large amounts o f clean energy, but which face challenges that must be 

overcome before widespread deployment can be realized. For thin film PV 

devices the long-term challenge will be materials availability, which will require 

the development o f novel semiconductors based on abundant, readily available 

elements, and the subsequent integration o f these new materials into efficient 

devices. (Chapter 2)

ii. To introduce sulfide minerals in general, and the Cu-Bi-S and Cu-Sb-S phase 

systems in particular, as a promising source o f novel semiconductors for thin film 

PV devices. Combinatorial experimental methods are identified as a promising 

approach to integrating any suitable compounds from these phase systems into 

efficient PV devices. (Chapter 2)

iii. To present details on the synthesis of thin film wittichenite (Cu3 BiS3 ) by two 

different routes; (1) by heating metal and metal sulfide precursor films under H2 S, 

and (2) by a one-step reactive deposition on heated substrates. The one-step 

method is identified as producing superior films—with morphology, and optical 

and electrical properties suitable for use in thin film PV devices. (Chapters 3 and

4)

3
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iv. To determine the compatibility o f  the one-step deposition process for Cu3BiS3

with other layers required for fabrication o f a multi-layer device and to identify 

methods o f electrically contacting devices. These are regarded as preliminary 

steps, necessary for the successful implementation o f combinatorial device 

development strategies. (Chapter 5)

Part 2:

i. To introduce PAO templates as a versatile template material, with flexible pore 

diameter and depth, ordered pore distribution, and compatibility with a wide 

variety o f pore-filling methods. (Chapter 6 )

ii. To identify electrodeposition as a promising method for metal deposition in the 

pores o f PAO templates, but which has not yet been effectively utilized to take 

full advantage o f the scalable nature o f PAO templates. DC electrodeposition is 

most commonly employed, but requires the laborious removal o f the aluminum 

substrate, and is limited to use on relatively small areas due to the fragility o f the 

PAO layer. AC electrodeposition is compatible with the scalable nature o f as- 

fabricated PAO, but the quality o f pore-filling is generally poor. (Chapter 6 )

iii. To study the effect o f AC electrodeposition conditions on the quality o f pore- 

filling with copper, and identify improved conditions capable o f uniformly filling 

deeper pores. A partially optimized set o f conditions is identified using a 

fractional factorial design of experiment, and these conditions are further 

improved by rational examination o f the wave shape, and the order in which 

oxidative and reductive components o f pulsed wave-forms are applied. As a
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result, a further optimized set o f conditions is identified, as well as the dynamic 

nature o f the aluminum oxide barrier layer, and the role it plays in AC 

electrodeposition. (Chapter 7)

While significant progress has been made in finding solutions to these material 

science problems, each still requires considerable effort, if  complete success is to be 

realized. Candidate materials for thin film PV devices must be successfully integrated 

into devices, and deployed. Further optimization o f AC electrodeposition o f metal into 

the pores o f PAO templates may be possible, and applications must be developed that are 

able to take full advantage o f the low-cost, high-throughput synthesis o f metal nanowires. 

A more detailed discussion o f the work still required, and promising approaches to 

overcoming the remaining challenges, is provided in the concluding chapter o f the thesis. 

(Chapter 8 )
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Part l--Novel Thin Film Semiconductors for Photovoltaic Applications
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Chapter 2. Novel Semiconductors for Thin Film Photovoltaics and 

Device Discovery Using Combinatorial Methods

Introduction

Increasing energy demand and concerns over climate change caused by fossil fuel 

consumption are stimulating intensified interest in new energy sources in the R&D 

community, governments, and the general population. Primary power demand is 

predicted to increase from -1 0  TW in 1990 to -30  TW in 2050 and -5 0  TW in 2100; 

under a “business-as-usual” approach the bulk of this future demand would be met by 

coal. 1 Anthropogenic sources have already resulted in atmospheric CO2  rising from -275 

ppm to -370 ppm, and unchecked, the concentration will pass 550 ppm this century . 2 It 

is predicted that this rapid rise in C 0 2  will be accompanied by a global-mean warming in 

the range o f 1.7-4.9 °C from 1990 to 2100? In order to avoid the catastrophic 

consequences that would be associated with this, including coral reef bleaching, 

thermohaline circulation shutdown, disintegration of the West Antarctic Ice Sheet, and 

loss o f land to rising sea levels, a stabilized atmospheric C 0 2  concentration at or below 

450 ppm may be required . 2 Stabilizing C 0 2  at the 1990 level o f 350 ppm would require 

10 TW of carbon free power production by 2018, to stabilize C 0 2  at 450 ppm would 

require this much carbon free power by 2025.1 By mid-century this would increase to 30 

TW and 20 TW respectively, by which time even C 0 2  stabilization at 550 ppm would 

require 15 TW of carbon free power . 1 Considering that global power production in 1990 

was 10 TW, and that 85% of global demand is currently derived from fossil fuels,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



generating 10 TW of carbon free power within the next 10-20 years will be a significant 

challenge.

Several methods have been proposed for low carbon or carbon free primary power 

generation, including terrestrial solar, wind energy, solar power satellites, biomass, 

nuclear fission, nuclear fusion, fission-fusion hybrids, and fossil fuels from which carbon 

dioxide has been sequestered; however, all o f these currently have significant deficiencies 

which must be overcome if  they are to generate power on the terawatt scale . 2  While it is 

likely a mix o f energy sources will be used in the short term; in the long term solar 

energy may hold the greatest promise for large scale deployment, 4  with more solar energy 

incident on the earth in 1 hour than is consumed globally in 1 year. 5 Photovoltaic 

manufacturing, based almost entirely on silicon solar cells, has been growing at or above 

30% per year, with annual sales now at the 1 GW mark and worth U.S. $10 billion . 6 

However, this impressive growth still falls far short o f what is required for PV to become 

a primary power producer in the next 10-20 years. In addition to the massive production 

increases required for primary power production, efficient and cost-effective chemical 

and/or electrical energy storage methods are needed to overcome the intermittent nature 

o f solar insolation. Cost reductions are also required to make solar energy competitive at 

the consumer, and utility levels with conventional energy generation techniques, such as 

natural gas, coal, or nuclear. 6  The following section provides a brief review o f the state- 

of-the-art for existing and emerging solar energy technologies, as well as the challenges 

associated with scaling these technologies up to the terawatt level.

8
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Meeting the Terawatt Challenge with Solar Energy

The first silicon solar cell was reported by Bell labs in 1954.6 In 1961 Shockley 

and Queisser determined the detailed balance limit o f conversion efficiency to be 41% for 

an ideal solar cell with a single cut-off frequency.7 When geometric factors are taken into 

account, and a planar solar cell irradiated by a spherical sun subtending a solid angel is 

considered, the maximum conversion efficiency is reduced to 31%.7 Since that time new 

PV technologies have been introduced, and significant improvements have been made in 

the solar-to-electrical energy conversion efficiencies o f these devices. Progress in record 

solar cell conversion efficiencies for various PV technologies is charted in Figure 2.1.

Several technological gaps continue to limit the overall efficiencies o f  these 

devices. One, the gap between theoretical and record conversion efficiencies, two, the 

gap between conversion efficiency of record cells and mass produced cells, and three, the 

gap between the conversion efficiency of cells and modules.6 As a consequence of the 

last two differences, the performance o f PV devices is considerably lower in application 

than the record cell efficiencies indicated in Figure 2.1, providing room for improvement 

even in a mature technology like crystalline silicon, where record cell efficiencies are 

only a few percentage points below theoretical values. A brief snap-shot o f the current 

state-of-the-art, for both current and emerging technologies, as well as an indication of 

the potential for terawatt deployment follows.

Crystalline Silicon. Crystalline silicon devices continue to be the industry 

leader, with over 94 % of solar cell production based on single-crystal or multi-crystalline 

silicon.6 The ubiquitous nature o f silicon in opto-electronic applications has resulted in 

well understood material properties, which the silicon PV industry has been able to use to

9
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Figure 2.1. Chart o f progress in conversion efficiencies o f various PV technologies 
over time. Obtained from NREL at http://www.nrel.gov/ncpv/thin_film/.
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their advantage. Record cell efficiencies o f single-crystal devices are close to 25%, and 

the gap between record cells and commercial cells is narrowing. For example, Sanyo’s 

commercially produced HIT cell has achieved cell and module efficiencies o f over 21% 

and 18%, respectively.8,9 In addition to high efficiencies, an important metric for rooftop 

area-limited applications, silicon cells also have market-leading warranties o f 25 years. 

However, due to the indirect band gap o f Si, a relatively thick film is required to absorb 

all incident radiation, which dictates the use of a high-quality material. Production o f Si 

single-crystal ingots is energy intensive, and even with the advent o f reduced kerf wire 

saws, roughly 35% of the material is lost during wafer production.10 As a result, wafer 

production contributes 50% to the final module cost,6,10 and also dramatically increases 

the energy payback time. Despite the high cost o f production, single crystal silicon cells 

continue to account for -30%  of worldwide PV sales.11

One way to reduce the cost o f Si cells is to use multi-crystalline silicon, an 

approach which has been employed for over thirty years, and is now the dominant 

technology with -60%  of the global PV market.11 These cells cost about 20% less to 

produce than single-crystal cells, have a lower energy pay-back time, and cell efficiencies 

only a few percentage points less. When compared at the module level, a difference of a 

few percentage points in conversion efficiency remains between the best single-crystal 

and multi-crystalline modules, but average commercial modules have almost identical 

efficiencies o f 12.8% (single-crystal) and 12.6% (multi-crystalline).8

Despite the obvious success of crystalline silicon, scale-up to the terawatt level 

faces significant challenges. In the short term the largest barrier is a silicon feedstock 

shortage. The PV industry currently consumes 1/3 o f global polysilicon feedstock

11
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production, and continuing growth in the PV industry has left feedstock in short supply. 

The capital cost o f new feedstock production facilities, along with competition from the 

microelectronics industry, is expected to result in substantial price increases.6,11 

Modified feedstock plants producing solar-grade silicon could offset some o f this cost 

increase, but in the short term this will limit industry growth and increase costs.11

In the long term, the cost associated with utilizing high purity Si will likely 

prevent crystalline-silicon solar cells from realizing the lower production costs regarded 

as the domain o f thin film PV devices, and emerging technologies such as organic solar 

cells. It is predicted that within the next ten years the costs for Si wafer solar cells will 

level off at U.S. $1.00/W - $1.50/W (down from the current cost o f ~$4.00/W); this is 

still well above the U.S. DOE target o f U.S. $0.33/W.12 However, silicon solar cells 

remain an active area o f research. Devices based on the growth o f multi-crystalline 

sheets and ribbons have been commercialized, and continue to be improved. These 

approaches offer greatly enhanced material utilization, higher throughput, and 

efficiencies only slightly lower than devices produced from multi-crystalline ingots.6 

Other active areas o f research include the production o f Si cells from thin (< 100 pm 

thick) wafers,13 or from thin polycrystalline layers deposited directly on glass 

substrates.14 This continuing innovation, combined with demonstrated success, is likely 

to ensure the dominance o f Si-based devices in the near term. What role they might play 

beyond that remains to be seen.

Thin Films. Thin film photovoltaic devices can be divided into three types, 

amorphous silicon, Cu(In,Ga)Se2 (CIGS), and CdTe. Common to all three materials is 

strong optical absorption, enabling efficient collection o f solar radiation with -100 times

12
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less material than would be required with crystalline Si. Arguments in favor o f thin film 

solar cells are based on lower material utilization, compatibility with high-throughput 

roll-to-roll manufacturing, and reduced energy costs for production. Cells based on all 

three o f  these thin film materials are in commercial production, and while the current 

price per watt is comparable to silicon cells, it is predicted that thin film solar cells will 

drop below U.S. $1.00/W in the next decade, and approach the U.S. DOE target cost o f 

U.S. $0.33/W in the following years.11’12,15

Amorphous silicon solar cells were introduced 30 years ago as a promising new 

technology.16 To utilize amorphous silicon as a PV material it must be hydrogenated, 

forming a-Si:H, to passivate dangling bonds and minimize band-gap states. The band- 

gap may be tuned during the hydrogenation process, by varying hydrogen content in the 

material from 5-20 atomic %.8 Amorphous Si:H is 100 times more effective at absorbing 

solar radiation than crystalline Si, enabling efficient light absorption with a much thinner 

semiconductor layer.17 These properties were thought to make it an ideal candidate for 

PV; however, a-Si:H cells continue to be hindered by a light-induced material 

degradation,18 known as the Staebler-Wronski effect. Upon exposure to sunlight, 

metastable inter-band defects are formed, reducing the performance o f  the device, with 

stabilized efficiencies 10-50% below initial efficencies.6,17 The magnitude o f this 

performance degradation is related to the degree o f disorder in the a-Si:H, with films just 

below the crystalline threshold having the greatest stability.17 The best amorphous 

silicon cells currently have stabilized efficiencies o f 12-13%.17 Research on these 

devices continues, with interest focused on the material and device properties at the 

boundary between the amorphous and the nano-crystalline regimes. Despite this

13
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challenge, amorphous silicon cells benefit from low material and manufacturing costs, 

and currently account for 5% of global PV sales.11 Devices may be produced in a roll-to- 

roll process on stainless steel foils, and these products have found a market in BIPV, with 

module efficiencies in the range of 8%.6,11,17 However, with relatively low efficiencies 

and on-going problems with device stability, it may be difficult for amorphous silicon to 

compete with other technologies in the long term.

Thin film solar cells based on the polycrystalline materials Cu(In,Ga)(S,Se)2 , 

(CIGS) and CdTe continue to advance, and while these devices account for only 1% of 

global sales,11 they have been realizing significant market growth, stimulated, in part, by 

the silicon feedstock shortage. CIGS and CdTe devices have many inherent advantages 

for application in PV devices. Like amorphous silicon, they are amenable to high 

throughput roll-to-roll deposition processes. With some methods they may be deposited 

without the use o f high vacuum equipment, reducing capital and operating costs for 

manufacturing facilities. They have direct band gaps that reduce material utilization and 

increase tolerance for defects, device fabrication often requires fewer processing steps, 

and the use o f monolithic interconnects simplifies manufacturing o f large area modules.11 

In both CdTe and CIGS devices it has also been found that the grain boundaries act to 

enhance charge separation and transport in the device, making the polycrystalline 

material superior to the single-crystal material for PV applications.19,20

The record cell efficiency for a CIGS cell is 19.5%, and the best commercial

modules have efficiencies o f 13%, with average module efficiencies, including ones

6  21manufactured in a roll-to-roll process, in the range o f  10-12%. ’ As mentioned earlier, 

closing the gaps between theoretical efficiencies and module efficiencies is important to

14
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maximize performance o f deployed products, and even with limited manufacturing 

history CIGS devices are doing well in this regard. Novel approaches to manufacturing 

should further improve throughput and materials utilization, and reduce costs. Examples 

include the SUNRISE cell, where CIS and a buffer layer are deposited on 200 pm 

diameter glass beads, the coated beads are applied to a metal film, and the device 

completed by application o f front and back contacts.22 Advantages include the use of 

small volume, high throughput reactors for CIS deposition, minimal use o f vacuum 

equipment, and compatibility with roll-to-roll processing. In another novel approach 

Nanosolar Inc. (www.nanosolar.com) is developing a roll-to-roll process where the CIGS 

layer is printed onto a metal foil. In addition to high-throughput deposition and 

elimination o f vacuum equipment, this method also offers essentially 100% material 

utilization. To date, no efficiencies have been reported, but corporate press releases state 

that devices are in pilot scale production.

Efficiencies o f CdTe devices are slightly lower than those o f CIGS devices, with a 

record cell efficiency o f 16.5%, and average module efficiencies in the range o f 7-9%.5 

However, despite lower efficiencies, CdTe cells have been adopted for 

commercialization, in part due to the robust nature o f CdTe and its amenability to high 

throughput deposition.6,23 When considering scale-up to hundreds o f megawatts of 

production, the rapid rate at which CdTe can be deposited makes it one o f the most 

promising solar technologies.6 Some material challenges associated with the use o f CdTe 

include the fact that p-type doping is difficult, and that the high work function of CdTe 

(5.8 eV) makes fabrication o f a stable back contact a challenge, since there is no suitable 

metal with a work function higher than that o f CdTe (a property required for formation of

15
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an ohmic contact).24 A final concern with CdTe is the toxicity o f the material, which 

presents some environmental and safety issues; however, extensive studies indicate that 

the risk is minimal, and that any concerns can be mitigated by the use o f  appropriate 

packaging and recycling programs.6

The inherent advantages o f CIGS and CdTe based devices would seem to make 

them ideal candidates for rapid scale-up and significant power production; however, a 

barrier to the widespread deployment o f these devices is material availability. It has been 

reported that availability o f tellurium and indium will ultimately limit the electricity 

generating capacity o f these devices to 4% of current global demand for CdTe, and 1% 

for CIGS.25 Consequently, if  thin film PV devices are to realize their full potential, new 

materials must be identified that are not limited by the availability o f constituent 

elements. Ideally, these new materials should also be amenable to cost-effective methods 

o f production, and be o f limited toxicity to eliminate additional costs associated with 

implementation o f stringent packaging and tracking protocols.

High-efficiency Concentrators and Em erging Technologies. In order for PV 

devices to reach an even lower price/watt, either significantly higher conversion 

efficiencies or significantly lower production costs must realized.15 It is predicted that 

devices making significant advances in either regard may eventually reach production 

costs as low as U.S. $0.10/Watt.

One approach to higher efficiencies is to incorporate multiple junctions into a 

single device, with each junction tuned to a different portion o f the solar spectrum. With 

the addition o f a second junction the theoretical efficiency jumps from 31% to 42%, and 

with an infinite stack the theoretical conversion efficiency is 87%.10,15 In recent years,
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significant advances have been made in multi-junction cells, and efficient triple-junction 

cells based on GalnP/GaAs/Ge and GalnP/GaAs/GalnAs have been realized. These 

advances have been stimulated in large part by the need for high W/kg devices for space 

applications. For flat plate terrestrial applications these cells would be prohibitively 

expensive; however, when combined with solar concentrator and tracking systems, the 

economics o f these devices can be enhanced considerably.

Lenses or mirrors are used to achieve solar concentration o f up to 1000 times, and 

tracking systems enable the device to follow the sun, maintaining direct solar irradiation. 

These additional system components enable power production to remain relatively 

constant during daylight hours, and also allow the area o f the solar cell to be reduced by a 

factor equivalent to the solar concentration, dramatically lowering the cost per watt o f the 

system. The best conversion efficiency achieved with a device o f this type is 39% for a 

triple-junction GalnP/GaAs/Ge cell under 360 times concentration, the highest efficiency 

achieved for any PV technology.6 These systems are not well suited to residential 

installations, but are being considered for centralized utility installations. For centralized 

utility applications, cost targets are considerably lower than for installations at the 

consumer level. However, with continuing advances in both cells and balance o f system 

components, these multi-junction concentrator systems would seem to be well positioned 

for deployment at the utility scale.

There also exists numerous emerging technologies, some demonstrated, some 

theoretical, that may ultimately offer significantly lower costs and/or significantly higher 

conversion efficiencies than current technologies. Technologies targeting reduced costs 

include dye-sensitized solar cells and organic solar cells. Dye-sensitized solar cells have

17
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achieved efficiencies o f 11%,6 and have the potential for very low fabrication costs; 

however, there are ongoing concerns about the durability of these devices. Organic solar 

cells, which exist in a variety o f configurations,12 have gained prominence in the last few 

years, and offer the possibility o f very low costs combined with simple manufacturing 

methods. In the lab, devices o f this type commonly achieve efficiencies o f 3-5%.6 

However, organic solar cells are still in their infancy, and if  they are to form part o f the 

PV portfolio in the future they will have to demonstrate improved performance as well as 

long term stability and durability.

At the other end o f the spectrum are device concepts with the potential to achieve 

very high conversion efficiencies. These devices are in very early stages o f development, 

in some cases existing only in theory, and are based on several different advanced 

concepts. These include: thermophotovoltaic and thermophotonic devices (85% 

theoretical efficiency), impact ionization devices (86% theoretical efficiency), hot carrier 

cells (87% theoretical efficiency), and multiband cells (87% conversion efficinecy).6’15 

While these emerging technologies offer the possibility o f very high conversion 

efficiencies, it may be the case that devices delivering the full potential o f these concepts 

are never realized.

PV is still a young industry, and while it is growing rapidly, the net contribution 

to global energy production is small. Significant growth potential exists for a variety of 

PV technologies; however, all o f these technologies face challenges. At this time it is not 

possible to predict what PV technology, or technologies, will become dominant in the 

future. Consequently, it is necessary to maintain diverse and well funded R&D programs 

at all levels o f PV, from basic science, to large scale grid and utility integration, as well
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as related areas o f research, such as finding efficient means o f electrical or chemical 

storage o f solar energy. One o f the challenges facing thin film PV devices is material 

availability. The remainder o f this chapter (and Chapters 3, 4, and 5) provides details on 

one particular effort to overcome this challenge.

Novel Semiconductors for Thin Film PV Devices

In the previous section thin film polycrystalline PV devices were identified as 

having immediate and growing potential for harnessing solar energy. They have 

successfully entered commercial production, and they are amenable to the low-cost, high- 

throughput fabrication methods critical for production o f cost-effective devices and rapid 

scale-up. However, it was also identified that the long term growth o f  these technologies 

will be curtailed by the limited availability o f In and Te. For large-scale deployment of 

thin film PV devices, the development o f novel semiconductors will be required. In 

addition to having suitable optical and electrical properties, these new materials must also 

be composed o f elements that are abundant and readily available, and should ideally be 

non-toxic as well.

One probable starting point for the identification o f novel semiconductors is the 

hundreds o f known chalcogenide minerals. A survey o f 180 sulfide mineral phases 

identified 53 compounds as being photoactive, with band-gaps within the range of 0.9-1.8 

eV required for efficient application in a single-junction PV device.26 Amongst the 

minerals identified as promising were several from the Cu-Bi-S and Cu-Sb-S phase 

systems.26 For both o f these phase systems the abundance o f the constituent elements is 

considerably greater than that o f Te or In. Global reserves data from the U.S.G.S. 2006
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Mineral Commodity Summaries is presented in Table 2 .1.27 Clearly, the use o f 

semiconducting compounds from either the Cu-Bi-S or Cu-Sb-S phase system would 

significantly increase the energy production ceiling o f thin film PV devices. 

Additionally, both Sb and Bi may be obtained directly from an antimony or bismuth ore, 

making them readily available, and limiting the environmental footprint that would be 

associated with increased recovery. Currently, due to the low demand for both Bi and Sb, 

production is primarily as a by-product from the refining of other metals. Antimony and 

many o f its compounds are toxic, which would necessitate safety controls similar to those 

put in place for CdTe devices. Bismuth is non-toxic, and is currently used in 

pharmaceuticals and as a replacement for lead in ammunition, solders, and other 

materials where toxicity is a concern.

Table 2.1. Abundance o f constituent elements o f Cu-Bi-S and Cu-Sb-S phase systems, 

indium, and tellurium.

element global reserve base (metric tons)27

Cu 940,000,000

Sb 3,900,000

Bi 680,000

Te 47,000

In 6,000

In Table 2.2 is a list o f Cu-Bi-S and Cu-Sb-S phases, some o f which may be 

suitable for use as the solar absorber layer in thin film PV devices. Where available, the 

band gap and other data relevant to PV applications have been included in Table 2.2. The
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literature associated with these compounds is limited, and most studies o f these 

compounds have been from a mineralogical perspective. Only a handful o f papers have 

been published investigating the material properties or technological applicability o f 

these minerals. Consequently, assessment o f the suitability o f these compounds for PV 

applications can not be based solely on the literature, and each compound should be 

assessed on a case-by-case basis. A general discussion o f these compounds and a review 

o f the relevant literature follow.

Table 2.2. Cu-Bi-S and Cu-Sb-S minerals and their suitability for use as the solar 

absorber layer in thin film PV devices.

mineral formula band-gap notes

wittichenite Cu3BiS3 1.4 eV28,2'J Synthesized as thin film, a=lxl05 cm'1 at 1.9 eV, p- 
type, p=10-80 O-cm.28,29

skinnerite Cu3SbS3 NA No material properties reported, expected to have 
similar properties to Cu3BiS3.

tetrahedrite Cu12-i4Sb4Si3 1.2-1.7 eV30’31 Ionic conductor, metallic/semiconductor behavior 
depending on composition.30'32 Not suitable for PV.

famatinite Cu3SbS4 0.7 eV33 Little studied compound, method/quality of band- 
gap determination unknown.

emplecite CuBiS2 1.6-1.8 eV34 Synthesized as thin film, little studied compound, 
expected to have similar properties to CuSbS2.

chalcostibite CuSbS2 1.5 eV35 Synthesized as thin film, p-type, p=35 £2 cm, 
employed in a thin film PV device.35,36

Wittichenite (Cu3BiS3) is a naturally occurring mineral, whose crystal structure 

was first reported in 1973.37 Wittichenite crystallizes in the orthorhombic P2t2i2i space 

group, has unit cell dimensions o f a=7.7 A, b=10.4 A, and c=6.7 A, and is stable under 

ambient conditions.37,38 An unusual feature of the crystal structure is that all copper
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atoms are in nearly trigonal planar coordination with sulfur.37 This has been observed in 

other copper sulfosalt minerals including: skinnerite (Cu3 SbS3 ), tetrahedrite (Cui2 Sb4Si3 ), 

and low-chalcocite (CU2 S); however, in the vast majority o f copper sulfosalt minerals 

copper is tetrahedrally coordinated to sulfur.37’39 Previously reported syntheses have been 

by solid state methods (bulk sample),37’38,40 and heating o f chemical bath deposited 

precursors (thin film sample).28’41’42 We have recently reported PVD synthesis o f thin 

film samples by heating metal and metal sulfide precursor under H2S, and by reactive 

deposition on heated substrates.29’43 (Chapters 3 and 4 in this thesis, respectively.) 

Semiconductor properties reported for Cu3 BiS3 (direct forbidden band gap o f 1.4 eV, an 

optical absorption coefficient of 1 x 105 cm '1 at 1.9 eV, p-type conductivity, resistivity of 

10-80 fTcm) indicate that this material may be suitable for application as a solar absorber 

layer in thin film PV devices.28,29

Skinnerite (Cu3SbS3) has been identified as a mineral phase, but its occurrence in 

nature is rare 44 The structure o f skinnerite is similar to that o f wittichenite. At ambient 

conditions (below 122 °C) skinnerite crystallizes in the monoclinic P2}/c  space group, 

with a=7.8 A, b=10.2 A, and c=13.3 A, with p=90.3°.39 Below -10 °C, transformation to 

a low temperature orthorhombic P2[2i2i polymorph occurs, with a=7.8 A, b=10.2 A, and 

c=6.6 A .44 This low temperature polymorph is isostructural with wittichenite at ambient 

conditions, and has similar cell parameters (see above). When synthesized by solid state 

methods skinnerite is only formed at temperatures above 359 °C, and is stable to its 

melting point o f 607 °C.39,44,45 If  cooled slowly below 359 °C it will decompose to an 

assemblage o f tetrahedrite, chalcostibite, and antimony. If cooled rapidly below 359 °C 

an orthorhombic Pnma Cu3 SbS3 phase may be quenched, which persists
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indefinitely.39,44,45 Further cooling results in transformations to the QrjSbSs phases 

identified above. Skinnerite obtained through this quenching process is often 

contaminated by small amounts o f tetrahedrite in intimate intergrowths.39 No studies o f 

the material properties o f  Cu3 SbS3 have been reported; however, the structural similarity 

between wittichenite and skinnerite leads to the reasonable inference o f Cu3 SbS3 having 

semiconducting properties similar to those o f Q i3 BiS3 .

One potential problem with utilization o f Cu3BiS3 or Cu3SbS3 in thin film PV 

devices could be long term stability. For both phases there exists a high temperature 

Pnma polymorph. For Cu3 SbS3 the conversion from P2j/c to Pnma takes place at 122 

°C,39 for Cu3 BiS3 the conversion from P2i2i2] to Pnma occurs at 191 °C 40 It has also 

been reported these high temperature polymorphs may be ionic conductors.39,40 This is 

based on XRD studies indicating that the transition to the high temperature polymoiph is 

accompanied by the formation o f disordered (mobile) copper ions. Below the phase 

transition temperature these copper ions are reported to be immobilized. Ionic 

conductivity was not measured in either material, and most o f the XRD data referred to is 

unpublished.39,40 Without further study this should only be regarded as a cautionary note; 

however, there is precedent for this type of behavior having catastrophic consequences 

for the performance o f a thin film PV device.

In the 1970s and 1980s Cu2 -aS/CdS thin film solar cells were developed, and 

eventually abandoned due to performance degradation resulting from copper ion 

migration and the formation of shunts in the device.46"48 Ionic conductivity due to the 

presence o f a highly mobile (disordered) copper species was known for high chalcocite, 

which forms above 105 °c.46,47,49 The ionic conductivity of Cu2 -aS at room temperature
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is lower by a factor o f 104,46 but the existence of an ionic phase o f even limited mobility 

proved to be an insurmountable challenge for PV device development. There is no 

evidence that such a problem would arise for cells based on Cu3 BiS3 or Cu3 SbS3 ; there 

are significant structural differences between the compounds; the temperature at which 

ionic conductivity is thought to occur is higher for Cu3 BiS3 and Cu3 SbS3 , and below the 

transition temperature the Cu ions are thought to be frozen; for Cu2 -aS composition, as 

well as temperature, was found to affect Cu ion mobility,46 and Cu3 BiS3 and Cu3 SbS3 are 

known to exist only at a fixed composition. None-the-less, if  devices are produced, and 

are found to lack long term stability, the lessons learned from Cu2 -aS/CdS solar cells may 

prove useful.

Tetrahedrite is the most common sulfosalt in the earth’s crust, and is present in 

most sulfide ore deposits. The formula for natural tetrahedrite is commonly 

Cuio(Fe,Zn)2 Sb4Si3 , although additional metals, including Hg, Zn, and Cu, are known to 

replace Fe or Zn; Cu can be substituted by Ag; and Sb can be substituted by As.32,50 

Synthetic tetrahedrite can be synthesized as a pure ternary compound, and the commonly 

accepted formula for synthetic tetrahedrite is Cui2 Sb4Si3 . 3 0 , 4 5  It also exists in a copper 

rich form, with a generally accepted formula o f Cui4Sb4Si331 However, the exact 

stoichiometry o f these two forms is debated in the literature.30'32,45,51"53 Regardless o f the 

composition, tetrahedrite crystallizes in the cubic I-43m space group, with a=T0.3-10.4 A 

depending on composition.32 Tetrahedrite is commonly synthesized by solid-state or 

hydrothermal methods.32,51,54 Copper-poor tetrahedrite has also been synthesized in thin 

film form by PVD methods, reported in Appendices A and B of this thesis.
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The composition range observed for synthetic tetrahedrite also has implications 

for material properties relevant to application in PV devices. In copper-poor tetrahedrite 

the calculated band gap is 1.2 eV.31 However, 2 valence electron states per formula unit 

are unoccupied, and as a result copper-poor tetrahedrite is observed to be metallic.30 In 

copper-rich tetrahedrite the valence band is filled, and consequently copper-rich 

tetrahedrite is observed to be a semiconductor, with a band gap o f 1.7 eV.30,31 The 

situation is further complicated by the fact that tetrahedrite has also been observed to be a 

room temperature ionic conductor.32,53 In copper-poor tetrahedrite ionic conductivity is 

low. In copper rich tetrahedrite the additional copper is incorporated as mobile copper 

ions, and room temperature ionic conductivity is considerably higher.32,53 Considering 

the compositional complexity o f tetrahedrite, the metallic or semiconducting behavior 

depending on composition, and the room temperature ionic conductivity, it would appear 

that synthetic tetrahedrite may not be suitable for PV applications.

The mineral famatinite (Cu3SbS4) crystallizes in the tetragonal I-42m space group 

with a=5.4 A and c=10.8 A .45 The structure may be derived from the sphalerite structure 

(cubic ZnS), with copper and antimony in tetrahedral coordination with sulfur.45,55 It has 

been suggested that diamond-like semiconductors o f this type are most likely to be 

successfully integrated into PV devices, due to their similarity to more conventional 

semiconductors such as Si or GaAs.56 Bulk samples o f Cu3SbS4 have been prepared by 

hydrothermal,57 solvothermal,58 and solid-state methods.45,59 Cu3SbS4 has also been 

synthesized in thin film form by heating chemical bath deposited Sb2 S3 and CuS 

precursor films.60 The thin film samples produced in this way were poorly crystalline 

and o f  unknown purity, and no detailed characterization was performed.60 A minimum
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band gap o f 0.74 eV has been reported;33 however, the nature o f the gap and method o f 

determination are not known. While this is below the value o f 0.9 eV generally 

considered to be the lowest acceptable band gap for a single-junction cell, the uncertainty 

surrounding the data may warrant further investigation. Little is known about the 

material properties o f famatinite, and it is possible that synthesis o f a high quality sample 

may reveal a material suitable for PV applications.

Emplecite (CuBiS2) and chalcostibite (CuSbS2) are naturally occurring 

isostructural minerals that crystallize in the orthorhombic Pnma space group. Unit cell 

dimensions are almost identical; for emplecite a=6.1 A, b=3.9 A, c=14.5 A, for 

chalcostibite a=6.0 A, b=3.8 A, and c=14.5 A. The compounds are also known to form a 

complete solid solution.61,62 In these compounds Cu is found with tetrahedral 

coordination to S, while Sb is found to have square pyramidal coordination to S.61,62 In 

general, these compounds have received little attention. Both compounds have been 

synthesized in bulk form by solid-state methods61'65 and in thin film form by annealing of 

chemical bath deposited precursor films.34,35 Significantly, a rudimentary PV device 

utilizing CuSbS2 has been recently reported.36 The performance o f the device was poor, 

but it is none-the-less an encouraging result for researchers interested in integrating new 

materials into thin film PV devices. It is noted by Nair and co-workers that the device 

they report has not been optimized, and they hope to significantly enhance its 

performance.36
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Combinatorial Device Discovery

While the first step in developing new thin film PV devices is the synthesis o f a 

suitable absorber material, a no less formidable task is integration o f the new absorber 

into a device exhibiting a reasonable conversion efficiency. A schematic o f the multiple 

layers in a CIGS thin film device is shown in Figure 2.2 (a), along with a band diagram of 

the device in Figure 2.2 (b). When considering the development o f  a new and similarly 

complex thin film PV device, it is reasonable to divide the task into two parts: (1) 

identification o f a device that has conversion efficiency on the order o f 5%, and (2) 

optimization o f the device to increase conversion efficiency to 10-20%. I f  a new device 

with efficiency on the order of 5% is identified, it is likely that other researchers in the 

field will work on the device, accelerating optimization. It is also likely that the use of 

combinatorial methods will facilitate rapid progress in both phases o f device 

development. Combinatorial strategies for device discovery based on the Cu3BiS3 films 

synthesized in Chapter 4 have not been implemented; however, some preliminary 

experiments have been performed, and these are detailed in Chapter 5. A general 

introduction to combinatorial methods, and the applicability of these methods to PV 

device discovery and development, follows.

The forerunner o f combinatorial materials science was the multiple sample 

concept, developed by Hanak at RCA over 30 years ago.66,67 At the time, the approach 

did not gain widespread acceptance, in part due to the lack o f associated equipment 

necessary for high speed characterization and data handling.66 For successful application 

o f a combinatorial method it is necessary to have a characterization technique that is able 

to screen high-throughput libraries as rapidly as they are produced. In more recent years
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Figure 2.2. Schematic o f the multiple layers in a CIGS thin film device (a), and a 
band diagram o f the device (b).
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barriers to the use o f combinatorial strategies in materials science have been removed, 

and the approach has been applied successfully in many areas, including: 

superconducting materials,68 dielectric and ferroelectric materials,66’68’69 magnetic 

materials,66’68’70 luminescent materials,66’68’71 and battery materials.72 Combinatorial 

methods have also been employed for the study, optimization, and development o f PV 

materials and devices. These efforts have included the optimization o f CdTe(i.x)Sx 

absorber layers and devices,73 study o f the amorphous to microcrystalline silicon 

transition,74 and the development and optimization o f transparent conducting oxides.75’76 

Two methods o f producing combinatorial libraries that been employed 

successfully with thin film systems are the quaternary mask approach, and the 

composition spread approach.77 Within the Haber research group at the University of 

Alberta is a multi-chamber UHV thin film combinatorial deposition system that has been 

designed for fabrication o f thin film libraries employing either one or both o f these 

strategies. A photo o f the deposition system is presented in Figure 2.3. The system is 

built around a six port central distribution chamber. Attached to this chamber is a sample 

and mask loading and storage chamber, an annealing chamber for processing samples 

under vacuum, inert, or reactive atmospheres at temperatures up to 1000 °C, and a 

deposition chamber with three 3” magnetron sputter sources, 2 DC and 1 RF, a four- 

pocket e-beam evaporation source, and an effusion cell. The deposition chamber can 

accommodate multiple sputter gases, and is equipped with a quartz lamp array for 

substrate heating up to 400 °C. The substrate holders are designed to accommodate 5 cm 

x 5 cm square samples.
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Figure 2.3. Photo o f the Haber group multi-chamber UHV thin film combinatorial 
deposition system.
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quartz lamps

substrate holder 

mask holder 

wedge-tool shutter

effusion source 
sputter sources

evaporation source

Figure 2.4. Photograph o f deposition sources inside the UHV deposition chamber (a), 
and a schematic o f the primary components showing the position o f the substrate 
holder, mask holder, wedge tool, and quartz lamps relative to the deposition sources 
(b).
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Using this system, combinatorial experiments can be executed in three ways: (1) 

using shadow masks that may be positioned between the substrate and sources, and 

rotated relative to the substrate in 90° increments, (2) using a wedge tool that may be 

positioned between the substrate and sources, and translated continuously or step-wise 

relative to the substrate, or (3) using the orientation o f the sputter sources relative to the 

substrate. In Figure 2.4 is a photo o f the interior o f the deposition chamber showing the 

positioning o f the deposition sources, and a schematic o f the primary components in the 

deposition chamber. The wedge-tool and mask holder are located between the sources 

and substrate holder. The quartz lamp array is located above the substrate holder. The 

system is designed to execute combinatorial experiments; however, it may also be used 

for deposition of single films o f uniform composition. Without the use o f the wedge tool, 

or shadow masks, and with the substrate in continuous rotation, the system was used for 

the fabrication o f the Cu3 BiS3 thin films presented in Chapters 3 and 4, and the 

Cu12Sb4Si3 films presented in Appendices A and B.

The quaternary mask approach utilizes self-similar shadow masks, each o f which 

exposes 14 o f the substrate in a varying distribution. By rotating each mask through 360° 

in 90° increments, and depositing a material through the mask at each step, four different 

materials are deposited, each one segregated from the others. The number o f distinct 

combinations that result is given by 4n, where n is the number o f quaternary masks 

employed. A strategy for deposition o f a library with 64 distinct PV devices, using 3 

quaternary masks and a single absorber material, is presented in Figure 2.5. If  the 

number o f fractal masks was increased from three to four, for example by using four 

different absorber materials in step three o f Figure 2.5, the number o f discrete
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Figure 2.5. A generic combinatorial strategy employing quaternary masks for 
production o f 64 distinct PV combinations on a 5 cm x 5 cm substrate with a single 
solar absorber layer.
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combinations would increase to 256. A convenient screening criterion for PV libraries 

produced using quaternary masks is conversion efficiency, which can be rapidly 

measured for each o f the library cells by collection o f I-V curves. Development of device 

libraries using the quaternary masking approach, and library screening using conversion 

efficiency, is expected to rapidly provide either the identification o f a device with a 

reasonable conversion efficiency (-5% ), or lead to the conclusion that the novel absorber 

material under investigation is not suitable for PV applications.

A key step in implementation o f the strategy outlined in Figure 2.5 is the 

identification o f suitable materials for use as TCO, heterojunction couples, and metal 

back contacts. Identified in Table 2.3 are several TCO that may be suitable, a similar 

compilation is made in Table 2.4 for heterojunction couples. These tables are not meant 

to be exhaustive, but to illustrate a reasonable starting point. In both tables compounds 

are intentionally ordered from compounds widely used in thin film PV, to those that have 

been recently identified as promising alternatives. For TCO in particular, promising new 

compounds are being identified by targeting increasingly complex compositions, or by 

using combinatorial methods o f discovery. For metal back contacts reasonable choices 

might include Mo, Ni, Al, or Sn.78
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Table 2.3. Transparent conducting oxides for use in combinatorial PV device discovery 

strategies.

TCO notes

In203:Sn

Sn02:F

ZnO:Al

Cd2Sn04

Zn,.xMgxO:(Al,In)

Cdi+xIn2.2xSnx04

ZnSnO,

Has been used successfully with CIGS and CdTe devices. ’

Commonly used with CdTe devices, often with intrinsic Sn02 layer.24,79

Commonly used with CIGS devices, often with intrinsic ZnO layer.24'79

Used in record efficiency CdTe cells in conjunction with Zn2SnO4.s0

Alloying ZnO with Mg increases band gap, double doping improves 
electrical properties.81,82

Study of compounds on Cd2Sn04 and Cdln204 tie line identified high 
quality TCO for 0.45<x<0.70.83

Little studied compound, shows promise for use as TCO, identified using 
composition gradient combinatorial methods ,76

Table 2.4. Heterojunction couples for use in combinatorial PV device discovery 

strategies.

heterojunction couple notes

CdS

ZnS

In2S3

ZnSe

ZnInxSey

SnS2

Chemical bath deposited CdS has been used in top performing CdTe and
CIGS cells.24,79

Used in CIGS devices, efficiencies over 18% have been achieved with
CBD.84,85

Used in CIGS devices, efficiencies over 16% have been achieved with 
ALCVD,85,86 slightly lower efficiencies have been obtained with 

evaporation87 and sputter deposition.85

Used in CIGS devices, efficiencies of 13% and 11% have been achieved 
with MOVPE88 and MOCVD89 respectively. Optimum ZnSe layers are 

generally very thin (5-10 nm) regardless of deposition method.85

Used in CIGS devices, efficiencies o f 15% have been obtained by co-
90evaporation.

Recently employed as the heterojunction couple in a SnS2/SnS solar cell.91
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Composition gradient libraries employ a continuous or step-wise gradient across 

the substrate in one or more materials, and the screening criterion is evaluated as a 

function o f this composition gradient. In the Haber combinatorial deposition system 

described above, composition gradients can be generated by taking advantage of the 

position o f the sputter sources, which are located off-axis to the substrate normal, or by 

utilizing the wedge-tool which may be translated between the source and substrate in 

acontrolled fashion. PV libraries composed o f a fixed set o f layers, but with a thickness 

gradient o f a buffer layer, or concentration gradient o f an additive, could be rapidly 

screened by OBIC, with areas o f maximum induced current correlating to the optimal 

layer thickness or additive concentration. Composition gradients produced using the 

wedge-tool and the system geometry are depicted in Figure 2.6 and 2.7, respectively. 

The application o f these combinatorial strategies would be well suited to the second 

phase o f device development, device optimization. It is expected that once promising 

configurations are identified using the quaternary masking approach outlined above, the 

judicious application o f composition gradient strategies would facilitate rapid device 

optimization.
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Figure 2.6. Continuous composition gradient o f two compounds in orthogonal 
directions produced by translating a wedge-tool in front o f the substrate during 
deposition, and rotating substrate by 90° between depositions.
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Figure 2.7. Continuous composition gradient o f two compounds in opposite 
directions. Distribution is a result o f deposition from sputter sources positioned off- 
axis from the substrate normal, with the substrate in a stationary position.
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Chapter 3. Synthesis of Cu3BiS3 Thin Films by Heating Metal and 

Metal Sulfide Precursor Films under Hydrogen Sulfide

Introduction

In Chapter 2 the mineral phase Wittichenite, Cu3 BiS3 , was identified as a 

candidate material for use as the solar absorber layer in novel thin film PV devices. A 

critical first step in integrating Cu3BiS3 into a thin film PV device is the development o f a 

deposition method that produces films o f uniform composition and morphology across 

the entire substrate. Two-step processes are often employed to synthesize chalcogenide 

thin films, involving the deposition o f a precursor film that is subsequently heated under 

a reactive gas to form the target compound. The utility o f this approach for PV devices 

has been demonstrated by the synthesis o f device quality films o f CuInS2, CuInSe2 , and 

CuIn(S,Se)2 by heating precursors in H2S,1_6 H2Se,6‘8 or H2S/H2Se9 respectively. Heating 

o f Cu(In,Ga)Se2 in an H2S/H2Se atmosphere has also been used to produce graded 

absorber layers o f Cu(In,Ga)(S,Se)2.10 In addition to the successful application o f this 

two-step process to CIS and CIGS, the synthesis o f numerous other sulfide thin films, 

including Ag3 SbS3 ,n SnS,12,13 In2S3 ,14 and FeS2>15 has also been achieved.

The applicability o f this method to the synthesis of Cu3BiS3 thin films has been 

evaluated by heating Cu-Bi metal precursor films and Cu-S-Bi metal sulfide precursor 

films, sputter deposited on soda-lime glass and fused silica substrates, in an H2S 

atmosphere. Since Cu3 BiS3 is being presented as a novel PV material, it was necessary to 

limit substrate choices to those that are transparent and non-conductive and would enable 

measurement o f the optical and electrical properties o f the deposited films. Evaluation
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included the systematic study o f precursor composition and preparation, heating 

temperature, heating profile, and gas composition and pressure. Phase-pure Cu3 BiS3 

films were formed; however, it was found that precursor composition determines the 

reaction pathway, and that the reaction pathway is the dominant factor in controlling the 

morphology o f the Cu3BiS3 thin film. Processing conditions were optimized, but the 

overriding influence o f the precursor/pathway/morphology relationship results in Cu3 BiS3 

thin films that are discontinuous or contain hollow pockets between the film and 

substrate. Based on these results a one-step reactive deposition has been developed that 

overcomes the limitations o f the two-step process for the deposition o f Cu3 BiS3 , and 

produces films with morphology suitable for integration into PV devices. Details o f this 

reactive deposition are reported in Chapter 4. In this chapter, details are reported on the 

synthesis and characterization of Q i 3BiS3 thin films produced by heating metal and metal 

sulfide precursors in the presence o f H2 S, including the relationship between precursor 

composition, reaction pathway, and film morphology.

Experimental Details

Cu-Bi metal precursor films were sputtered onto soda-lime glass and fused silica 

substrates (50 mm x 50 mm). Substrates were cleaned by immersing in 2-propanol in an 

ultrasonic bath for 30 minutes, followed by drying with a stream of N 2 . To ensure 

residual contamination was not the cause o f poor morphology, some substrates were 

cleaned in 2-propanol as above, immersed for 30 minutes in a 1:3 mixture of 

H2 0 2 :H2 S0 4 , rinsed with distilled H20 , rinsed with 2-propanol, and dried with a stream 

o fN 2.
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Precursor films were deposited, employing either co-deposition or multi-layer 

deposition. Cu and Bi were DC sputtered from 3” diameter targets at 84 W and 20 W, 

respectively, at an Ar pressure o f 5 mtorr. During deposition the platen was continuously 

rotated at 6 ipm. Under these conditions a Cu to Bi ratio o f 3:1 is obtained with equal 

sputtering times. Sputter rates were calibrated by measuring the deposited mass/area, and 

determining the stoichiometery o f co-sputtered films by WDX. Net binary film 

thicknesses ranged from approximately 250-2000 nm. Multilayer thin films were built 

up o f elemental layers approximately 125 nm thick, starting with Cu and ending with Bi. 

The alternate stacking sequence was tested, with no significant impact on Cu3BiS3 film 

quality. Studies on the selenization o f Cu-In metal precursors under HhSe have also 

found that the stacking sequence o f multi-layer precursors does not have a significant 

effect.16 Cu and Bi elemental precursor films were deposited at the same powers 

employed for binary films and were approximately 500 nm thick.

Cu-S-Bi metal sulfide precursors were deposited only on fused silica substrates, 

cleaned in the same manner as outlined above. The CuS target was sputtered 

continuously at 80 W RF. The Bi target was sputtered at 10 W DC, and cycled on and 

off to achieve the required stoichiometry. Targets were 3” in diameter, the platen was 

rotated at 6 rpm, and the sputtering gas was Ar at a pressure of 5 mtorr. The 

stoichiometry o f homogeneous thin films (Cu-S or Cu-Bi-S) was determined by WDX 

analysis. The correct elemental ratio o f Cu:Bi (following heating under H2 S) was 

achieved by co-sputtering for 9 minutes, followed by 41 minutes o f sputtering the CuS 

target only. Each 50 minute cycle produced approximately 130 nm of deposition, and 

was repeated six times to produce films with a final thickness o f approximately 800 nm.
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All precursor films were processed by heating in an H2 S atmosphere. The 40 1 

evacuated reaction chamber (~ lx l0 '6 torr base pressure) was backfilled with 50 torr H2 S, 

5 torr H2 S/ 4 5  torr Ar, 5 torr H2 S/ 5  torr Ar, or 1 torr H2 S/ 9  torr Ar yielding total chamber 

pressures o f 50 or 10 torr. Heating was controlled by a programmable resistance heater. 

Precursor films were processed for 2-30 hours at temperatures ranging from 175-400 °C; 

heating rates were varied from 2 0C/minute to 20 °C/minute, with the cooling rate fixed at 

2 °C/minute. Following heating under H2S some films were also heated under vacuum 

(~10'7 torr) at 600 °C.

Product thin films were characterized using SEM/EDX (JEOL 603IF FESEM, 

Hitachi S-4800 FESEM, Hitachi S3000N VPSEM), WDX (JEOL 8900 microprobe), and 

XRD (Bruker D8 diffractometer with area detector). Sheet and electrical resistivities of 

the product films were measured using the Van der Pauw method17 (square 2.5 cm x 2.5 

cm sample, test leads attached with 1 mm silver print contacts on each edge, Keithley 

2400 source/measure unit). The Van der Pauw method was employed because the use of 

larger silver print contacts, relative to a 4-point probe, enables reliable and reproducible 

contacts to be made to films with voids. 4-point probe measurements were also carried 

out, but the non-reproducible contacts that resulted were reflected in the data.

Results

Heating o f both metal and metal sulfide precursor films in the presence of H2 S 

resulted in the synthesis o f phase-pure Cu3 BiS3; however, the morphology o f the product 

films was highly dependent on precursor composition, processing conditions, and choice 

of substrate. The ternary phase diagram for Cu-Bi-S has been previously studied by
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solid-state methods at 200 °C and 300 °C, and Q i3 BiS3 identified as a stable compound 

on the Cu2S-Bi2S3 tie line at these temperatures.18 The Cu2S-Bi2S3 pseudo-binary phase 

diagram has been previously investigated from 270-1200 °C, also by solid-state methods, 

with Cu3 BiS3 identified as a stable phase up to 517 °C.19 Above 300 °C Cu3 BiS3 forms a 

solid solution over a small range, containing ~1 mole % excess Cu2S and Bi2S3 .19,20 The 

ternary phase diagram (modified from reference 18), and the pseudo binary phase 

diagram (reproduced from reference 19), are presented in Figure 3.1 and Figure 3.2, 

respectively.

Co-sputtered Cu-Bi metal precursors were smooth, continuous, and mirror-like in 

appearance, with insufficient surface topography to produce meaningful contrast in SEM 

images. Multi-layer Cu-Bi metal precursors exhibited increased roughness as a 

consequence o f the Bi top layer (Bi films exhibit faceted island growth), but were still 

continuous and relatively smooth with feature sizes on the order o f 200 nm. XRD 

powder patterns collected from multi-layer and co-sputtered Cu-Bi precursor films are 

presented in Figure 3.3, along with the standard powder patterns for Bi (PDF 85-1329) 

and Cu (PDF 89-2838). The XRD powder pattern collected from the multi-layer 

precursor indicates that the film is composed o f crystalline Bi and Cu. The XRD powder 

pattern collected from the co-sputtered precursor indicates that the film is largely 

amorphous. This is consistent with the Cu-Bi binary phase diagram, presented in Figure 

3.4 (reproduced from reference 21), which contains no stable intermetallic phases.21 

Broad peaks in the powder pattern from the co-sputtered precursor suggest that some 

crystalline Cu and Bi may be present, in addition to the amorphous material. There is 

also a relatively sharp peak at 12° 2-theta that has not been identified.
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Figure 3.1. Cu-Bi-S phase diagram at 200 °C and 300 °C. Cu3 BiS3 is identified as a 
stable phase on the Q i2 S-Bi2 S3 tie line. Modified from reference 18.
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Figure 3.2. Bi2 S3 -Cu2 S pseudo binary phase diagram from 270-1200 °C. Cu3 BiS3 is 
identified as a stable compound up to 517 °C, forming a solid solution above 300 °C. 
Reproduced from reference 19 with the permission o f E. Schweizerbart, 
http://www.schweizerbart.de.
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Figure 3.3. XRD powder patterns collected from multi-layer (a) and co-sputtered (b) 
Cu-Bi metal precursor films, and standard powder patterns for Bi (c) and Cu (d).
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Figure 3.4. Cu-Bi binary phase diagram from 200-1200 °C. Reproduced from 
reference 21 with permission of ASM International®, all rights reserved, 
www.asmintemational.org.
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Thin films o f Cu3 BiS3 were synthesized from metal precursor films deposited on 

both fused silica and soda-lime glass substrates. When soda-lime glass substrates were 

employed the adhesion o f the film, and the morphology o f the film, were considerably 

worse than that observed with fused silica substrates. SEM images o f a Cu3 BiS3 thin film 

synthesized by heating a 2 pm thick co-sputtered metal precursor film on a soda-lime 

glass substrate at 270 °C for 16 hours under 5 torr H2 S/ 4 5  torr Ar are presented in Figure 

3.5. Based on these results subsequent experiments with metal and metal sulfide 

precursors employed only fused silica substrates.

When synthesizing Cu3 BiS3 films from metal precursors on fused silica substrates 

it was found that reaction conditions and precursor preparation significantly impacted the 

morphology o f the resultant film. The best results were achieved with co-sputtered 

precursors processed at low H2 S partial pressures (5 torr), with faster heating rates (10-20 

°C/minute), and long heating times (>16 hours) at 270 °C. SEM images o f a 

representative sample (1 pm thick co-sputtered precursor, processed at 270 °C for 16 

hours with a heating rate o f 10 °C/minute, and 5 torr H2 S/ 5  torr Ar atmosphere) are 

presented in Figure 3.6 (a) and (b). The corresponding XRD powder pattern is shown in 

Figure 3.6 (c), along with the Cu3 BiS3 standard powder pattern (PDF 43-1479) in Figure

3.6 (d). The powder pattern confirms that the target phase Cu3 BiS3 has been synthesized, 

and shows no extraneous peaks. These films are characterized in general by relatively 

smooth surfaces, large crystallites (-3-10 pm diameter), and numerous void spaces in the 

film.

When the optimized conditions identified above are altered, the resultant films are 

invariably o f poorer quality. Specifically, if  multi-layer precursors, slower heating rates

55

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



Figure 3.5. SEM images o f a Cu3 BiS3 film synthesized by heating a 2 pm thick co
sputtered metal precursor film on a soda-lime glass substrate at 270 °C for 16 hr under 
5 torr H2 S/ 4 5  torr Ax. Images are secondary electron surface image (a), backscattered 
electron surface image where black areas are bare substrate (b), and secondary 
electron oblique image showing poor adhesion and roughness o f film (c).
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Figure 3.6. SEM images o f a Cu3BiS3 film (a) and (b) synthesized by heating a co
sputtered metal precursor film at 270 °C for 16 hr under 5 torr H2S/5 torr Ar, XRD 
powder pattern (c), and standard powder pattern for Cu3 BiS3 (d).
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or higher partial pressures o f H2 S are employed, the resultant films are rougher and 

contain an increased number o f voids. This is accompanied by occasional large 

outgrowths randomly distributed across the surface o f the film, and isolated islands 

containing a secondary phase (Cui.sS or Bi) identified by SEM/EDX. The exact nature of 

the resultant film morphology is, as expected, dependent on the specifics o f precursor 

deposition and processing with a range o f sub-optimum morphologies resulting. For 

example, presented in Figure 3.7 is a film formed by heating a 250 nm thick multi-layer 

precursor at 270 °C for 30 hours with a heating rate o f 10 °C/minute, and 50 torr H2 S 

atmosphere. When compared to the optimized morphology (Figure 3.6) the film is 

significantly rougher, the crystallites are smaller, and the film contains an increased 

number o f voids per unit area. Differences in morphology between the films in Figures

3.6 and 3.7 are not attributed to the difference in precursor thickness. A systematic study 

o f the effect o f precursor thickness was not performed; however, when precursors of 

varying thickness in the range o f 250-1000 nm were prepared and processed under 

identical conditions, significant variations in morphology as a function o f thickness were 

not observed.

When processing temperatures greater than 300 °C were employed, the resultant 

films were Bi depleted, and were o f mixed composition containing both Cu3 BiS3 and 

CU2 S. SEM images o f a film formed by heating a 1 pm thick multi-layer precursor at 400 

°C for 2 hours under 50 torr H2S are presented in Figure 3.8 (a) and (b). The 

corresponding XRD powder pattern and the standard powder pattern for Cu3 BiS3 are 

presented in Figure 3.8 (c) and (d) respectively. In the backscattered electron image 

(Figure 3.8 (b)) two phases are evident, with EDX identifying the bright phase as
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Figure 3.7. SEM images o f a Cu3 BiS3 film (a) and (b), formed by heating a multi
layer metal precursor film at 270 °C for 30 hr under 50 torr H 2 S.
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Figure 3.8. SEM images o f a Cu3 BiS3 film, synthesized by heating a multi-layer 
metal precursor film at 400 °C for 2 hr under 50 torr H2 S. Images are secondary 
electron (a) and backscattered electron (b). The light and dark areas are identified by 
EDX as Cu3 BiS3 and CU2 S respectively. The XRD powder pattern (c), and standard 
powder pattern for Cu3 BiS3 (d) are also shown.
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Figure 3.9. SEM images o f a film synthesized by heating a Cu3 BiS3 film (Figure 3.4) 
for 4 hr at 600 °C under vacuum. Images are secondary electron (a) and backscattered 
electron (b). The XRD powder pattern (c) and standard powder pattern for CU2 S (d) 
are also shown.
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Cu3 BiS3 and the dark phase as C1 1 2S. The C112S is present as a minor phase, and due to 

the significant overlap between CU2 S peaks and Cu3 BiS3 peaks it is not identified in the 

corresponding powder pattern. When the same sample was subsequently heated at 600 

°C under vacuum, complete loss o f Bi and conversion to Cu2S was observed. SEM 

images o f a film formed by heating a 1 pm thick multi-layer precursor at 400 °C for 2 

hours under 50 torr H2 S, followed by heating for 4 hours at 600 °C under vacuum (~10'7 

torr) are presented in Figure 3.9 (a) and (b). The backscattered electron image (Figure

3.9 (b)) shows only a single phase, and the corresponding XRD powder pattern (Figure

3.9 (c)) matches the standard powder pattern for CU2 S (PDF 33-490) shown in Figure 3.9 

(d).

The vapor pressure o f Bi and S as a function o f temperature are presented in 

Figure 3.10 22 In the upper frame is a linear plot o f the log o f vapor pressure against the 

inverse o f temperature. In the lower frame is a plot o f vapor pressure against 

temperature. On the linear plot lines of best fit have been calculated, and used to 

extrapolate Bi vapor pressures o f 5 x l0 '12 torr and lxlO '6 torr at 400 °C and 600 °C, 

respectively. In Figure 3.11 and Figure 3.12 the Bi-S and Cu-S phase diagrams are 

presented, reproduced from reference 21. Consistent with the phase diagrams and vapor 

pressure data it would appear that at 400 °C small amounts o f Bi-S decomposition 

products are form and volatilized, subsequently subliming on the cooled walls o f the 

chamber. At 600 °C Cu3 BiS3 is no longer stable; Bi-S decomposition products are 

volatilized and sublimed onto the chamber walls leaving behind stable CU2 S.
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Figure 3.10. Plots o f Bi (triangles) and S (circles) vapor pressure as a function of 
temperature. Log vapor pressure against the inverse o f temperature with lines o f best 
fit (upper plot) and vapor pressure against temperature (lower plot).
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Figure 3.11. Bi-S binary phase diagram from 0-900 °C. Reproduced from reference 
21 with permission o f ASM International®, all rights reserved, 
www.asmintemational.org.
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Figure 3.12. Cu-S binary phase diagram from 0-1600 °C. Reproduced from 
reference 21 with permission o f ASM International®, all rights reserved, 
www.asmintemational.org.
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When heating times o f less than 16 hours at 250-300 °C were employed, 

complete conversion o f the precursor did not occur and the films were found to contain 

Cui.sS, Bi, and Cu3 BiS3 . A backscattered electron SEM image o f a partially reacted film 

(1 pm thick co-sputtered precursor film processed at 300 °C for 2 hours with a heating 

rate o f 1 °C/minute, and 50 torr EhS atmosphere) is shown in Figure 3.13 (a), along with 

an XRD powder pattern collected from the film and standard powder patterns for Bi 

(PDF 65-1215) and Cui.gS (PDF 88-2158). It should be noted that the Cui.gS standard 

pattern is for a rhombohedral phase (space group R-3m), which has been identified as 

both a stable and metastable ’ phase. Due to the weak diffraction signal from this 

phase, the assignment could not be made with certainty. However, the assignment is 

supported by the formation o f the same Cui.gS phase when copper precursor films are 

heated under similar conditions (see below). Reports on the formation o f bulk CuxS 

phases has identified the formation o f rhombohedral Cui.gS above 132±6 °C, and 

persisting until 262±12 °C, at which point it is converted to Cuj ^ S . 2 4  These results are 

consistent with the observation o f Cui.gS in this work. No diffraction from Cu3 BiS3 was 

evident in the powder pattern. EDX analysis was used to confirm the identity o f 

elemental Bi and Cui.gS phases, as well as to identify the third phase as having a 

composition o f 3:1:3 Cu:Bi:S. The ternary phase, identified as Cu3 BiS3 , is present in 

much smaller amounts than the other two phases, explaining the lack o f diffraction. 

When longer heating times are employed the elemental Bi reacts with the intermediate 

Cui.gS and excess H2 S, yielding complete conversion to Cu3 BiS3 (Figures 3.6 and 3.7).

When metal sulfide precursors produced by sputter deposition o f Cu-S and Bi are 

employed for the synthesis o f Cu3BiS3 the composition o f the precursor film is more
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Figure 3.13. Backscattered SEM image o f a film formed by heating a co-sputtered 
metal precursor at 300 °C for 2 hr under 50 torr H2 S (a) with phases identified by 
XRD/EDX as Bi (bright areas), Cui.gS (dark areas), and by EDX as Cu3 BiS3 

(intermediate areas). XRD powder pattern (b) and standard powder pattern for Bi (c) 
and Cui.gS (d) are also shown.
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complex. As in the case o f co-sputtered metal precursor films, the metal sulfide 

precursor is smooth, continuous, and mirror-like in appearance, with no topographic 

contrast visible in SEM images. SEM analysis o f cross-sections o f  precursor films shows 

that a multilayer structure is retained during the deposition process (Figure 3.14 (a)). 

XRD analysis o f these films suggests that a significant fraction o f the film is amorphous; 

however, the presence o f crystalline CuS, Bi2 S3 , and elemental S is also evident. The 

XRD powder pattern is presented in Figure 3.14 (b), along with the standard powder 

patterns for Bi2 S3 (PDF 65-2435), CuS (PDF 6-0464), and S (PDF 71-0569). Diffraction 

from multiple phases makes phase identification difficult; however, key peaks for both 

Bi2 S3 and CuS are identifiable. There is no evidence for the presence o f crystalline Cu or 

Bi. These results suggest that when the CuS and Bi targets are sputtered simultaneously, 

Bi2 S3 is formed. This is thought to occur by reaction o f energetic Cu-S and Bi species 

incident on the deposition substrate.

Films o f homogeneous composition, Cu-S and Cu-S-Bi, identical to the individual 

layers in the multi-layer metal sulfide precursor, were also prepared. WDX analysis of 

Cu-S films show that they are sulfur deficient, with a composition o f 2.8:1.0 Cu:S. WDX 

analysis o f Cu-S-Bi co-sputtered films determined a composition o f 1.0:3.2:1.9 Cu:S:Bi. 

When the metal sulfide precursor is deposited, the relative thickness o f these individual 

layers is modulated to provide a Cu:Bi ratio o f 3:1. Based on the WDX analysis o f single 

composition films, the sulfur balance in the multi-layer precursor film is calculated to be 

2.6 (or 3:2.6:1 Cu:S:Bi), suggesting that the as-deposited sulfide precursor film has a net 

sulfur deficiency, necessitating sulfurization in an H2S atmosphere.
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Figure 3.14. Backscattered SEM image o f a metal sulfide precursor as-deposited (a), 
bright bands are composed o f Cu-Bi-S, dark bands are Cu-S. XRD powder pattern (b) 
and standard powder pattern for Bi2 S3 (c), CuS (d) and S (e) are also shown.
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When metal sulfide precursors are heated in an H2 S environment the resultant 

Cu3BiS3 films are continuous, but they buckle, leaving 5-10 pm diameter round pockets 

between the film and the substrate. The individual crystallites are smaller than those 

observed in films synthesized from metal precursors. SEM images o f a representative 

sample (metal sulfide precursor processed at 270 °C for 12 hours with a heating rate o f 10 

°C/minute, and 5 torr H2 S/ 4 5  torr Ar atmosphere) are presented in Figure 3.15 (a) and (b) 

along with the XRD powder pattern, and standard powder pattern for Cu3BiS3. The 

powder pattern indicates that phase-pure Cu3BiS3 has been synthesized. This 

morphology was obtained irrespective o f H2S partial pressure, heating rate, or processing 

temperature below 300 °C. Indistinguishable films could also be synthesized with 

heating times as short as 2 hours and with H2 S partial pressures as low as 1 torr. If  

temperatures greater that 300 °C were employed, it was again found that the product films 

were bismuth depleted.

Cui.gS and Bi2 S3 films were also synthesized via reactive annealing o f Cu and Bi 

metal films under conditions similar to those employed for synthesis o f ternary films. An 

SEM image o f a Cui.gS film (Cu precursor processed at 250 °C for 4 hours with a 10 

°C/minute heating rate, and 5 torr H2S/45 torr Ar atmosphere) along with an XRD powder 

pattern and Cui.sS standard powder pattern (PDF 88-2158) is shown in Figure 3.16. The 

powder pattern collected from the film best matches the standard powder pattern for the 

rhombohedral Cui.gS phase also identified in the powder pattern collected from the 

partially reacted ternary film (Figure 3.13 (b)). The moiphological similarity between 

this film and the sub-optimum Cu3BiS3 film synthesized from a metal precursor (Figure 

3.7) should also be noted. The size and distribution o f the voids in each film are
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Figure 3.15. SEM images o f a Cu3BiS3 film (a) and (b) synthesized by heating a 
metal sulfide precursor film at 270 °C for 12 hr under 5 torr H2 S/ 4 5  torr Ar, XRD 
powder pattern (c), and standard powder pattern for Cu3BiS3.
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Figure 3.16. SEM image o f a Cui.gS film (a) and (b) synthesized by heating a Cu film 
at 250 °C for 4 hr under 5 torr H2 S/ 4 5  torr Ar, XRD powder pattern (c), and Cui.sS 
standard powder pattern (d).
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strikingly similar. The morphological similarity o f the binary and ternary film, and the 

XRD data from the binary film and the partially reacted film, provide evidence for the 

assignment o f Cui.gS as the intermediate product in the synthesis o f Cu3 BiS3 from metal 

precursor films.

An SEM image o f a Bi2 S3 film (Bi film processed at 250 °C for 12 hours with a 

10 °C/minute heating rate, and a 5 torr H2S/45 torr Ar atmosphere) along with XRD 

powder pattern and Bi2S3 standard powder pattern (PDF 65-2435) is presented in Figure 

3.17. The powder pattern confirms that Bi2S3 has been synthesized. In this case the 

morphological similarity to the Cu3BiS3 film synthesized from a metal sulfide precursor 

(Figure 3.15) should be noted. The size and distribution o f the pockets under each film is 

comparable. This morphological similarity, in conjunction with XRD data from the 

metal sulfide precursor film (Figure 3.14) and WDX data from the Cu-S-Bi film (see 

above), provides evidence for the formation o f Bi2S3 during the sputter deposition 

process, and subsequent reaction o f this Bi2S3 intermediate with sputter-deposited Cu-S 

and H2S to form Cu3BiS3  during annealing.

Sheet and electrical resistivity was measured on samples synthesized from both 

metal and metal sulfide precursors. On 1 pm thick Cu3BiS3 films synthesized from co- 

sputtered metal precursors, van der Pauw resistivity measurements gave a value of 3xl04 

Q. for the sheet resistivity or an electrical resistivity o f 3 O cm. On 800 nm thick films 

synthesized from metal sulfide precursors identical measurement methods gave a sheet 

resistivity o f 2x l06 O or an electrical resistivity of 2xl02 O cm. The discrepancy in these 

values is attributed to the variations in film structure, morphology, and synthesis method. 

Crystallite dimensions and differences in defect doping as a result o f differing
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Figure 3.17. SEM image o f a Bi2 S3 film (a) formed by heating a Bi film at 250 °C for 
12 hr under 5 torr H2 S/ 4 5  torr Ar, XRD powder pattern (b), and standard powder 
pattern for Bi2S3 (c).
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syntheses are consistent with significant variations in electrical properties. It should be 

noted that, in this context, these values are in reasonable agreement with the previously 

reported value o f 3 x l0 ! f l cm.25

Discussion

When Cu3 BiS3 is synthesized from metal precursors, long reaction times are 

required, with SEM and XRD analysis o f  partially converted films showing the presence 

o f Cui.gS, Bi, and Cu3 BiS3 (Figure 3.13). Limited diffraction signal from the 

rhombohedral Cui.sS phase makes this identification slightly ambiguous; however, this 

conclusion is supported by the fact that reaction o f a Cu precursor film under similar 

conditions results in the synthesis o f a phase that is identified as Cui.gS, and by the fact 

that the reaction temperatures employed are consistent with literature reports on the 

formation o f this phase.24 It is hypothesized that this Cui.gS intermediate forms rapidly 

upon heating a Cu-Bi metal precursor in the presence o f H2 S. The formation o f binary 

sulfide intermediates has also been observed during the synthesis o f CuInS2 by heating 

Cu-In precursors in the presence o f H2 S . 1 The formation o f Cu3BiS3 results from the 

relatively slow diffusion and reaction o f Bi with the Cuj.gS intermediate and H2 S, a 

pathway which is consistent with the observed growth o f large crystallites. Due to 

sluggish reaction at temperatures low enough to minimize volatilization o f bismuth (T < 

300 °C), complete reaction requires a long (16 hour) heating time.

The void space that is common to all Cu3 BiS3 films synthesized by heating metal 

precursors in the presence o f H 2 S is a consequence of the rapid formation o f the copper 

sulfide intermediate, which possesses a discontinuous morphology similar to that
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observed when Cui.gS is synthesized from a copper precursor film. The formation o f 

discontinuous copper sulfide films has also been observed during the synthesis o f CuInS2 

thin films.26 As Bi diffuses and reacts with the Cui.gS intermediate, void spaces in the 

film are left behind. The influence o f the copper sulfide intermediate on the morphology 

o f the final film is supported by the similarity o f Cu3 BiS3 films and Cui gS films 

synthesized under similar conditions (Figures 3.7 and 3.16).

This reaction pathway is also consistent with the observed effects o f precursor 

structure (multi-layer or co-sputtered), heating rates, and H2S partial pressures. Lower 

H2S partial pressures are expected to decrease the rate o f formation o f the Cui.gS 

intermediate. Co-sputtered precursors and faster heating rates are expected to lead to 

increased nucleation o f the ternary Cu3 BiS3 phase. The rate o f formation o f the ternary 

phase can not be further increased by increasing reaction temperature, as a consequence 

of the volatility of bismuth. A decreased rate o f formation o f Cui.gS (lower H2S partial 

pressures), and rapid nucleation o f the ternary phase (increased heating rates and co- 

sputtered precursors) should lead to smoother, more continuous films with decreased void 

space. This expectation is supported by the experimental results, with the best 

morphology obtained using co-sputtered precursors, faster heating rates, and lower H2S 

partial pressures. Qualitatively it was found that increasing the heating rate above 10 

°C/minute resulted in no appreciable improvement in film quality, while reducing H2S 

partial pressures below 5 torr yielded incomplete conversion o f the precursor.

Studies on the selenization o f Cu-In multilayer precursors under H2Se/Ar to form 

CuInSe2 have also found that heating conditions have an impact on the product film 

morphology.16 Alberts and Swanepoel found that when Cu-In samples were heated to
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400 °C and then exposed to E^Se at 400 °C (without a temperature ramp under t^S e) the 

morphology o f the final film was very rough and showed some segregation o f CuInSe2  

and a secondary Cu2 Se phase. They attribute this to solid-liquid phase segregation 

resulting from the low melting point o f indium (157 °C). When a ramp rate o f 16 °C from 

an initial temperature o f 150 °C under E^Se was employed, they found that this phase 

segregation was avoided and film morphology improved significantly. They also report 

that precursor morphology directly influences product morphology.16 This is consistent 

with the observation in this work that the smoother co-sputtered precursors produced 

product films with smoother morphology than those produced using the rougher multi

layer films; however, this is thought to play a minor role in the results o f  this work. 

Ultimately, the accessible range o f processing conditions for the synthesis o f Cu3BiS3 

thin films from Cu-Bi precursors, limited by the volatility o f Bi above 300 °C, is not 

sufficient to overcome the morphology-directing influence o f the pathway described 

above. Consequently, smooth, continuous Cu3 BiS3 films are not obtainable from metal 

precursor films, within the accessible parameter space o f this study.

The synthesis o f Cu3 BiS3 from metal sulfide precursors proceeds via a different 

reaction pathway from that identified for synthesis from metal precursors. XRD analysis 

of metal sulfide precursor films identified the presence o f some crystalline CuS and Bi2S3  

in the multi-layer structure, in addition to elemental sulfur and significant amorphous 

content. The formation o f these binary sulfides during the sputter deposition process, 

prior to heating, dictates the reaction intermediates and pathway. The complete 

conversion of the binary sulfide intermediates formed during deposition to Cu3BiS3 

during heating occurs in a fraction o f the time required for complete conversion o f metal
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precursors. This is likely a result o f the specific binary sulfide intermediates present 

(CuS and Bi2S3 vs. Cui.gS), but may also be due to the presence o f S in the precursor 

film, which is expected to be more reactive than H2S. (The Gibbs standard free energy 

for the reaction o f Cu(s) and H2S(g) to form CuS(s) and H2(g) is -20.2 kJ/mol, while the 

value for the reaction o f Cu(s) and l/2S2(g) to form CuS(s) is -93.4 kJ/mol.) At 400 °C 

the Gibbs free energy for the decomposition reaction o f H2S(g) to H2(g) and l/2S2(g) is 

56.9 kJ/mol; consequently, at the maximum reaction temperatures used in this work, 1 

torr H2S yields 7.12xl0'4 torr S2(g), demonstrating that a tiny amount o f elemental sulfur 

is available during the processing o f metal precursor films relative to metal sulfide 

precursor films. The short reaction time required (2 hours) is also similar to that reported 

previously for the reaction of chemical bath deposited Bi2S3 and CuS films to form 

Cu3BiS3.27’28

The morphological similarity of Cu3BiS3 films synthesized from metal sulfide 

precursors to Bi2S3 films (Figures 3.15 and 3.17), suggests that the Bi2S3 intermediate 

dictates the morphology o f the Cu3BiS3 film. The fact that this moiphology can not be 

controlled, or even influenced, by varying reaction conditions lends additional support to 

the hypothesis that the Bi2S3 forms during the deposition process, and to the conclusion 

that the final morphology of the Cu3BiS3 film is a function o f the precursor, not the 

subsequent processing. It is concluded that the morphology o f the Bi2S3 film is a 

consequence o f the incorporation of sulfur into the metal precursor during the reaction 

with H2S. This produces significant volume expansion of the film, which is relieved by 

buckling o f the film, producing pockets between the film and substrate. This reasoning 

also applies to the morphology of Cu3BiS3 films synthesized via Bi2S3 and CuS
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intermediates. WDX results suggest that the as-deposited precursor is sulfur deficient. 

XRD shows that some crystalline Bi2 S3 and CuS are present, but that the precursor film 

also has a significant amorphous component. Upon heating, the reaction o f these 

intermediates, combined with uptake o f additional sulfur, results in volume expansion of 

the film. In an analogous manner to the Bi2S3 thin film, this expansion produces buckling 

o f the Cu3BiS3 thin film, and the formation o f pockets between the film and substrate.

It has been demonstrated for the selenization o f CuInGaSe precursors that 

increasing the Se content in the precursor from 5 to 30 atom percent reduces phase 

segregation and enhances grain growth in the resultant Cu(In,Ga)Se2  films, yielding 

improved film morpholgy.29 Kushiya et al. also identify reduced volume expansion 

during the selenization process when the Se content in the precursor is increased. Similar 

improvements in the morphology o f CuInS2 films heated under H2S have been observed 

with increased sulfur content in the precursor film, with the improvement attributed to 

reduced phase segregation during processing.30 When the results in this work for metal 

and metal sulfide precursors are compared, it appears that phase segregation during the 

synthesis o f Cu3 BiS3 is eliminated when sulfur is incorporated into the precursor film. 

This is attributed to the sluggish reactivity o f elemental Bi, versus the much more facile 

reactivity o f Bi2S3 , with the copper sulfide intermediates.

While detailed electrical and optical characterization o f these films could not be 

carried out as a consequence o f the sub-optimum morphology obtained in all cases, it is 

worth noting that electrical resistivities agree reasonably well with previously reported 

values. In previous reports o f the thin film synthesis o f Cu3 BiS3 by Nair and co

workers,25’28 SEM images o f the films are not presented and no specific discussion of
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film morphology is provided. Consequently the morphology o f films in this work can not 

be compared with those reported previously. Based on optical data presented by Nair and 

co-workers, it may be inferred that smoother films were obtained when Cu3 BiS3 was 

synthesized from the reaction o f Bi and CuS,25 rather than from the reaction o f Bi2 S3 and 

CuS.28

While synthesis o f phase-pure Cu3 BiS3 films by heating o f metal and metal 

sulfide precursors in the presence of H2S has been demonstrated, in both cases the 

morphology o f the films was not suitable for use in thin film photovoltaics. Based upon 

the results o f this study, it is clear that while processing conditions may have an impact, 

the dominant factor in determining film morphology in both cases is the reaction 

pathway, which is directly dependent on the precursor employed. As a consequence, 

under the scope o f the current study, it is concluded that this two-step process is not 

applicable to the synthesis o f smooth and continuous films o f Cu3BiS3. However, if 

Cu3 BiS3 is found to show potential as a solar absorber material in thin film PV devices, 

these results do not preclude the use o f this method for the synthesis o f smooth 

continuous Cu3 BiS3 films employing alternate precursors, processing conditions, or 

conductive substrates such as metal foils or transparent conducting oxide coated glass. 

This method has also been applied to synthesis o f Cui2Sb4Si3 thin films, with preliminary 

results presented in Appendix A.

Conclusions

A physical vapor deposition technique for the synthesis o f Cu3BiS3 has been 

developed, employing the heating o f metal or metal sulfide precursor films under H2S(g).
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The morphology o f the final film is controlled by the binary sulfide intermediates which 

are dependent on precursor composition. Synthesis from metal precursors proceeds via 

formation and reaction o f a discontinuous Cui.gS intermediate with elemental Bi and H2 S. 

These films are characterized by large crystallites and voids in the film. Synthesis from 

metal sulfide precursors proceeds via the reaction of Bi2 S3 and CuS intermediates formed 

during film deposition. These films are continuous with smaller individual crystallites; 

however, reaction results in volume expansion and buckling that produces pockets 

between the film and substrate. While all films were phase-pure, they are not smooth and 

continuous— a requirement for application in thin film photovoltaic devices. Processing 

conditions have been thoroughly explored and it is not possible to overcome the 

controlling influence o f the precursor composition and reaction pathway on film 

morphology. Consequently, while reactive annealing o f Cu-In precursors under H2 S has 

been successfully employed for the synthesis o f smooth, continuous thin films o f CuInS2 , 

this work has shown that this method is not suitable for the production o f Q i3 BiS3 films 

o f  similar morphology on non-conductive transparent substrates. However, based on 

these results a one-step reactive deposition for Cu3 BiS3 has been developed that produces 

device quality films, with details provided in Chapter 4.

References

(1) Dzionk, C.; Metzner, H.; Hessler, S.; Mahnke, H.-E. Thin Solid Films 

1997, 299, 38-44.

(2) Gossla, M.; Mahnke, H.-E.; Metzner, H. Thin Solid Films 2000, 361-362,

56-60.

81

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



(3) Antony, A.; Asha, A. S.; Yoosuf, R.; Manoj, R.; Jayaraj, M. K. Sol. 

Energy Mater. Sol. Cells 2004, 81, 407-417.

(4) Binsma, J. J. M.; Van der Linden, H. A. Thin Solid Films 1982, 97, 237-

243.

(5) Watanabe, T.; Nakazawa, H.; Matsui, M. Jpn. J. Appl. Phys., Part 2 1999, 

38, L430-L432.

(6) Lokhande, C. D.; Hodes, G. Sol. Cells 1987, 21, 215-224.

(7) Yiiksel, O. F.; Basol, B. M.; Safak, H.; Karabiyik, H. Appl. Phys. A 2001,

73, 387-389.

(8) Alberts, V. Jpn. J. Appl. Phys., Part 1 2002, 41, 518-523.

(9) Bekker, J.; Alberts, V.; Leitch, A. W. R.; Botha, J. R. Thin Solid Films

2003,431-432, 116-121.

(10) Singh, U. P.; Shafarman, W. N.; Birkmire, R. W. Sol. Energy Mater. Sol. 

Cells 2006, 90, 623-630.

(11) Laubis, C.; Henrion, W.; Beier, J.; Dittrich, H.; Lux-Steiner, M. In Inst. 

Phys. Conf. Ser. No. 152: Section B: Thin Film Growth and Characterization, 1998, pp 

289-292.

(12) Botero, M.; Cifuentes, C.; Romero, E.; Clavijo, J.; Gordillo, G. In 

Proceedings o f  the IEEE 4th World Conference on Photovoltaic Energy Conversion, 

2006, pp 79-82.

(13) Reddy, K. T. R.; Reddy, P. P.; Dutta, P. K.; Miles, R. W. Thin Solid Films 

2002, 403-404, 116-119.

(14) Yoosuf, R.; Jayaraj, M. K. Sol. Energy Mater. Sol. Cells 2005, 89, 85-94.

82

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



(15) Pimenta, G.; Kautek, W. Thin Solid Films 1994,238 ,213-217.

(16) Alberts, V.; Swanepoel, R. J. Mater. Sci.: Mater. Electron. 1996, 7, 91-99.

(17) Schroder, D. K. In Semiconductor Material and Device Characterization', 

2nd ed.; John Wiley and Sons, Inc.: New York, 1998, pp 2-17.

(18) Wang, N. Mineral. Mag. 1994, 58, 201-204.

(19) Buhlmann, E. N. Jb. Miner. Monat. 1971, 137-141.

(20) Chen, T. T.; Chang, L. L. Y. Can. Mineral. 1974,12, 404-410.

(21) Baker, H., Ed. ASM  Handbooks Online, Vol. 3 Alloy Phase Diagrams; 

ASM International, 2002.

(22) Green, D. W., Ed. Perry's Chemical Engineers' Handbook, 7th ed.; 

McGraw-Hill: New York, 1997.

(23) Gronvold, F.; Stolen, S.; Westrum., E. F.; Galeas, C. G. J. Chem. 

Thermodynamics 1987,19, 1305-1324.

(24) Blachnik, R.; Muller, A. Thermochim. Acta 2000, 361, 31-52.

(25) Estrella, V.; Nair, M. T. S.; Nair, P. K. Semicond. Sci. Technol. 2003, 18, 

190-194.

(26) Scheer, R.; Klenk, R.; Klaer, J.; Luck, I. Sol. Energy 2004, 77, 777-784.

(27) Hu, H.; Gomez-Daza, O.; Nair, P. K. J. Mater. Res. 1998 ,13, 2453-2456.

(28) Nair, P. K.; Huang, L.; Nair, M. T. S.; Hu, H.; Meyers, E. A.; Zingaro, R. 

A. J. Mater. Res. 1997,12, 651-656.

(29) Kushiya, K.; Shimizu, A.; Yamada, A.; Konagai, M. Jpn. J. Appl. Phys., 

Part 1 1995, 34, 54-60.

(30) Watanabe, T.; Matsui, M. Jpn. J. Appl. Phys., Part 1 1996, 35, 1681-1684.

83

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



Chapter 4. One-Step Synthesis and Optical and Electrical Properties of 

Thin Film Cu3BiS3 for Use as a Solar Absorber in Photovoltaic Devices

Introduction

In Chapter 3 a two-step method for the synthesis o f Cu3BiS3 thin films was 

presented; however, even when optimized conditions were employed the morphology of 

the resultant films was not suitable for use in PV devices. Based on those results, a one- 

step reactive deposition process was developed, enabling the direct deposition o f Cu3BiS3 

thin films onto heated fused silica substrates. Deposition directly onto hot substrates 

under inert or reactive conditions has been utilized successfully for the synthesis o f a 

wide variety o f crystalline thin films including CuInS2 ,' CU2 S , 2  SnS,3 In203,4’6 CuO,7 and 

Zni-xMgx0 .8

The one-step reactive deposition developed for Cu3BiS3 yields thin films that are 

continuous, dense, and have a smooth, mirror-like surface—the morphology appropriate 

for photovoltaic device applications. These as-deposited films are also crystalline, phase- 

pure, and have the requisite optical and electrical properties for photovoltaic applications. 

Post-deposition annealing in an H2 S atmosphere increases crystallite size and decreases 

the resistivity o f the film. In Chapter 5, results from the deposition of Cu3BiS3 thin films 

on TCO coated substrates by this one-step method, as well as an evaluation o f the 

compatibility o f this deposition method with the fabrication o f the multi-layer structures 

required for device development, are reported. In this chapter details on the one-step 

synthesis, structure, morphology, and optical and electrical properties o f Cu3BiS3 thin
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films on fused silica substrates, as well as the effect o f post-deposition processing in an 

H2 S atmosphere are reported.

Experim ental Details

Films were sputter deposited directly on fused silica substrates (50 mm x 50 mm). 

Substrates were cleaned in 2-propanol in an ultrasonic bath for 30 minutes, immersed for 

30 minutes in a 1:3 mixture o f H2 0 2 :H2 S0 4 , rinsed with distilled H2 O, rinsed with 2- 

propanol, and dried under N 2 . During the deposition, substrates were maintained at 

temperatures o f 250 to 300 °C. This temperature range was identified as optimal for 

synthesis o f CusBiS3 thin films in Chapter 3. Substrates were heated by quartz lamps, 

and the temperature monitored by a thermocouple in contact with the substrate platen. 

During the deposition, the platen was continuously rotated at 6 rpm. Films were 

deposited by sputter deposition from a CuS target at 80 W RF and a Bi target at 10 W 

DC. Targets were 3” in diameter and the sputtering gas was Ar at a pressure o f 5 mtorr. 

Stoichiometry o f single composition, multi-element films deposited on unheated 

substrates was determined by WDX. Cu-S films were found to be sulfur deficient 

relative to the target, with a composition o f 2.8:1.0 Cu:S. When the CuS target was co

sputtered with the Bi target, Cu-S-Bi films were sulfur rich relative to the target, with a 

composition o f 1.0:3.2:1.9 Cu:S:Bi.

To deposit compound films on hot substrates with the desired 3:1:3 stoichiometry 

the CuS target was sputtered continuously and the Bi target cycled on and off. The 

correct elemental ratio was achieved by co-sputtering CuS and Bi targets for 5 minutes, 

followed by CuS target sputtering for 25-30 minutes, depending on substrate temperature.
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Hotter substrates required shorter CuS-only sputter times to compensate for the increased 

sublimation o f Bi. Each cycle produced approximately 75 nm of deposition, and was 

repeated 4 or 8 times resulting in films with final thicknesses o f approximately 300 nm or 

600 nm, respectively. Following deposition, the substrate temperature was maintained at 

the deposition temperature (250 to 300 °C) for 30 minutes, followed by cooling to 100 °C 

at 2 °C/minute. Some films were subsequently annealed at 250 to 300 °C for 2 hours 

under 1 torr H2S/49 torr Ar, followed by cooling to 100 °C at 2 °C/minute. The volume 

of the annealing chamber is approximately 40 1, with heating provided by a 

programmable resistance heater.

Composition and morphology o f the thin films was characterized using 

SEM/EDX (JEOL 603 IF FESEM, Hitachi S-4800 FESEM, Hitachi S3000N VPSEM), 

WDX (JEOL 8900 microprobe), and XRD (Bruker D8 diffractometer with area detector). 

Additional characterization was carried out to measure the optical and electrical 

properties o f  the thin films. Transmission and reflection data (Bruker Vertex 70) was 

used to determine the optical band gap, band gap type, and optical absorption coefficient. 

For transmission measurements a clean fused silica substrate was used as the 100% 

transmission standard. Reflection measurements were made at 10° from normal, and an 

aluminum mirror deposited on a fused silica substrate was used as the 100% reflection 

standard. Prior to collection o f reflection data the back side o f each sample was 

roughened with a rotary grinder to eliminate backside reflection. Sheet and electrical 

resistivities were measured using a 4-point probe (Jandel 4-point probe with 0.5 mm 

probe spacing, Keithly 2400 Sourcemeter). Measurements were taken with a constant 

current set at 0.01-0.05 pA to produce a voltage drop in the range o f 2-4 mV. These
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conditions minimized carrier injection and produced stable and consistent measurements. 

Doping type was determined using hot probe measurements with a hot probe temperature 

o f 50-60 °C (in-house manufactured probe, Fluke DMM).

Results

Films o f high quality were synthesized directly on fused silica substrates at 

temperatures o f  250 to 300 °C; however, the morphology o f the films varied over this 

temperature range, and changes in deposition parameters were required to compensate for 

the increased Bi vapor pressure at higher temperatures. In Chapter 3 the maximum 

temperature suitable for processing Cu3BiS3 films was identified as 300 °C, with film 

decomposition and Bi sublimation occurring at higher temperatures. In the present work, 

increasing the substrate temperature from 250 to 300 °C is accompanied by an increase in 

Bi sublimation. To compensate for this, it was necessary to decrease the CuS-only 

sputter time from 30 minutes to 25 minutes with a constant co-sputtered period of 5 

minutes. Consistent with previous work, 300 °C is the maximum temperature at which 

this reactive deposition can be carried out successfully.

Changes in morphology as a function o f substrate temperature were most evident 

when films were observed at a fracture. Films deposited at 300 °C were homogeneous 

throughout the depth o f the film, while those deposited at 250 °C retained the layered 

structure o f the deposition. SEM images o f a film deposited at 300 °C are presented in 

Figure 4.1 (a) and (b). The film is smooth and continuous when viewed from the surface, 

and is dense and homogeneous when viewed edge-on at a fracture. SEM images in 

Figure 4.2 (a) and (b) for a Cu3BiS3 film deposited at 250 °C show the film is smooth and
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Figure 4.1. SEM images o f a Cu3 BiS3 film synthesized by reactive deposition with a 
substrate temperature o f 300 °C (a) and (b), XRD powder pattern (c), and standard 
powder pattern for Cu3 BiS3 (d).
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Figure 4.2. SEM images o f a Cu3BiS3 film synthesized by reactive deposition with a 
substrate temperature o f 250 °C (a) and (b), XRD powder pattern (c), and standard 
powder pattern for Cu3 BiS3 (d).
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continuous when viewed from the surface (Figure 4.2(a)). When viewed edge-on at a 

fracture, the film is observed to retain the layered structure of the deposition, with each of 

the 8 layers clearly visible (Figure 4.2(b)). For all films, backscattered SEM imaging was 

used to screen for secondary phases, with none detected, and the 3:1:3 Cu:Bi:S 

composition o f the films was confirmed by EDX.

XRD powder patterns were used to identify the phase o f all films. Films 

deposited at both 250 °C and 300 °C were identified as phase-pure and crystalline; 

however, differences in the intensity o f the peaks were observed to correlate with 

deposition temperature. The powder pattern collected from a film deposited with a 

substrate temperature o f 300 °C along with the standard powder pattern for Cu3 BiS3 (PDF 

43-1479) are shown in Figure 4.1 (c) and (d). The amorphous hump centered at 22° 2- 

theta is attributed to the fused silica substrate. Film texture is evident in the powder 

pattern, with enhanced intensity (relative to the standard powder pattern) of the (200) and 

(211) peaks at 2-theta 23.1° and 28.1°, respectively. The powder pattern collected from a 

film deposited with a substrate temperature o f 250 °C and the standard powder pattern for 

Cu3BiS3 are presented in Figure 4.2 (c) and (d). As with the film deposited at higher 

temperature, the film is crystalline, with the amorphous hump at 22° 2-theta attributed to 

the fused silica substrate. However, at the lower deposition temperature o f 250 °C the 

intensity profile o f the experimental powder pattern is a good match with the standard 

powder pattern, indicating a random orientation o f the crystallites.

Following reactive deposition, films were annealed under 1 torr H2S/49 torr Ar 

for 2 hours at 250 to 300 °C to asses the effect on film properties. The most significant 

changes were observed when films deposited at 250 °C were annealed at 300 °C.
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Annealing at lower temperatures resulted in similar changes, but the effects were less 

pronounced. SEM images and the XRD powder pattern of a film deposited at 250 °C 

(Figure 4.2) then annealed at 300 °C are presented in Figure 4.3. SEM images and the 

XRD powder pattern o f a film deposited at 300 °C (Figure 4.1) then annealed at 300 °C 

are presented in Figure 4.4. It should be noted that while significant morphological 

differences were observed between the as-deposited films, the annealed films are very 

similar in appearance. Most noteworthy is the fact that the layered structure o f the film 

deposited at 250 °C is eliminated. The only morphological difference between the two 

films following annealing is the residual presence of very small voids (indicating lower 

density) in the film deposited at 250 °C relative to the film deposited at 300 °C. In both 

cases post-deposition annealing increased the crystallite size, producing individual 

crystallites in the 0.5-1 pm  range. These larger crystallites are columnar in shape and 

generally extend through the entire thickness of the film. Crystal growth was 

accompanied by a slight increase in the roughness o f the film; however, annealed films 

retained the mirror-like surface o f the as-deposited films. XRD powder pattern data 

collected from the annealed films show that the random orientation o f films deposited at 

250 °C is retained in the annealed film, with no indication o f texture. Similarly, films 

deposited at 300 °C retained the preferred orientation along the [200]/[211] directions 

following annealing.

Transmission and reflection data collected from a 300 nm thick, as-deposited film 

is presented in Figure 4.5 (a). Similar data was collected from both as-deposited and 

annealed films with a thickness o f 600 nm. No changes in optical properties were 

observed, demonstrating that there is no dependence o f band gap on film thickness. This
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Figure 4.3. SEM images o f a Cu3BiS3 film synthesized by reactive deposition with a 
substrate temperature o f 250 °C (see Figure 4.2), followed by annealing at 300 °C 
under 1 torr H2 S/ 4 9  torr Ar for 2 hr (a) and (b), XRD powder pattern o f the annealed 
film (c), and standard powder pattern for Cu3BiS3 (d).
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Figure 4.4. SEM images o f a Q i3BiS3 film synthesized by reactive deposition with a 
substrate temperature o f 300 °C (see Figure 4.1), followed by annealing at 300 °C 
under 1 torr H2 S/ 4 9  torr Ar for 2 hr (a) and (b), XRD powder pattern o f the annealed 
film (c), and standard powder pattern for Cu3BiS3 (d).
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data was used to determine the energy-dependent optical absorption coefficient, and the 

nature and magnitude o f the optical band gap. The optical absorption coefficient can be 

calculated from

a  = 1/x ln[(l-R)2/T],

where x is the film thickness and R and T are reflection and transmission values 

respectively.9 Plotted in Figure 4.5 (b) is a  as a function of energy, with a  = 1x10s cm"1 

at 1.9 eV. The nature and magnitude o f the optical band gap may be determined from the 

fact that aho is proportional to (ho -  Eg)n. As a consequence, plots o f (ahu)1/n against ho, 

with 1/n = 2, 2/3, 1/2, 1/3, are linear for direct, direct forbidden, indirect, and indirect 

forbidden, respectively, with the x-intercept yielding the value o f the band gap.9 Plots of 

(aho)1/n against energy for all four values o f 1/n are shown in Figure 4.6. The best 

linearity is observed with 1/n = 2/3 (Figure 4.6 (b)), identifying the band gap as direct 

forbidden, with the intercept of the line o f best fit yielding the magnitude o f the band gap 

as 1.4 eV. The plot for 1/n = 1/2 (Figure 4.6 (c)) is only slightly less linear, and would 

yield an indirect band-gap o f a similar value; however, this can be rejected based on the 

strong optical absorption coefficient, which is inconsistent with an indirect band-gap 

material.

The sheet and electrical resistivity of the films was measured using a 4-point 

probe10 on both as-deposited and annealed films with a thickness o f 600 nm. It was 

found that the sheet resistivity decreased by an order o f magnitude from 1.4xl06 Q to 

1.6xl05 n  when as-deposited films were annealed at 300 °C. The corresponding 

electrical resistivity values for these films are 84 H em and 9.6 H em, respectively. There 

was no significant variation in resistivity with deposition temperature. However, a slight

94

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



0.6

H
0.4

0.2

15501150 1350750 950350 550
nm

10

8.0

6.0

4.0

2.0

1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0
eV

Figure 4.5. Transmission (solid line) and reflection (dashed line) data against 
wavelength collected from a 300 nm thick Cu3 BiS3 film (a), and used to calculate a as 
a function o f energy (b).
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Figure 4.6. Plots of (ahv)1/n against energy with 1/n = 2, 2/3, 1/2, 1/3 in (a), (b), (c), 
and (d), respectively, for a 300 nm thick Cu3BiS3 thin film deposited on fused silica. 
Best linearity is observed when 1/n = 2/3, with dashed line o f best fit showing an x- 
intecept o f 1.4 eV (direct forbidden optical band gap) (b). Linear lines o f best fit 
determined over 1.6-1.9 eV (a), and 1.5-1.9 eV (b), (c), (d).
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increase in resistivity was observed in films aged in air for several weeks, presumably 

due to surface oxidation. Any oxidation that occurred was not detectable by XRD, and 

more detailed surface characterization capable o f detecting low levels o f oxidation was 

not carried out. Hot probe measurements were used to determine majority carrier type,10 

with all films clearly indicating p-type conductivity regardless o f deposition temperature 

or post-deposition processing.

Discussion

For thin film photovoltaics to play a significant role in global energy production 

new materials will be required whose deployment is not limited by raw material 

availability. The development o f successful devices incorporating new materials is likely 

to involve not only identifying new absorber materials, but other mutually compatible 

layers as well. This is a significant challenge, and a critical first step is the development 

of simple, efficient syntheses for individual components. This chapter reports a 

successful one-step deposition for high-quality Cu3BiS3 thin films, with measured optical 

and electrical properties that support its potential for application as an absorber layer in 

thin film PV devices.

In Chapter 3, a two-step synthesis of phase-pure Cu3 BiS3 thin films by heating 

metal and metal sulfide precursor films in an H2S atmosphere was identified; however, 

for both precursor types the reaction pathway was found to have a controlling influence 

on film morphology. In the case o f metal precursor films, the formation o f a 

discontinuous Cui .gS intermediate followed by slow reaction with Bi translated into holes 

in the final film. In the case o f metal sulfide precursors, volume expansion during the
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reaction o f intermediate phases formed during sputter deposition resulted in buckling o f  

the product film.

In the one-step synthesis, the reactive deposition is critical to avoiding the 

fundamental limitations o f the two-step process for the synthesis o f Cu3 BiS3 thin films on 

fused silica substrates. The growth o f Cu3 BiS3 films by the one-step method is thought to 

proceed as follows. During the initial, co-sputtered period, Cu3 BiS3 is deposited along 

with excess Bi. Previous results from depositions on unheated substrates (Chapter 3) 

show that the Bi reacts with Cu-S dining co-sputtering, producing Bi2 S3 . Therefore, 

excess Bi is expected to be primarily present as Bi2 S3 . During the second phase o f each 

deposition cycle only Cu-S is sputtered, which reacts with the excess Bi or Bi2 S3 in the 

film, adding to the initially formed crystalline Cu3BiS3. This layered crystalline growth 

is supported by the observation o f such a structure in the cross-section o f films deposited 

at lower temperatures (Figure 4.2 (b)). The layer contrast in this image is a result of 

differences in crystallite sizes, with larger crystallites produced at the surface o f each 

layer. These larger crystallites are consistent with a diffusive growth mechanism 

occurring within each layer. As the deposition cycle proceeds, Bi rich components 

diffuse to the increasingly Cu-S rich surface, where the two react, forming larger 

crystallites. At the end of the cycle, the layer is stoichiometric, the two crystallite sizes 

persist, and the process is repeated with the next layer. When higher deposition 

temperatures, or a subsequent annealing, are employed, thermally activated crystal 

growth throughout the film obscures the selective, diffusive crystal growth observed at 

lower temperatures.
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The success o f this one-step deposition is also consistent with previous results 

from the reactive annealing o f metal sulfide precursor films. In both methods similar 

deposition techniques are employed; however, in the two-step process buckling occurs 

during conversion o f the precursor film to the product film, which was attributed to the 

reaction o f intermediate phases and additional sulfur uptake. The one-step reactive 

deposition method enables these pitfalls to be avoided by the direct layer-by-layer build

up o f the Cu3 BiS3 film without a sulfur deficiency.

This one-step deposition is attractive not only for its simplicity, but also for the 

control it provides over the final film structure. Films formed at lower deposition 

temperatures contain small crystallites with a random orientation. Films deposited at 

higher temperatures have larger crystallites that exhibit a preferred orientation in the 

[200]/[211] directions. In each case the crystallinity o f the films may be improved by a 

post-deposition annealing that results in the formation o f larger crystallites that span the 

thickness o f the film, and are orientated perpendicular to the substrate. Significantly, the 

random or preferred orientation o f the crystallites in the as-deposited films is preserved 

during this post-deposition processing step— a subtlety that could prove useful for 

optimizing device performance if  Cu3BiS3 films are successfully incorporated into thin 

film PV devices. Similar control over film texture has been achieved with CIGS thin 

films, with films having random orientation or preferred orientation in [112] or 

[220]/[204] directions all being employed in PV devices.11 The orientation o f the 

crystallites perpendicular to the substrate is also ideal for use in PV devices, since this is 

the direction o f charge transport, and this particular orientation would be expected to 

facilitate carrier movement through the bulk o f the crystallites or along grain boundaries.
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The electrical properties of the Cu3 BiS3 thin films synthesized in this manner are 

also suitable for incorporation into conventional thin film devices, since both as- 

deposited and annealed films show p-type conductivity—a requirement for use with 

conventional n-type transparent conducting oxides and buffer layers. The electrical 

resistivity o f as-deposited films is 84 £2-cm, and following annealing this drops to 9.6 

f l  cm. This is comparable to the previously reported value o f 30 Cl-cm.12 The direct 

forbidden optical band gap o f 1.4 eV is also close to the optimum for single junction PV 

applications, and while the direct forbidden band gap results in a slower rise o f the optical 

absorption coefficient, it reaches a value o f l.OxlO5 cm '1 at 1.9 eV. These values are 

virtually identical with the previously reported direct forbidden optical band gap o f 1.3 

eV, and optical absorption coefficient o f 105 cm '1 at 1.9 eV.12 The similarity o f these 

optical and electrical measurements to those previously reported by Nair and co-workers 

suggest that Cu3BiS3 is amenable to a variety o f synthetic strategies. This synthetic 

flexibility could prove useful by enabling a variety o f approaches to the integration o f 

Cu3BiS3 into PV devices.

The high quality of the as-deposited films produced by this one-step deposition 

method, the improvements in film quality resulting from post-deposition annealing, and 

the measured optical and electrical properties all support the integration o f Cu3BiS3 thin 

films into PV devices. To better asses the suitability of these films for use as a solar 

absorber layer more detailed characterization should be carried out to determine a wider 

range o f material properties including carrier lifetime, concentration, and mobility, as 

well as the effect o f processing parameters on these properties. A key first step in device 

development has been achieved by the successful application o f this one-step reactive
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deposition method to the synthesis of Cu3BiS3 thin films on TCO coated substrates, as 

reported in Chapter 5. The one-step method reactive deposition method has also been 

applied to the synthesis of C u ^ S h ^  thin films, with preliminary results presented in 

Appendix B.

Conclusions

A one-step reactive deposition for the synthesis of Cu3 BiS3 thin films has been 

developed. This process is appealing because o f its simplicity, as well as its 

compatibility with PVD techniques that are widely employed in the production o f thin 

film devices. As-deposited Cu3BiS3 films are crystalline, smooth, continuous, and phase- 

pure. The crystallite size o f these films may be increased, and resistivity decreased by a 

subsequent annealing process, while maintaining the smooth, continuous aspects o f the 

as-deposited films. The morphology o f the films is ideal for incorporation into thin film 

photovoltaic devices. Optical and electrical properties of the films, including a direct 

forbidden band gap o f 1.4 eV, an optical absorption coefficient o f lxlO 5 cm '1 at 1.9 eV, 

electrical resistivities in the range o f 84 O cm to 9.6 O cm, and p-type conductivity, also 

support potential application as a solar absorber in photovoltaic devices.
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Chapter 5. One-Step Deposition of Cu3BiS3 on TCO and TCO/ZnSe 

Coated Substrates with AI, Ni, and Mo Back Contacts—Testing Method 

and Material Compatibilities

Introduction

In Chapter 4, details o f a one-step reactive deposition for Cu3 BiS3 thin films were 

presented. Films synthesized by this method had a morphology ideal for incorporation 

into thin film PV devices, and also had optical and electrical properties that met the basic 

requirements for use as a solar absorber layer. Current state-of-the-art thin film PV 

devices have benefited from basic science advances, and increased understanding o f the 

behavior o f complex polycrystalline materials systems is enabling rational device 

optimization. However, it is also the case that some aspects o f these devices are not fully 

understood, and that many discoveries and advances, such as the beneficial effect of 

sodium, have been achieved by empirical and serendipitous routes. The functioning of 

any new polycrystalline thin film PV device, based on a novel light absorbing material, is 

likely to be equally complex; thus precluding development by predictive strategies. 

Consequently, integration o f new materials into successful devices must be performed by 

empirical methods. If development o f new thin film PV devices incorporating novel 

absorber materials proceeds by way o f incremental improvements, mirroring the 

development o f CIGS and CdTe devices, then it is likely that the pace o f these 

improvements can be accelerated through the use o f high-throughput combinatorial 

methods.
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A brief introduction to combinatorial methods, and their application in thin film 

PV device development, was presented in Chapter 2. The production o f the 64-spot 

libraries discussed in Chapter 2 is a significant challenge, with a single library employing 

Cu3 BiS3 as the solar absorber requiring deposition o f thirteen different thin films. 

Additional complexities arise from the need to have all sixty-four, 4.4 mm x 4.4 mm, 

individual devices on the library electrically isolated from one another. In previous work 

(Chapter 4), Cu3BiS3 thin films were deposited exclusively on fused silica substrates. 

Consequently, it was not known if  the one-step reactive deposition would produce films 

o f comparable morphology on TCO coated soda-lime and borosilicate glass substrates. It 

was also possible that additional complexities could arise when heterojunction couples 

and metal back contacts were incorporated into the multi-layer structures required for 

device fabrication.

Due to the complexity of library fabrication and uncertainty regarding the 

compatibility between deposition methods and materials required for fabrication o f multi

layer devices, a series o f experiments have been carried out as a preliminary step in the 

fabrication o f 64-spot PV libraries. In brief, these experiments included the deposition of 

Cu3 BiS3 thin films directly on ITO coated soda-lime glass and FTO coated borosilicate 

glass, and the deposition o f Cu3 BiS3 thin films on a ZnSe heterojunction couple deposited 

on ITO and FTO coated substrates. On each of these samples separate Al, Ni, and Mo 

metal back contacts were sputter deposited using a fractal mask. This series of 

experiments has allowed assessment o f the compatibility o f the one-step deposition 

method with TCO coated soda-lime and borosilicate glass substrates, the stability o f ITO,
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FTO, and ZnSe during the reactive deposition process, and the stability and electrical 

isolation o f sputter deposited metal back contacts.

Electrical contact to three-spot back contacts was achieved by two different 

methods, colloidal silver, and a pressure plate contact, enabling preliminary evaluation 

and comparison o f these methods for contacting a 64-spot library. Multi-layer structures 

were also tested for PV performance. It was hoped that the fortuitous identification o f a 

functional thin film PV device would result. While this did not prove to be the case, 

these preliminary experiments have paved the way for fabrication o f more complex thin 

film PV libraries, employing Cu3 BiS3 as the solar absorber layer. Results o f these 

preliminary experiments are reported herein.

Experim ental Details

Deposition of Cu3BiS3 Films. Cu3BiS3 thin films were deposited on 50 mm x 50 

mm ITO coated soda-lime glass substrates (Precision Glass and Optics, 20 fl/sq) or FTO 

coated borosilicate glass substrates (Solaronix, 10 O/sq). Substrates were cleaned in 2- 

propanol in an ultrasonic bath for 30 minutes, rinsed with 2-propanol, and dried with a 

stream o f N 2 . Cu3BiS3 films were deposited on the TCO coated substrates using the one- 

step reactive deposition method presented in Chapter 4. During deposition, substrates 

were maintained at a temperature o f 250 °C, heated by quartz lamps, with the temperature 

monitored by a thermocouple in contact with the substrate platen. The platen was 

continuously rotated at 6 rpm. CuS was sputtered at 80 W  RF, and Bi at 10 W DC. 

Targets were 3” in diameter, and were sputtered at an Ar pressure o f 5 mtorr. The CuS 

target was sputtered continuously and the Bi target cycled on and off. The correct
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elemental ratio was achieved by co-sputtering CuS and Bi targets for 5 minutes, followed 

by sputtering only the CuS target for 27-29 minutes. Each cycle deposited -75  nm of 

Cu3 BiS3 , and was repeated 16 times, resulting in films with final thicknesses of 

approximately 1.2 pm. At the completion o f the deposition, the substrate temperature 

was maintained at 250 °C for 30 minutes, followed by cooling to 100 °C at 2 °C/minute.

Deposition of ZnSe Films and Buffer Layers. On some samples a 100 nm thick 

ZnSe buffer layer was deposited prior to deposition of the Cu3 BiS3 absorber layer. ZnSe 

was RF sputtered from a 3” target at 80 W  RF, with an Ar pressure o f 5 mtorr. The 

substrate platen was rotated at 6 rpm. Deposition o f a 100 nm thick film required 14 

minutes o f sputtering. No post-deposition treatments o f the ZnSe films were carried out 

prior to deposition o f Cu3 BiS3 . ZnSe films, 250 nm thick, were deposited under identical 

conditions (45 minute sputter time) on both ITO coated and uncoated soda-lime glass 

substrates. Following deposition, some of these 250 nm thick ZnSe films were heated to 

250 °C for 45 min under the quartz lamps in the deposition chamber, at a pressure of 5 

mtorr, with the substrate platen rotated at 6 rpm. These conditions were chosen to 

simulate the effect o f substrate heating during the initial phase o f Cu3 BiS3 deposition.

Deposition of M etal Back Contacts. After deposition o f Cu3BiS3 or 

ZnSe/Cu3 BiS3 on a TCO coated substrate, metal back contacts were sputter deposited. 

Three different metals were employed, with each one deposited on 'A o f the active area 

(-15 mm x 15 mm). The deposition area was controlled by use o f a quaternary shadow 

mask having a single opening, with the mask rotated by 90° relative to the substrate after 

each deposition. The three metals utilized were Al, Ni, and Mo. A1 was sputtered at 150 

W DC, Ni and Mo at 200 W DC. In all cases targets were 3” in diameter, the sputter gas
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was Ar at 5 mtorr, and the substrate platen rotation was 6 rpm. Deposition o f layers with 

a thickness o f -500 nm required sputter times o f 135 min, 45 min, and 70 min for Al, Ni, 

and Mo, respectively.

Characterization of Thin Films. The composition and morphology o f deposited 

films were characterized using SEM/EDX (JEOL 603 IF FESEM, Hitachi S3000N 

VPSEM) and XRD (Bruker D8 diffractometer with area detector). Scanning auger 

analysis o f film cross-sections was performed on selected samples (JEOL JAMP 9500F). 

Optical properties o f the TCO coated substrates and ZnSe films were measured on a 

UV/Vis spectrophotometer (Perkin Elmer Lambda 35). Transmission data was collected 

from TCO coated substrates to quantify absorption; transmission and reflection data were 

collected from ZnSe films on soda-lime glass substrates to verify the optical band gap, 

band gap type, and optical absorption coefficient. For transmission measurements on 

TCO coated substrates air was used as the background, while for ZnSe films a clean 

soda-lime glass substrate was employed. Reflection measurements were made at 15° 

from normal, and an aluminum mirror deposited on a fused silica substrate was used as 

the 100% reflection standard. Prior to collection o f reflection data, the back side o f each 

sample was roughened with a rotary grinder to eliminate backside reflection.

PV Perform ance of M ulti-Layer S tructures. On both three-layer and four- 

layer samples I-V data was collected using a Solartron SI 1287 electrochemical interface. 

I-V curves were collected over different voltage ranges: (1) from -100 to 600 mV on a 

small area commercial multi-crystalline Si cell (Radio Shack), (2) 0 to 600 mV on some 

multi-layer samples, (3) -2.5 to 22.5 mV on other multi-layer samples. Large reverse 

biases were avoided to prevent damage to the samples, and smaller voltage ranges were
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employed on later samples, since no power production was apparent. Samples were 

illuminated with a 1 KW Oriel solar simulator with a 1.5 AMG air mass filter and a 90% 

attenuation filter to approximate 1 sun irradiation. To make electrical contact to the 

TCO, a silver bus bar was applied to the exposed TCO along the edge o f the substrate 

using a commercial silver colloid, and subsequently contacted with a copper alligator 

clip. Two different methods were tested for making electrical contact to the metal back 

contacts. First, wire test leads were attached directly to the metal back contacts using a 

commercial silver colloid. Second, a pressure contact system was fabricated. This 

system employed a square polycarbonate plate with holes drilled through it that coincided 

with the position o f the metal back contacts. Flat braided wire leads were passed through 

the holes, so as to be positioned between the appropriate metal back contact and the 

polycarbonate plate. The contact apparatus was applied to the sample, and uniform 

pressure applied by attaching parallel clamps to two opposite edges.

Results

TCO Coated Substrates. Two different TCO coated substrates were employed 

for the fabrication o f multi-layer samples. ITO coated soda lime glass substrates (20 

G/sq) and FTO coated borosilicate substrates (10 G/sq) were purchased from outside 

suppliers (Precision Glass & Optics and Solaronix, respectively). ITO coated substrates 

were uniform in appearance, and highly transparent. FTO coated substrates had a non- 

uniform appearance with millimeter scale defects visible in the coating, lower apparent 

transparency, and a greenish-brown tint. SEM analysis and optical transmission 

measurements were employed to quantify the differences between the two TCO coatings.
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Data collected from an ITO coated substrate is presented in Figure 5.1; data from an FTO 

coated substrate is presented in Figure 5.2. Consistent with visual assessment o f the 

substrates, optical transmission in the visible region o f the spectrum is much higher with 

ITO substrates at 85-90%, with FTO coated substrates having optical transmission o f 

only 60-70% in the visible region. SEM images show that the ITO coating is also much 

thinner (-100 nm thick) and has a very smooth and uniform morphology. The FTO 

coating has a thickness o f -500 nm, and exhibits pronounced surface roughness with 

numerous outgrowths in the micrometer size regime.

ZnSe Thin Films. Two different thicknesses o f ZnSe layers were deposited in 

this work. Thinner films (-100 nm) were employed as the heterojunction partner in some 

multi-layer samples, deposited between the ITO or FTO and the Cu3 BiS3  layer. Thicker 

ZnSe films (-250 nm) were deposited on soda-lime glass or ITO coated soda-lime glass 

substrates to enable independent characterization o f the morphology, crystallinity, and 

optical properties of these ZnSe films. Some 250 nm thick ZnSe films were subsequently 

annealed at 250 °C for 45 minutes to simulate the effect of substrate heating during the 

initial phase o f the Cu3 BiS3 reactive deposition.

An SEM image of an as-deposited ZnSe film, 250 nm thick, on a soda-lime glass 

substrate, along with the XRD powder pattern collected from the as-deposited film, the 

XRD powder pattern collected from an annealed film, and the standard powder pattern 

for ZnSe (PDF 80-21), are presented in Figure 5.3. The oblique SEM image confirms 

that the film is very smooth, uniform, and continuous. SEM images collected from 

annealed films were indistinguishable from those o f as-deposited films. The XRD 

powder pattern collected from the as-deposited film has broad, poorly defined peaks.
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Figure 5.1. SEM images o f an ITO film on soda-lime glass (a) and (b), manufactured 
by Precision Glass and Optics. Optical transmission data is shown in (c).
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Figure 5.2. SEM images o f an FTO film on borosilicate glass (a) and (b), 
manufactured by Solaronix. Optical transmission data is shown in (c).
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The strongest peak in the experimental powder pattern matches the strongest peak in the 

standard powder pattern ((111) peak, 27.5° 2-theta); however, the major peak in the 

experimental pattern could also be considered consistent with, and attributed to, 

amorphous scattering from the ZnSe film or glass substrate. Relatively low counts per 

second were observed during data collection, necessitating longer collection times to 

improve the signal to noise ratio. This, along with the broad nature o f the peak centered 

at 27.5° 2-theta, indicates that this is likely a result o f amorphous scattering; suggesting 

that a significant fraction o f the as-deposited ZnSe film is non-crystalline. Other peaks in 

the standard powder pattern could not be identified in the experimental data. Following 

annealing a negligible sharpening o f the (111) peak is observed, relative to data collected 

from the as-deposited film. This indicates that substrate heating during reactive 

deposition (250 °C, 45 min) does not significantly impact the microstructure o f the ZnSe 

film when it is deposited on an amorphous soda-lime glass substrate. For both as- 

deposited and annealed films EDX analysis showed that the films were slightly Zn poor, 

and contained small amounts o f sulfur, with a composition o f Zn, 48 atomic percent; Se, 

50 atomic percent; S, 2 atomic percent.

An SEM image o f a 250 nm thick ZnSe film, as-deposited on an ITO coated soda- 

lime glass substrate, is presented in Figure 5.4. Like the film deposited directly on soda- 

lime glass this film is smooth and continuous. Both the ITO layer and the ZnSe layer are 

clearly visible in the oblique image, with the ZnSe broken back from the edge of the ITO. 

Films subjected to annealing were indistinguishable by SEM from as-deposited films. 

The XRD powder patterns for as-deposited and annealed ZnSe films are presented in 

Figure 5.4 (b) and (c). Also shown is an XRD powder pattern collected from an ITO
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Figure 5.3. Oblique SEM image o f an as-deposited ZnSe film on soda-lime glass (a), 
XRD powder pattern o f as-deposited film (b), XRD powder pattern o f film annealed at 
250 °C for 45 min (c), and standard powder pattern for ZnSe (d).

113

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



&
.1
n

s

LwWoJLiiV̂

10 20 30 40 50 60 70 80
2-theta (degrees)

Figure 5.4. Oblique SEM image o f an as-deposited ZnSe film on ITO coated soda- 
lime glass substrate (a), XRD powder pattern o f as-deposited film (b), XRD powder 
pattern o f film annealed at 250 °C for 45 min (c), XRD powder pattern o f ITO coated 
substrate (d), and standard powder pattern for ZnSe (e).
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coated soda lime glass substrate (Figure 5.4 (d)), and the standard powder pattern for 

ZnSe (Figure 5.4 (e)). The peak positions and intensities in the powder pattern collected 

from the ITO coated substrate match peaks in the powder patterns collected from the as- 

deposited and annealed ZnSe films. This suggests that the ITO coating has persisted 

through deposition, and annealing, o f the ZnSe films. The powder patterns collected 

from the as-deposited ZnSe film on ITO coated soda-lime glass, and the as-deposited film 

on plain soda-lime glass, are similar. Again, the as-deposited film appears to be largely 

amorphous. When the ZnSe film deposited on ITO coated glass is annealed, a noticeable 

sharpening o f the (111) peak is observed (Figure 5.4 (c)). This indicates that the 

crystallinity o f the film has been enhanced, and that some grain growth has occurred, 

although overall the film can still be regarded as being poorly crystalline. Since no effect 

from annealing was observed on the plain soda-lime glass substrate, this indicates that the 

crystalline nature o f the ITO coating acts to promote the effect o f the modest annealing 

conditions (250 °C, 45 min) associated with the heating phase o f the reactive deposition. 

The composition o f films deposited on ITO coated substrates was identical to that o f 

films deposited on soda-lime glass, with EDX results: Zn, 48 atomic percent; Se, 50 

atomic percent; S, 2 atomic percent.

Transmission and reflection data were collected from 250 nm thick, as-deposited 

and annealed, ZnSe films on soda-lime glass substrates, with no differences between the 

data. Transmission and reflection data collected from an as-deposited sample is 

presented in Figure 5.5 (a). Using this data, the energy-dependent optical absorption 

coefficient was calculated, and the nature and magnitude o f the optical band gap 

determined. The optical absorption coefficient was calculated from
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Figure 5.5. Transmission and reflection data for a 250 nm thick ZnSe film on soda- 
lime glass (a), plot o f a against energy (b), and plot o f (ahv)2 against energy with line 
of best fit showing a direct band-gap o f 2.8 eV (c).
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a  = 1/x ln[(l-R)2/T],

where x is the film thickness and R and T are the reflection and transmission.1 Figure 5.5 

(b) is a plot o f a  as a function o f energy. The nature and magnitude o f the optical band 

gap may be determined from the fact that aho is proportional to (hu -  Eg)n. Plots of 

(aho)1/n against hu, with 1/n = 2, 2/3, 1/2, 1/3, are linear for direct, direct forbidden, 

indirect, and indirect forbidden band gaps, respectively, with the x-intercept yielding the 

magnitude o f the band gap.1 The best linearity was observed with 1/n = 2, indicating a 

direct band gap with a magnitude o f the 2.8 eV (Figure 5.5 (c)), consistent with 

previously reported values for polycrystalline ZnSe films deposited by PVD methods.2,3

Deposition of Cii3BiS3  on TCO Coated Substrates. Three-layer samples 

(TCO/Cu3 BiS3/metal back contact) were fabricated by depositing a 1.2 pm thick Cu3 BiS3 

film on either an ITO or FTO coated substrate, followed by deposition o f Al, Ni, and Mo 

back contacts through a shadow mask. Only three metal back contacts were employed, 

leaving one quarter o f the Cu3 BiS3 film exposed. This enabled characterization o f the as- 

deposited Q i3 BiS3 thin film, allowing comparison o f films deposited by the one-step 

method on fused silica substrates (Chapter 4) with those deposited on TCO coated 

substrates.

SEM images o f a Cu3BiS3 film deposited on ITO coated glass are presented in 

Figure 5.6. Also presented in Figure 5.6 is the XRD powder pattern collected from the 

sample, and the standard powder pattern for Cu3BiS3 (PDF 43-1479). Films deposited on 

FTO coated glass were comparable, but the increased roughness o f the FTO coating 

relative to the ITO coating, translated to increased surface roughness o f the Cu3BiS3 film.
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Figure 5.6. SEM images o f a Cu3BiS3 thin film deposited by the one-step method on 
an ITO coated soda-lime glass substrate (a) and (b), XRD powder pattern collected 
from the film (c), and standard powder pattern for Cu3BiS3 (d).
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Regardless o f the substrate employed, films deposited on conductive substrates are of 

similar quality to those deposited previously on fused silica substrates. It should be noted 

that these Cu3BiS3 thin films (250 °C deposition temperature) are homogeneous 

throughout the depth o f the film. It was found that films deposited on fused silica 

substrates at 250 °C retained the layered structure o f the deposition, and that the films 

could be homogenized by a subsequent annealing step (Chapter 4). For Cu3BiS3 films 

deposited on an ITO or FTO coating this layered structure is not observed. The good 

match between both peak positions and intensities o f the XRD powder pattern, and the 

standard powder pattern, confirms that Cu3BiS3 has been synthesized, and, like films 

deposited on fused silica substrates at 250 °C, that the crystallites have a random 

orientation. The composition o f the film was confirmed by EDX analysis, with an 

elemental ratio o f 3:1:3 Cu:Bi:S.

SEM images of three-layer structures deposited on ITO coated substrates with Al, 

Ni, and Mo back contacts are presented in Figure 5.7. In Figure 5.8 are SEM images of 

the analogous three-layer structures deposited on FTO coated substrates. In each set of 

images all three layers are clearly identifiable, and all three layers are in intimate contact. 

No peeling or separation o f the films was observed, indicating good adhesion at all 

interfaces. To assess whether any interfacial reaction had occurred during the lengthy 

deposition at elevated temperature (-10 hours at 250 °C), auger line scan intensity data 

was collected. Line scans collected from cross-sections of ITO/Cu3BiS3/Al and 

FTO/Cu3BiS3/Al structures are presented in Figures 5.9 and 5.10, respectively, along 

with a corresponding SEM image. It should be noted that this data is not scaled to 

correspond directly to the SEM image, and that data from the glass substrate and the Al
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Figure 5.7. SEM images of 3-layer samples deposited on ITO coated glass with three 
different back contacts. Al on Cu3 BiS3/ITO (a), Ni on Cu3BiS3/ITO (b), Mo on 
Cu3 BiS3/ITO (c) and (d). The oblique image (d) clearly shows the three layers on top 
of the soda-lime glass substrate.
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Figure 5.8. SEM images o f 3-layer samples deposited on FTO coated glass with three 
different back contacts. Al on CuaBiSs/FTO (a), Ni on Cu3BiS3/FTO (b), Mo on 
Cu3BiS3/FTO (c).
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Figure 5.9. SEM image o f Al/Cu3BiS3/ITO on soda-lime glass (a), and scanning 
auger intensity data (b). Data is offset for improved clarity, and does not include the 
aluminum contact (a thin layer o f the glass substrate is included).
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Figure 5.10. SEM image o f Al/Cu3BiS3/FTO on borosilicate glass (a), and scanning 
auger intensity data (b). Data is offset for improved clarity, and does not include the 
glass substrate or aluminum contact.
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contact have been omitted. For clarity, data corresponding to the elements in the ITO or 

FTO layer has been offset from data corresponding to the elements in the Cu3 BiS3 layer. 

Samples were fractured immediately prior to loading, but were not sputtered prior to data 

collection.

The auger intensity data in Figure 5.9 indicates that the In is localized within the 

ITO layer. Similarly, the Cu, Bi, and S data indicates that these elements have not 

migrated appreciably into the ITO layer. However, the O signal extends ~100 nm into 

the Cu3BiS3 layer, indicating some oxidation o f the Cu3BiS3 thin film adjacent to the ITO 

coated substrate. Since the ITO coating is relatively thin, the oxidation could result from 

reaction with the ITO and/or the underlying glass substrate. Auger intensity data 

collected from a structure deposited on an FTO coated substrate (Figure 5.10) shows that 

Cu, Bi, and S are primarily localized within the Cu3 BiS3 layer. However, the auger 

signal from both Sn and O extends ~250 nm into the Cu3BiS3 layer, indicating that the 

degree o f interfacial reaction is somewhat greater than that observed with ITO, and, in 

addition to oxidation, also includes interfacial reaction or diffusion o f  Sn. While auger 

data collected from both samples clearly indicates that some interfacial reaction occurred 

when Cu3 BiS3 films were deposited on ITO or FTO substrates, data collected from film 

cross sections and surfaces also indicates that the identity of the individual films has been 

largely preserved during the deposition process.

Deposition of Cu3BiS3 on TCO/ZnSe Coated Substrates. Four-layer samples 

(TCO/ZnSe/Cu3BiS3/metal back contact) were fabricated in a similar manner to three- 

layer samples, with the exception o f a ZnSe film, -100 nm thick, being deposited on the 

ITO or FTO coating prior to Cu3BiS3 deposition. In Figure 5.11 are cross-sectional SEM
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images o f a representative sample, fabricated on an FTO coated substrate with an Al back 

contact. Backscattered electron and secondary electron SEM images are presented in 

Figure 5.11 (a) and (b), respectively. In the backscattered image the bright band at the 

interface where the ZnSe layer was expected to be localized, indicates that this area 

contains a phase with a higher net atomic number. In the secondary electron image the 

FTO, Cu3 BiS3 , and Al layers are clearly identifiable; there is no evidence o f the ZnSe 

layer.

Figure 5.11 (c) presents auger line scan intensity data collected from the sample 

cross-section. Data is not scaled to correspond directly to the SEM images, and data 

from the glass substrate and Al contact have been omitted. For clarity, data for the 

constituent elements o f each o f the deposited layers have been vertically offset. The 

sample was fractured immediately prior to loading, but was not sputtered prior to data 

collection. At the interface between the FTO and Cu3BiS3 , where the ZnSe layer was 

expected, are well defined auger intensity peaks for Se and Bi, suggesting the possible 

formation o f Bi2 Se3 . This would be consistent with the observation o f a high net atomic 

number phase at this position in the backscattered SEM image. The formation of Bi2 Se3 

at the ZnSe/Cu3 BiS3 interface is also consistent with EDX data collected from the surface 

o f the Cu3BiS3 film, indicating a Bi deficiency. An auger peak for Zn, -200 nm wide, is 

located in what could be regarded as the absorber layer adjacent to the interface. This 

zinc rich region is almost completely depleted in Bi, and intensity data for Cu and S also 

tails o ff towards the interface. In the outermost region, where the intensity data is 

representative o f Cu3 BiS3 , it should also be noted that the film appears to be slightly S- 

rich, based on a comparison o f Cu and S auger intensity data collected from Cu3 BiS3
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Figure 5.11. Backscattered and secondary SEM images o f Al/Cu3BiS3/ZnSe 
(100nm)/FTO on borosilicate glass in (a) and (b), respectively, and scanning auger 
intensity data (c). Data is offset for improved clarity, and does not include glass or 
aluminum contact.
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films deposited directly on ITO and FTO (Figures 5.9 and 5.10). While the identity o f 

the phases formed as a result o f interfacial reaction are not known, it is clear that the 

ZnSe has been completely consumed by reaction with the Cu3 BiS3 layer during the 

deposition process, resulting in the formation o f several compositionally distinct layers. 

Characterization of the surface o f the Cu3BiS3 film by SEM/EDX and XRD does indicate 

that the outer layer is predominantly Cu3BiS3; however, as mentioned above, EDX 

indicates that the film is Bi poor, and XRD powder patterns indicate the presence o f a 

minor sub-phase, although it could not be identified.

PV Perform ance of M ulti-Layer Structures. All three-layer and four-layer 

samples were screened for PV performance by collecting I-V curves. In general, the 

behavior o f the 4-layer samples was similar to that o f the 3-layer samples, and only data 

collected from 3-layer samples is presented here. Representative data for a 3-layer 

sample with a Mo metal back contact deposited on an ITO coated substrate is presented 

in Figure 5.12 (a). Colloidal silver was used to attach the test leads to the metal back 

contacts, and the voltage range was 0 - 600 mV (reduced data range is shown in the main 

panel, with the full data range in the inset panel). Figure 5.12 (b) shows a representative 

I-V curve collected from a 3-layer sample with a Mo metal back contact deposited on an 

FTO coated substrate. For this sample the pressure contact was used to attach the test 

lead to the metal back contact (see experimental section for details), and the voltage 

range was -2.5 - 22.5 mV. An I-V curve was also collected from a small area commercial 

multi-crystalline silicon cell purchased from Radio Shack (Figure 5.12 (c)) with a voltage 

range o f -100 -  600 mV. In all three frames light curves are depicted with solid lines, 

dark curves with dashed lines.
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Figure 5.12. I-V data collected from a Mo/Cu3 BiS3/ITO sample with colloidal silver 
contact (a), a Mo/Cu3 BiS3/FTO sample with pressure contact (b), and commercial 
multi-crystalline Si solar cell (c). Inset plot in (a) shows complete data range, main 
plot reduced for comparison to (b). Light curves are depicted with a solid line, dark 
curves with a dashed line.
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The behavior o f all Cu3BiS3 based samples can be characterized as resistor-like, 

not diode-like as would be expected for a functional PV device, for example the 

polycrystalline Si cell tested in Figure 5.12 (c). The sample deposited on ITO exhibits a 

fixed resistance over the test range o f -1 2  £2, while the device deposited on FTO shows a 

fixed resistance over the test range o f -3 0  Q. For the sample deposited on ITO, and 

contacted with colloidal silver, there was only a slight discemable difference between the 

light and dark curves; however, for the sample deposited on FTO, and contacted with the 

pressure contact, the light curve is clearly offset from the dark curve, indicating that a 

small photo-voltage was produced under exposure to light. The production o f even this 

small photo-voltage is encouraging for future device development.

No significant difference was observed between I-V data collected using any one 

o f the three different metal back contacts. Visual assessment o f the back contacts 

indicated that lateral spreading during sputter deposition resulted in metal deposition 

behind the shadow mask. In the current mask/substrate configuration there is a small gap 

between the mask and the substrate, and since the sputter source is located off-axis from 

the substrate normal, such an outcome is not surprising. Resistance measurements also 

supported this conclusion. The resistances measured between metal back contacts and 

the TCO front contact were consistent with each other, and also with the resistance value 

determined from the slope o f the I-V data. The resistances measured between different 

metal back contacts were several times lower, and also consistent with each other. These 

observations indicate that the three metal back contacts were not electrically isolated 

from each other, and were likely behaving as a single contact.
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During SEM analysis o f multi-layer samples it was noted that the colloidal silver 

used for attaching test leads to the metal back contacts appeared to react with other 

components o f the sample. Shown in Figure 5.13 is a cross-sectional SEM image 

through a three-layer sample; including the colloidal silver contact. This image was 

collected several days after testing and fracture. There is a sub-phase present on the 

sample cross-section, as well as on the fractured glass surface. Since this fracture was 

made after fabrication, application of the colloidal silver, and testing, it must be the case 

that this material has migrated onto the glass under ambient conditions. EDX identified 

this area as being Cu-S rich, relative to “clean” areas o f the fracture. Similar spots were 

found on all samples where colloidal silver had been applied to the metal back contact.

It is speculated that once the Ag comes in contact with the Cu3 BiS3 layer it reacts, 

forming an Ag-Bi-S phase and displacing excess Cu-S. Many Ag-Bi-S phases are 

known,4’5 some of which would be consistent with the segregation o f excess Cu-S 

following the reaction o f Q i3 BiS3 and Ag. Presented in Figure 5.14 are the Ag2 S-Bi2 S3 , 

Bi2 S3 -Cu2 S and Cu2 S-Ag2S pseudo binary phase diagrams (reproduced from reference 4). 

Evident in these phase diagrams is the low temperature stability o f Ag-Bi-S ternary 

compounds including AgBiS2  and AgBi3S5 . What is not clear is if  the silver has flowed 

and reacted exclusively at the fracture site after testing, or if  it has also been drawn 

through pores in the metal back contact, and reacted, prior to testing for PV performance.
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Figure 5.13. SEM image o f cross section through a Ni/Cu3BiS3/ITO sample and 
silver print contact. Note presence o f an unidentified material on the cross-section of 
sample and glass substrate. EDX indicates this area is Cu-S rich.
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Figure 5.14. Ag2S-Bi2S3, Bi2S3-Cu2S and Cu2S-Ag2S pseudo binary phase diagrams 
from 0-900 °C. AgBiS2 and AgBi3S5 are identified as stable Ag-Bi-S compounds. 
Reproduced from reference 4 with the permission o f The Canadian Mineralogist.
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Discussion

Deposition of Cu 3 BiS3  on TCO Coated Substrates. In Chapter 4 the synthesis 

o f high quality Cu3BiS3 thin films on fused silica substrates was reported. In this chapter 

the applicability o f the one-step deposition method has been successfully extended to the 

synthesis o f Cu3 BiS3 thin films on TCO coated soda-lime and borosilicate glass 

substrates. For films deposited on conductive substrates, a deposition temperature o f 250 

°C was used exclusively, and no post deposition annealings under H2S were carried out.

In general, the quality o f the films deposited on conductive substrates was 

comparable to that o f films deposited on fused silica substrates. One significant 

difference between the two was that films deposited on amorphous fused silica substrates 

retained the layered structure o f the deposition (Chapter 4), while those deposited on 

crystalline TCO coated substrates were uniform throughout the depth o f the film. This is 

attributed to two possible effects. One, deposition on a crystalline layer (ITO or FTO) 

might promote enhanced grain growth and homogenization o f the Cu3 BiS3 film. (A 

similar substrate effect was observed for ZnSe films (see above), with films deposited on 

an amorphous substrate not affected by a modest annealing, while the same annealing 

conditions resulted in improved crystallinity and grain growth when the ZnSe was 

deposited on an ITO coated substrate.) Two, the longer deposition time associated with 

the deposition o f thicker films on TCO coated substrates (12 cycles instead o f 8 at -35  

minutes/cycle) may have an effect similar to the annealing step performed on thinner 

films deposited on fused silica substrates, which also resulted in film homogenization 

(Chapter 4).
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Like films deposited at 250 °C on fused silica substrates, films deposited on TCO 

coated substrates exhibit a random orientation o f the crystallites. In Chapter 4 it was 

found that films deposited at 300 °C had a preferred orientation in the [200]/[211] 

direction, and that random or preferred orientations were preserved during subsequent 

annealing. No experiments involving deposition at a substrate temperature o f 300 °C 

have been carried out on TCO coated substrates, so it is not yet known what effect, if  any, 

a crystalline substrate will have on the texture o f films deposited at higher temperatures. 

Since the microstructure and texture o f the absorber layer has been found to play a role in 

the performance o f CIGS and CdTe devices,6’7 it may prove useful to determine whether 

the control o f Cu3 BiS3 film texture achieved with fused silica substrates can also be 

obtained when TCO coated glass substrates (or other substrates such as metal foils) are 

employed.

When the Cu3BiS3 films were deposited on ITO and FTO coated substrates, auger 

intensity data collected from film cross-sections (Figures 5.9 and 5.10), indicates that 

some interfacial reaction has occurred. On ITO, interfacial reaction was limited to the 

oxidation o f a thin layer o f the Cu3BiS3 film adjacent to the ITO layer. In the case of 

deposition on FTO, auger intensity data indicated that some Sn and O had migrated into 

the adjacent absorber layer, and that the extent of reaction, as judged by the width o f the 

affected area, was greater. However, SEM analysis o f film cross-sections indicates that 

distinct ITO or FTO and Cu3 BiS3 layers are present (Figures 5.6, 5.7, and 5.8), and 

SEM/EDX and XRD surface analysis o f the Cu3BiS3 film is consistent with data 

collected previously from films deposited on fused silica substrates (Chapter 4). With the 

deposition taking ~10 hours at 250 °C, some interfacial reaction is expected; the fact that
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the extent o f the reaction is minimal, and TCO and Cu3 BiS3 films are for the most part 

intact following the deposition process, is a promising result for future device 

development based on the one-step deposition method for Cu3 BiS3 films identified in 

Chapter 4.

Deposition of Cii3 BiS3  on TCO/ZnSe Coated Substrates. When ZnSe was 

incorporated in the multi-layer stack, the results were less promising. SEM and auger 

data collected from a four-layer sample (Figure 5.11) indicate that significant interfacial 

reaction has occurred. When the ZnSe heterojunction couple was incorporated into the 

multi-layer structure, the Cu3 BiS3 layer was isolated from the TCO coated substrate, and 

the TCO remained intact with a well defined boundary in the scanning auger data. On 

the other side o f this interface, the ZnSe layer was completely consumed during the 

reactive deposition, and the auger intensity data indicates that several compositionally 

distinct layers were formed. The identity o f the resultant phases is not known, but it is 

speculated that Bi2 Se3 as well as unidentified Zn-Cu-S phases may have formed at the 

proximity o f the interface. The outer most layer o f the sample is identified as Bi poor 

Q i3 BiS3 , possibly containing a Cu-S impurity phase.

The choice o f ZnSe as the buffer layer was based on two considerations. First, for 

straightforward processing consistent with deposition of the Cu3BiS3 layer, it was 

desirable to utilize a compound that could be easily deposited by sputter deposition. 

ZnSe was available as a stock sputter target, and the deposition o f high quality films by 

RF sputter deposition had been reported in the literature.8' 10 Second, ZnSe has also been 

successfully employed as a buffer layer in CIGS devices, resulting in reasonable 

conversion efficinecies.11,12 ZnSe films sputter deposited in this work were o f reasonable
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quality, although a thorough evaluation was not made, since electrical properties o f the

films were not measured. CBD is the most commonly used method for buffer layer

11 12deposition, and PVD has in general been used with considerably less success. ’ 

However, since the objective o f this work was to evaluate material compatibilities with 

the reactive deposition process, the method of deposition was not regarded as a critical 

parameter. Due to the incompatibility of ZnSe with the one-step deposition o f Cu3 BiS3 , it 

will be necessary to utilize other buffer layers (several possibilities are identified in 

Chapter 2) in future device development strategies, or other fabrication strategies that 

limit thermal processing o f the heterojunction (discussed in Chapter 8).

PV Perform ance of M ulti-Layer Structures. The objective o f this chapter was 

not to identify a functional PV device; however, there was a possibility that such a result 

might occur. With four-layer samples this would have been most likely by formation o f a 

ZnSe-Cu3 BiS3 p-n junction. For three-layer devices the scenario most likely to produce a 

device would have been the formation o f a suitable heterojunction couple, for example 

In2S3 or SnS2,11,12 by interfacial reaction, and simultaneous formation o f a p-n junction 

with Cu3BiS3. All samples were tested for PV performance by collecting I-V data, both 

in the dark and under exposure to simulated solar radiation. Unfortunately, none o f the 

samples tested exhibited PV device characteristics. All samples produced could be 

characterized as having resistor-like behavior, and not the diode-like behavior expected 

for a p-n junction device. In most samples it was also the case that no photo-response 

was observed under exposure to light. One exception was the three-layer sample 

deposited on FTO coated glass with a Mo back contact (Figure 5.12 (b)) and electrical 

contact made using a pressure contact, where a small (~1 mV) photo-voltage was
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observed. For the comparable three-layer sample deposited on ITO coated glass, and 

contacted with colloidal silver, the light and dark curves were almost identical (Figure 

5.12(a)).

The formation o f an ohmic contact has been previously reported for CIGS/ITO 

and CIGS/FTO junctions using a three-layer sample structure (Au/CIGS/TCO) that is 

similar to the ones employed in this work.13,14 Since a limited voltage range, and no 

significant reverse bias, was employed during the collection o f I-V curves in this work, 

the junctions can not be definitively characterized as ohmic. The formation o f an ohmic 

contact at the TCO/Cu3 BiS3 junction would be consistent with the resistor-like behavior 

observed in these samples. However, with the formation o f an ohmic contact, a decrease 

in resistivity (increase in slope o f the linear I-V curve) would be expected upon exposure 

to light, due to the photoconductivity o f the Cu3 BiS3 layer. While the photoconductivity 

o f Cu3BiS3 was not measured as part o f this work, Nair and co-workers have reported an 

order o f magnitude increase in Cu3BiS3 conductivity under exposure to simulated solar 

radiation.15 The fact that no change in conductivity was observed under illumination may 

indicate that the resistor-like behavior is due instead to electrical shorts between the front 

and back contacts. Also, the photo-voltage observed in the three-layer sample deposited 

on FTO is not necessarily consistent with the formation o f a FTO/Cu3 BiS3 ohmic contact, 

since formation o f a photo-voltage implies the build-up of positive and negative carriers 

on opposite sides of one o f the junctions in the sample. Due to the ambiguity o f this data, 

and the uncertainty regarding the compositional make-up, and optical and electrical 

properties o f the interfacial regions, a definitive explanation for the observed behavior of 

these multi-layer samples can not be made at this time. However, it is likely that a more
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detailed understanding o f these interfacial properties and phenomena will be critical to 

producing a functional device, and that this will require more detailed knowledge o f the 

optical and electrical properties o f Q i3BiS3 as well.

Collection o f I-V data also served the more immediate objective o f identifying 

promising methods for contacting more complex library cells that may be produced in the 

future. O f the two contacting methods tested, it appears that the pressure contact is most 

suitable for further development, for two reasons. One, it is easier to apply consistently 

and quickly, making it more compatible with a high-throughput experimental method. 

Two, the results indicate that colloidal silver reacts with Cu3BiS3 , and, as such, it would 

be prudent to avoid the use o f silver in any aspect o f device fabrication. Silver has also 

been found to be incompatible with CuInSe2  devices when utilized as a metal back 

contact, where, over time, the Ag diffuses into the absorber layer and changes the doping 

from p-type to n-type.16 In this case, results indicate that Ag reacts with Cu3 BiS3 under 

ambient conditions. Many ternary and quaternary phases are known in the Cu2S-Bi2S3 - 

Ag2S system,4’5 and it is speculated that this reaction results in the formation o f Ag-Bi-S 

and Cu-S phases. Formation o f known Ag-Bi-S phases such as AgBiS2 or AgBi3S5 

would be consistent with segregation o f excess Cu-S 4,5,17

Conclusions

In this Chapter an investigation o f material and method compatibilities was 

carried out as a preliminary step in the development o f thin film PV devices utilizing 

Cu3BiS3 as the solar absorber layer. ITO and FTO were identified as being compatible 

with the one-step deposition o f Cu3BiS3 , and under the limited I-V testing range, there is
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some indication that TCO/Cu3 BiS3 junctions behave as ohmic contacts. Compatibility of 

the deposition process with a ZnSe buffer layer was also evaluated, and it was found that 

the ZnSe was completely consumed by reaction with the Cu3BiS3 layer. Consequently, 

additional buffer layers, and possibly alternative fabrication strategies will need to be 

employed in future combinatorial device development experiments. Two different 

methods o f contacting completed devices were also investigated, and a pressure plate 

contact was identified as superior to the use of colloidal silver, due to increased 

compatibility with the Q i 3 BiS3 layer, and also with the high-throughout combinatorial 

approach to device development. It is expected that these results will facilitate 

implementation o f combinatorial methods for the development o f thin film PV devices 

based on Cu3 BiS3 . However, it is also expected that a more detailed understanding o f the 

interfacial properties and phenomena will be required to optimize and interpret the 

behavior o f devices identified in any future experiments, and that this in turn will require 

further characterization and understanding o f the semiconductor properties o f Cu3 BiS3 .
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Chapter 6. Synthesis of Nanomaterials by Electrodeposition into 

Porous Aluminum Oxide Templates

Introduction

Template-directed synthesis utilizing porous aluminum oxide templates has 

become a popular pathway to diverse nano-structured materials. These materials can 

have the form o f wires1'5 or tubes,6'9 be o f single composition (metal, semiconductor, 

polymer),1’3’6’8' 10 or mixed composition (composite, core-shell, or layered 

configuration).7’11'14 Deposition methods employed for pore-filling are equally diverse, 

and include electrochemical deposition,9’15'18 electroless deposition,9’15'17 sol-gel 

deposition,15’17’18 chemical vapor deposition,15’17’18 polymerization,15' 17 and melt wetting.8 

PAO templates are easily fabricated and offer the benefit o f high pore densities in a 

hexagonal close packed array and the ability to tailor pore diameters and depths.19'21 

Template pores are also uniform throughout their length, ensuring precise control over 

the resultant structure. Following the pore-filling process, the PAO host may be removed 

by dissolution in either acid or base, permitting the preservation o f most guest materials. 

A schematic o f a porous aluminum oxide template is shown in Figure 6.1.

One alternative to PAO templates are track-etched polymer templates.22'25 

Polymer templates are most commonly produced from polycarbonate, but other polymers 

are amenable to the process.26 Like PAO these templates may be produced with a wide 

range o f pore diameters, but the pore diameters are generally larger than those o f PAO,26 

they vary in diameter from wider in the middle to narrower at the ends,27 and they lack 

the close packed ordering possessed by PAO templates. Track-etched polymer templates
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Figure 6.1. Schematic of a porous aluminum oxide template on the aluminum substrate.
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are convenient, and may sometimes be necessitated if  the guest material is to be liberated 

from the template, but is incompatible with acids and bases (polymer templates may be 

dissolved in organic solvents); however, PAO templates ultimately provide the user with 

increased control over the template, and consequently over the nanostructure o f the 

template grown material. A second alternative to PAO template directed synthesis of 

nanowires is the use o f solution based syntheses, an approach which does not require a 

hard template.28'39

Fabrication of Porous Aluminum Oxide Templates

The anodization o f aluminum has been well documented in the literature, and has 

been used as an industrial process for protecting, strengthening, and coloring aluminum 

for several decades.19'21 It has been found that the nature o f the resultant oxide is 

dependent upon applied potential, temperature, and electrolyte. In general, in an 

electrolyte in which aluminum oxide has a very low solubility a solid barrier layer will be 

formed, in an electrolyte in which aluminum oxide is weakly dissolvable a thicker porous 

aluminum oxide layer will be formed, and in an electrolyte in which aluminum oxide is 

highly soluble electropolishing will occur.21,40 The most commonly used electrolytes for 

the formation o f PAO are sulfuric acid, oxalic acid, and phosphoric acid, depending upon 

the pore diameter and pore density required. Figure 6.2 contains SEM images o f 

templates grown in 0.3 M sulfuric acid at 25 V, 0.3 M oxalic acid at 40 V, and 0.1 M 

phosphoric acid at 195 V. In all cases the bath temperature was 3 °C.

The formation of porous aluminum oxide results from the simultaneous 

occurrence o f several processes: the oxidation o f aluminum, the reduction o f water, the
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Figure 6.2. SEM images PAO templates anodized in sulfuric acid (a), oxalic acid (b), and 
phosphoric acid (c).
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mass transport o f ions through the electrolyte and the oxide layer, the growth o f 

aluminum oxide at the metal/oxide interface, and the dissolution o f aluminum oxide at 

the oxide/electrolyte interface.40'41 Electric fields concentrated at pore tips can explain 

propagation o f pores formed at surficial defects, but are insufficient to cause self-ordering 

of the pores.42 Ordering o f the pores requires a suitable mechanical strain at the interface 

o f the A1 and AI2 O3 layers, which is achieved when an appropriate set o f anodization 

conditions (temperature, electrolyte concentration, and voltage) are employed. The 

degree o f strain at the interface is a function o f the volume expansion (volume expansion 

is the ratio o f the thickness o f aluminum oxide formed to the thickness o f aluminum 

consumed) resulting from the conversion o f aluminum to aluminum oxide, followed by 

its partial dissolution.42’43 With all other conditions constant, volume expansion may vary 

from 0.8 to 1.7 with increasing potential43

For ordered growth to occur, volume expansion in the range o f 1.2 to 1.4 is 

required, which corresponds to 60 to 70 % of the aluminum consumed being incorporated 

into the aluminum oxide.40’43 When this occurs the mechanical strain in the material will 

be greatest in the solid areas o f the oxide, and least in porous areas. The most stable 

porous aluminum oxide layer will occur when the pores are uniformly distributed, 

resulting in the pores ordering into a close-packed array.42’43 If  the mechanical strain is 

too low, this driving force is minimized and pore growth will not be ordered. I f  the 

mechanical strain is too great, the number o f structural defects in the PAO will increase 

and pore growth will be irregular.42 It is possible to vary the structure and short range 

order o f the PAO layer by changing the anodization voltage, since the interpore spacing, 

and the equilibrium barrier layer thickness, are proportional to the voltage employed.40
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However, as the voltage is varied, the electrolyte, electrolyte concentration, and 

temperature must also be changed to obtain a suitable volume expansion and mechanical 

strain, which is necessary for longer range ordering and formation o f a close packed pore 

array.40 The electrolyte composition and temperature also determines the diameter o f the 

pores;40 however, if  larger pores are desired a post-growth etching may be employed.

When anodization is initiated, a thin barrier layer o f thickness proportional to the 

anodization voltage is formed. The initial growth o f this barrier layer is rapid, due to 

high current flow; however, as the thickness o f the barrier increases, so too does electrical 

resistance-current drops off rapidly and growth slows.41 The current flow is then 

concentrated through surface irregularities (thin spots, surface features) in the barrier 

layer, resulting in field and/or temperature enhanced dissolution at these points.41,42 This 

results in the formation o f pores that are located on the surface according to the positions 

o f these irregularities. As a result, pore formation is random, with the regular array of 

pores developing over time as the aluminum oxide grows into the aluminum and 

repulsive forces between the pores increase.41,42 This results in a discontinuity between 

the pore openings on the surface and the pore bottoms.

Formation o f uniform, cylindrical, hexagonally ordered pores requires the use of a 

two-step anodization process44,45 or pre-surface patterning.46,47 When the two-step 

method is employed the first anodization is allowed to proceed until the pore bottoms 

grow into an ordered arrangement, producing a patterning on the aluminum substrate that 

mirrors the close-packed ordering o f the pore bottoms.44 This aluminum oxide layer is 

then chemically etched off, exposing the patterned aluminum surface. When anodized 

for a second time under identical conditions the patterning on the aluminum serves as
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initiation sites for pore formation, resulting in growth o f ordered, close-packed hexagonal 

pores that are uniform and continuous from top to bottom.44 The length o f this second 

anodization determines the depth o f the pores. SEM images o f the rounded pore bottoms, 

underside o f the PAO layer showing the ordered arrangement o f the pore patterns, and 

the resultant patterning o f  the Al substrate required for producing ordered growth during 

the second anodization are shown in Figure 6.3.

Electrodeposition into Porous Aluminum Oxide Templates

Deposition into PAO templates using direct current electrodeposition has proven 

to be a particularly powerful technique, enabling substantial control over composition and 

crystallinity,5 and easy access to compositional modulation along the wire lengths.12 

However, none o f the DC techniques reported to date are amenable to industrial-scale 

processing, due to the laborious pre-processing that must be performed on the PAO 

template before deposition. In contrast, alternating current electrodeposition into PAO 

templates requires fewer processing steps and is more amenable to scale-up, but currently 

provides far less control over the structure o f the material deposited. Schemes comparing 

and contrasting the two approaches to electrodepsotion are presented in Figure 6.4.

Direct current electrodeposition into PAO templates is most commonly performed 

by removing the remaining aluminum substrate, opening the pore bottoms via etching in 

phosphoric acid, and finally depositing a conducting layer, such as gold, on one face of 

the template (Figure 6.4).5,12,16"18,48 More recently, Gosele and coworkers have reported a 

method where the barrier layer was thinned to a thickness proportional to 1 V final 

anodization potential, at which point the barrier layer is thin enough to enable DC
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Figure 6.3. SEM images o f pore-bottoms separated from aluminum substrate (a), underside 
o f PAO showing close-packed arrangement o f pore-bottoms (b), and patterned surface o f the 
aluminum substrate where the PAO has peeled away (c).
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Figure 6.4. AC electrodeposition (left scheme) requires only a simple barrier layer 
thinning process at the end of the second anodization, and is easily scalable, but 
provides less control over the deposition. DC electrodeposition (right scheme) 
requires extensive and laborious post-anodization processing of the PAO template, and 
is not easily scalable, but provides increased control over the deposition.
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electrodeposition without the prior removal o f the aluminum substrate . 4  Using this 

method, electrodeposition o f 30 pm long silver nanowires was achieved; however, this 

degree o f barrier layer thinning is time consuming and must be precisely controlled to 

ensure that the resultant barrier layer is thinned uniformly 4  Also recently, Stacey and 

coworkers have reported DC electrodeposition into PAO formed by depositing silver 

onto one side o f a thin (<100 pm thick) A1 foil, preparing an electrode, and anodizing the 

A1 completely to the silver film . 3 However, this requires adhesion o f a very thin foil to a 

substrate (such as glass), and it is difficult to uniformly anodize the entire foil completely 

to the silver film. For industrial scale processes, or applications where a rapid and simple 

method o f template production is required, it is still preferable to develop an AC 

electrodeposition process that produces wires with length and uniformity comparable to 

that obtained with DC electrodeposition.

Without separation from the barrier layer or implementation o f complex 

processing strategies such as those outlined above, electrodeposition into PAO templates 

is only possible under AC conditions, as a result o f the aluminum oxide barrier layer at 

the base o f the pores that is formed during the anodization process. This barrier layer 

blocks direct current with a high resistance o f 1010 to 1012 Q-cm . 4 9  However, under 

alternating current the anodic aluminum oxide is found to conduct preferentially in the 

cathodic direction and, as such, aluminum is known as a valve metal . 5 0 ,5 1  This inherent 

rectifying property o f the barrier layer allows the reduction o f ions in the pores during 

cathodic half-cycles, without allowing re-oxidation during the anodic half-cycles. 4 9 ,5 1 "5 4  

However, since the barrier layer is highly resistive, ease o f electrodeposition is enhanced 

by slightly reducing the barrier layer thickness by chemical etching (which also increases
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the pore diameters), or by electrochemical barrier layer thinning, both o f which are 

simple processes that generally require ~30-60 minutes at the end o f the 

anodization . 2 ’5 1 ,5 2 ,5 5 ,5 6  The commonly employed electrochemical thinning is achieved by 

gradually reducing the anodization voltage to produce a thinner barrier layer, after the 

pores are grown to the desired depth. A secondary consequence o f the reduced voltage is 

that conditions are no longer appropriate for achieving pore ordering in the electrolyte, 

and dendritic branching o f the pore bottoms is typically observed (Figure 6.4) . 5 2  For 

PAO templates formed at higher anodization potentials (and consequently having a 

thicker barrier layer), some degree o f barrier layer thinning is essential to enable 

electrochemical deposition, even under AC conditions.

AC electrodeposition through the barrier layer is a complicated process, 

dependent on a variety o f conditions, including: anodization electrolyte, barrier layer 

thickness, electrolyte concentration, composition, and temperature, deposition voltage, 

frequency, wave form (sine, square, and triangle), pulse polarity and sequence, and the 

metal deposited . 5 4 ,5 5 ,5 7 ’5 8  This complexity is due in large part to the complex and ill- 

defined chemical and structural nature o f the barrier layer, particularly after barrier layer 

thinning. The structure o f the barrier layer also changes over the course o f the 

deposition, and dynamic changes occur in the barrier layer and the electrolyte in the pores 

during each deposition cycle . 5 8  As a result, optimizing template preparation and 

electrochemical deposition conditions is a formidable task.

In Chapter 7, the effect o f multiple variables on the quality o f pore-filling with 

copper using AC electrodeposition is reported. The variables studied include: final 

anodization potential (barrier layer thickness), AC deposition voltage, AC deposition
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frequency, pulsed or continuous deposition, electrolyte concentration, wave shape, and 

pulse polarity. The feasibility o f copper electrodeposition into the pores o f a PAO 

template under AC conditions has been reported by Moskovits and coworkers; however, 

experimental details were not reported and the resultant wires filled on average half the 

depth o f the 5 pm deep pores . 5 9  Electrodeposition o f other metals (including iron, nickel 

cobalt, cadmium, bismuth, gold, and silver) into PAO templates under AC conditions has 

also been reported . 5 1 ' 5 4 ,5 7 ’6 0 ’61 Nearly all o f the reported AC depositions through the 

barrier layer have been into <25 nm diameter, sulfuric acid grown pores. In most cases 

the quality o f pore filling, in terms o f length uniformity o f the resultant wires and the 

height to which the pores were filled, is not reported. In cases in which complete pore 

filling has been reported, pore depth has ranged from 600 nm5 3  to 2 pm . 6 0  With variation 

in pore diameter accessible by changing the electrolyte, and pore depths o f well over 1 0 0  

pm available, it is clear that AC techniques capable o f uniformly filling much deeper 

pores o f varying diameters would be o f use. The results reported in Chapter 7 represent a 

significant improvement in the quality of pore-filling achieved with AC techniques for 

copper deposition into pores o f varying diameter, and depth. It is expected that this 

advance can be leveraged to further improve the quality of pore-filling with copper, and 

other metals, into the pores o f PAO templates by AC electrodeposition.
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Chapter 7. Effect of AC Electrodeposition Conditions on the Growth of 

High Aspect-Ratio Copper Nanowires in Porous Aluminum Oxide 

Templates

Introduction

In Chapter 6  porous aluminum oxide was shown to offer numerous benefits as a 

template material, including tunable pore diameter and depth, scalable production, and 

the ability to accommodate numerous methods o f pore-filling, leading to diverse nano

structured materials. O f the pore-filling techniques available, AC electrodeposition 

through the resistive barrier layer was identified as a method compatible with the scalable 

nature o f the PAO template, offering a low-cost, high-throughput route to metal 

nano wires.

In general, AC electrodeposition through the aluminum oxide barrier layer is a 

complicated process, with quality o f pore-filling varying as a function o f deposition 

conditions, including: electrolyte concentration, composition, and temperature ; 1 ,2 and 

deposition voltage, frequency, wave form (sine, square, and triangle) , 1' 4  pulse polarity 

and sequence . 2  Moreover, the optimal deposition conditions appear to depend upon the 

metal or compound deposited . 1 This observed complexity is not surprising, since the 

chemical and structural nature o f the barrier layer is complex and ill-defined, particularly 

after barrier layer thinning. It is also reasonable to expect that the structure of the barrier 

layer will be modified over the minutes to hours required for the electrodeposition. Add 

to this the dynamic changes occurring in the barrier layer and the electrolyte in the pores
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during a single deposition cycle, and optimizing the template preparation and 

electrochemical deposition conditions becomes a formidable task.

To identify a set o f optimized conditions for AC electrodeposition o f copper into 

PAO templates a systematic study o f the effect o f multiple variables has been carried out. 

Promising initial deposition conditions were identified using a fractional-factorial design 

of experiment, an experimental method that enables the simultaneous study o f the effect 

of multiple variables on a response o f interest. 5 In this approach, multiple variables are 

simultaneously changed in each carefully designed experiment, rather than changing only 

one variable while holding all others constant between experiments. The advantages o f a 

FFDOE include determining the effect o f several variables using fewer experiments, and 

insight into multiple-variable interactions. This method was used to examine the effect of 

final anodization potential (barrier layer thickness), AC deposition voltage, AC 

deposition frequency, pulsed or continuous deposition, and electrolyte concentration on 

the quality o f pore-filling in oxalic acid-grown templates. This resulted in the 

identification o f AC and pulsed AC conditions enabling the filling o f 4 pm  deep oxalic 

acid-anodized pores. It also identified damage occurring to the template under 

continuous deposition conditions, leading to the preferential use o f pulsed AC 

electrodeposition conditions. By rational examination o f these results and consideration 

of the effect o f wave shape and pulse polarity, a further optimized set o f pulsed AC 

conditions incorporating a square wave was developed enabling the filling o f deeper 

oxalic and sulfuric acid-anodized pores. Quality o f pore-filling was determined using 

SEM o f pore cross-sections and o f as-deposited and ion-milled surfaces. The structure
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and crystallinity o f the resultant wires was studied using XRD o f in-situ wires and TEM 

o f liberated nanowires.

Experim ental Details

Electrode P reparation. All electrodes were constructed from Aldrich or Alfa 

Aesar high purity aluminum foil (99.99+%), 1 mm thick, annealed in air at 500 °C for 24 

hours in a tube furnace. Aluminum pieces, 1.7 cm x 1.0 cm in size, were etched in 1.3 M 

sodium hydroxide at 60 °C for 2 minutes to remove the native oxide layer and to clean 

and degrease the foil. After etching, the foil was rinsed in distilled water. Two methods 

of electrode construction were employed. For the FFDOE, an 18 gauge tin-plated copper 

wire was soldered to the back o f the foil with Pb/Sn solder and the back and edges o f the 

electrode and the wire were encapsulated in Dexter Hysol Epoxi-Patch structural 

adhesive, and the exposed wire sealed into a 20 cm long Pyrex tube. For wave shape and 

pulse polarity experiments the A1 foil was anodized directly on both sides by attaching a 

copper clip to a portion o f the foil not immersed in the electrolyte. A bead o f structural 

adhesive was applied to separate the immersed electrode area from the electrical contact 

area to provide a well defined anodization surface and prevent runaway anodization at the 

electrolyte/air/aluminum interface. The encapsulation was eliminated on these electrodes 

to simplify electrode mounting for post deposition ion milling (see below).

Immediately prior to anodization the sodium hydroxide etching was repeated, and 

each electrode was electropolished at 3 ± 2 °C in a magnetically stirred 100 ml aliquot of 

a solution composed o f 130 ml 70% perchloric acid, 600 ml ethanol, 90 ml 2- 

butoxyethanol, and 135 ml distilled water. 6  The aluminum electrode was set as the anode
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against a platinum gauze counter electrode and electropolished to a mirror-like finish at 

500 mA/cm2  using a KEPCO BOP 100-1M or Lambda EMS 300-3.5 power supply in 

three 10 second intervals with 15 second cooling periods between each interval. 

Following electropolishing each electrode was rinsed in distilled water.

Anodization o f the aluminum electrode was carried out in a two-step process 

following the methods o f Masuda: 0.30 M sulfuric acid at 25.0 V , 7  and 0.30 M oxalic 

acid at 40.0 V . 8  Anodizations were carried out at 3 ± 2 °C with magnetic stirring against 

a platinum gauze counter electrode. The potential was applied using one o f  a variety of 

commercially available or in-house fabricated DC power supplies. Following an initial 

anodization o f two hours, electrodes were rinsed in distilled water and the oxide layer 

etched off in a 1:1 mixture o f 0.2 M chromic acid and 0.6 M phosphoric acid at 60 °C for 

30 minutes . 9  This was followed by a second anodization o f two hours to ten hours 

depending on the electrolyte and the pore depth desired. Growth rates o f the PAO layer 

were approximately 6.0 pm/hour in sulfuric acid, and 2.4 pm/hour in oxalic acid. Pore 

diameters were 20 nm and 35 nm in sulfuric and oxalic acid-anodized templates, 

respectively. Following the second anodization, the voltage was systematically reduced 

in order to promote thinning o f the barrier layer. In oxalic acid the voltage was lowered 

by 2 V/minute until 30 V was reached, after which the voltage was lowered by 1 

V/minute until a final anodization voltage of 15 V or 10 V was reached, depending on the 

barrier layer thickness required. The anodization was then continued for 10 minutes at 

this final voltage to allow for partial equilibration o f the barrier layer. In sulfuric acid- 

anodized pores barrier layer thinning was achieved by reducing the voltage by 2
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V/minute to 19 V, 1 V/minute to 10 V, and finally holding the voltage at 10 V for 8  

minutes.

Electrodeposition. Prior to electrodeposition, the edges o f the face o f the 

encapsulated electrodes were re-sealed with epoxy to prevent current leakage through 

aluminum exposed along the edges o f the AI2 O 3 where the AI/AI2 O3 was no longer in 

contact with the epoxy as a result o f electropolishing and removal o f AI2 O3 produced 

during the first anodization step. On the non-encapsulated electrodes, the back and edges 

o f the electrodes were sealed with nail polish to produce an electrode with only one face 

exposed. In all cases the macroscopic active area o f the electrode was approximately 1 

cm2. Each electrode was then immersed in an ultrasonic bath in distilled H2 O for 5-15 

minutes (depending upon pore depth), soaked in water for an additional 5 minutes to 

ensure thorough pore wetting, and then equilibrated in the deposition bath a further 5 

minutes prior to deposition. For electrodeposition the AC signal, applied across the PAO 

electrode and a platinum gauze counter electrode, was generated using a Tabor 8023 

arbitrary function generator, and amplified with a KEPCO BOP 100-1M amplifier to the 

desired voltage.

F ractional Factorial Design of Experim ent. A % fraction, resolution III, 

FFDOE5 was employed to examine the effect o f five variables (final anodization voltage, 

deposition voltage, deposition frequency, pulsed or continuous deposition, cupric sulfate 

concentration), on three different responses: pore-filling as measured by the percentage of 

pores that were filled completely, wire length dispersity qualitatively categorized based 

on the difference between the maximum and minimum pore filling, and pitting o f the
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electrode qualitatively categorized based on the degree o f damage to the template. All 

runs were performed in duplicate, requiring 16 runs in total.

For the FFDOE specific conditions for each run were determined by the 

experimental design, with experimental design and analysis performed using Minitab 

statistical software (©1972-2004 Minitab Inc., www.minitab.com). Variables were each 

set at a low and high level, chosen to lie within the condition space expected to produce 

reasonable quality results based on extensive previous experiments employing a wide 

variety o f sine wave voltages, frequencies, pulse frequencies, barrier layer thinning 

processes, and electrolyte compositions. All runs utilized oxalic acid-anodized templates 

with a pore depth o f 4 pm, and final anodization voltages o f 10 V or 15 V. The variable 

levels and deposition times employed in the FFDOE are summarized in Table 7.1.

Table 7.1. Summary of deposition variables employed for FFDOE.

variable deposition deposition trigger electrolyte deposition
level voltage frequency frequency (M) time*

( V r m s )  (Hz) (Hz) (min)

low 12 50 20 0.50 CuS04/ 15-25
(pulsed) 0.57 H3B03 (pulsed)

high 14 200 200 l.OCuSCV 1.5-2.5
(continuous) 0.57 H3B03 (continuous)

* deposition time was scaled with deposition voltage over the ranges stated

Following collection o f the responses for each set of conditions in the experiment, 

the data was analyzed using normal probability plots. Those main variables and 

interactions that produced an effect outside o f a normal probability were flagged, with the 

magnitude o f the effect indicated by the degree o f deviation from normal probability.
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The data corresponding to flagged variables and interactions were then removed from the 

data set, and the residual data analyzed to verify that all residuals were random and all 

effects within a normal distribution.

W ave Shape and Pulse Polarity. Wave shape and pulse polarity experiments 

were carried out using oxalic and sulfuric acid-anodized pores, with pore depths o f 12.4 ± 

0.6 pm (sine wave depositions only) and 24.3 ±1.2  pm deep pores (sine wave and square 

wave depositions). In all cases the final anodization voltage was 10 V. The electrolyte 

was 0.50 M CUSO4 /O. 5 7  M H3 BO3 for all depositions, and the electrodeposition variables 

employed for wave shape and pulse polarity experiments were: 200 Hz (5 ms duration) 

wave-forms, single pulses triggered at 20 Hz (50 ms intervals), with a sine wave voltage 

o f 13 Vrms (18.4 Vpeak), and a square wave voltage o f 17 Vpeak- Current data was recorded 

using a Tektronix TDS 1002 digital capture oscilloscope equipped with a compact flash 

memory module reading a current sense (pin 10) on the KEPCO amplifier. A current 

trace corresponding to one 5 ms pulse cycle was recorded at specific times during each 

deposition. Deposition times for sulfuric acid-anodized pores were 17 minutes (current 

trace recorded at 5 and 15 minutes) and 35 minutes (current trace recorded at 5, 15, and 

30 minutes) for 12 pm and 24 pm pore depths, respectively. Deposition times for oxalic 

acid-anodized pores were 35 minutes (current trace recorded at 5 and 30 minutes) and 75 

minutes (current trace recorded at 5, 35, and 65 minutes) for 12 pm and 24 pm pore 

depths, respectively. Using this data, average net charge density (summed over entire 

pulse width), average component charge density (summed separately for oxidative and 

reductive components o f the pulse), and average current density traces were determined 

for each set o f deposition conditions and pore type.
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Square waves used for wave shape and pulse polarity experiments were selected 

based upon preliminary experiments performed using square waves with voltages ranging 

from 13 Vpeak to 22 Vpeak- Pulse frequency and pulse width were also varied with 200 Hz 

square waves pulsed at 5 Hz, 100 Hz square waves pulsed at 10 Hz, and 80 Hz square 

wave with 60% duty on the reductive component (7.5 ms reductive component/5 ms 

oxidative component) pulsed at 6.5 Hz. In these preliminary experiments other variables, 

such as electrolyte composition and final anodization voltage, remained fixed at those 

levels which had been identified as optimum for sine wave depositions in the results of 

the FFDOE. It was found that higher square wave voltages produced inconsistent results, 

while variations in pulse trigger frequency and pulse width did not noticeably alter the 

quality o f deposition. Qualitatively, the best results were achieved with square wave 

conditions chosen for pulse polarity and wave shape experiments outlined above. Sine 

wave conditions for pulse polarity and wave shape experiments were those identified as 

optimum in the FFDOE.

C haracterization of Pore Filling. The quality of pore filling (percentage of 

pores filled and the height to which they were filled) was evaluated by SEM (JEOL 

603 IF FESEM) analysis o f cross-sections and o f as-deposited and ion milled surfaces of 

PAO/copper samples. Cross-sections were prepared by cutting the electrodes from the 

back until approximately 90% o f the aluminum substrate was severed. This was judged 

by observing the cross section o f the electrode visually, as well as by the appearance of 

cracks in the porous aluminum oxide surface. The electrode was then pulled apart in the 

plane o f the electrode with force applied perpendicular to the cut. This resulted in a clean
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exposure o f the pore cross-sections suitable for characterization o f pore filling and PAO 

film thickness.

In order to quantitatively assess the effects o f pulse polarity and wave shape on 

the degree o f pore filling, the as-deposited samples were milled to uniformly expose the 

pore openings at the surface o f the template, or at some specified depth below the initial 

surface. Milling o f samples was carried out using an Oxford Ion Fab 300+ ion mill. 

These surfaces were characterized by SEM, and the percentage pore filling determined 

using Image J image analysis software (Wayne Rasband, Research Services Branch, 

National Institute o f Mental Health, Bethesda, Maryland, USA, 

http://rsb.info.nih.gov/ij/). All samples were analyzed at three randomly selected points 

distributed across the surface o f the sample, and a representative percentage pore filling 

calculated.

W ire C haracterization. Wires were characterized in situ by XRD (Bruker D 8  

diffractometer with area detector). Powder patterns were collected on as-deposited 

samples, as well as on samples which had been ion milled to remove surface deposition. 

Liberated wires were characterized by TEM (JEOL 2010 TEM equipped with a CCD 

camera and EDX system). To prepare TEM samples, the PAO template was dissolved in 

0.6 M phosphoric acid at 60 °C, or 0.1 M sodium hydroxide at 40 °C. The liberated wires 

were then rinsed multiple times in distilled water, and finally dispersed in methanol. At 

each stage wires were sonicated in an ultrasonic bath for 1 - 2  minutes, and solvent 

exchange was carried out by centrifuging, extracting the supernatant, and adding fresh 

solvent. To prepare the TEM sample, one drop o f the final suspension in methanol was 

placed on a nickel/lacy carbon TEM grid and the methanol allowed to evaporate.
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Results

Fractional Factorial Design of Experiment. In a full factorial design of 

experiment each variable o f interest is set at different levels, and all possible 

combinations o f variables and their levels are determined, with these combinations 

constituting the complete experiment. This is simplified when each variable is set at only 

two levels (high and low), in which case the number o f experiments for a full factorial 

design is given by 2k where k is the number o f variables . 5 There are several advantages 

to this type o f experiment. First o f all, it can provide information simultaneously on 

multiple variables. Secondly, it provides information on multi-variable interactions. In a 

one-factor-at-a-time approach each variable is examined against a predetermined and 

fixed background o f the other variables. As a consequence, information obtained from 

this type o f experiment is only relevant if  the effects o f the variables are additive.

While full factorial experiments are useful for examining multiple variables 

simultaneously, it is likely that any such design will contain a certain amount of 

redundancy. This arises for two reasons. First o f all, a full factorial design includes all 

multi-variable interactions and it is likely that higher order interactions will be 

insignificant. Secondly, when a large number o f variables are being screened it is likely 

that some o f them will have no effect on the response o f interest. When these two 

concepts are combined it is realized that many runs might be eliminated without losing 

any useful information . 5 This is what is known as a fractional factorial design. The 

possible fractions for a two level design are o f the type l / 2 n, where n is any positive 

integer. Since a fraction of the full factorial has been eliminated, all multi-variable 

interactions are no longer resolved, and as a result lower order interactions are
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confounded with higher order interactions. As the fraction o f the experiment is varied, 

the resolution o f the experiment will vary as well, with the resolution o f a design being a 

statement o f the confounding pattern . 5  Since we assume that higher order interactions are 

negligible, a confounded effect will usually be attributed to the lower order interaction. 

However, this confounding may occasionally lead to ambiguity when interpreting results, 

in particular with lower resolution designs . 5

To examine the effect o f 5 variables on pore filling, a lA fraction, resolution III 

design was employed, comprised o f 8  sets o f experimental conditions, each o f which was 

run in duplicate. In a resolution III design, the main effects are confounded with two- 

factor interactions. The experiment was designed and analyzed using Minitab statistical 

software. The five variables, each set at high and low levels, were as follows: final 

anodization voltage (10/15 V), deposition voltage (12/14 Vrms), deposition frequency 

(50/200 Hz), pulsed or continuous deposition (pulsed at 10% of waveform 

frequency/100% o f waveform frequency), cupric sulfate concentration (0.5/1.0 M). The 

details o f each of the 8  different sets o f conditions employed in this experiment are 

summarized in Table 7.2.

The samples from the 16 runs were characterized via SEM of sample cross- 

sections in order to determine the percent uniform pore filling. This was qualitatively 

judged to be the pore depth to which 90% of the pores were filled and calculated as a 

percentage o f the total pore depth. These percentages are listed in Table 7.2, along with 

the corresponding deposition conditions. Two other responses, the wire length dispersity, 

and pitting o f the electrode, were assessed qualitatively on a scale o f one to three. For 

dispersity, 1 was equated with monodisperse wire lengths, 3 with highly polydisperse
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Table 7.2. Summary o f runs and responses for Vi fraction resolution III experimental 

design for identification o f deposition conditions enabling filling o f 4 pm deep oxalic 

acid-anodized pores.

sample final V 
A

depos. V 
B

depos. Hz 
C

trigger (%) 
D

[CuS04]
E

pore filling 

(%)

dispersity
(1-3)

pittir
(1-3

1(a) 10 12 50 100 1 65 3 2
1(b) 55 3 2
2(a) 15 12 50 10 0.5 20 2 1
2(b) 25 2 1
3(a) 10 14 50 10 1 40 3 2
3(b) 35 3 2
4(a) 15 14 50 100 0.5 45 2 1
4(b) 30 1 1
5(a) 10 12 200 100 0.5 98 1 2
5(b) 98 1 3
6(a) 15 12 200 10 1 40 2 1
6(b) 50 3 1
7(a) 10 14 200 10 0.5 95 2 2
7(b) 95 2 2
8(a) 15 14 200 100 1 95 2 2
8(b) 95 2 3

wire lengths, with 2 representing intermediate length dispersity. Similarly, with pitting of 

the electrode, 1 was equated with no pitting, 3 with extreme pitting, and 2 with an 

intermediate degree. The results o f these qualitative assessments are also tabulated in 

Table 7.2. The effect o f the variables on each o f the three responses was then analyzed 

using normal probability plots o f the standardized effects. Those effects that lie outside 

o f a normal distribution are labeled with a letter, or letters, corresponding to the variable, 

or interaction, that produced the effect. The normal plot for each response is provided in 

Figure 7.1. When interpreting normal plots it must first be considered whether the
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response o f interest is to be maximized or minimized. Yield, or pore-filling, is a response 

which is to be maximized; therefore, a variable producing a high result should be set at its 

high level, and a variable producing a low result should be set at its low level. 

Conversely, wire length dispersity and pitting are responses to be minimized (1 is 

optimum). Therefore, the reverse is true and a variable producing a high result should be 

set at its low level, and a variable producing a low result should be set at its high level.

The normal probability plot for yield or pore-filling is provided in Figure 7.1 (a). 

Examination o f the plot indicates that the frequency o f the deposition signal (C) had the 

most significant effect on pore-filling, with the high setting for deposition frequency ( 2 0 0  

Hz) producing increased pore-filling. Use o f pulsed or continuous deposition (D) also 

impacted the results, with the positive deviation from normal distribution indicating that 

continuous wave depositions result in improved pore filling. While the magnitude o f the 

effect was less, pore-filling was also increased with deposition voltage (B) set at the high 

level (14 Vrms). A positive impact on pore-filling was also observed for the frequency- 

voltage two-factor interaction (BC), consistent with the impact o f the single variables. At 

the same time, a negative deviation from the normal plot indicates that final anodization 

voltage (A) (and consequently the barrier layer thickness) should be set at the low level 

(10 V) to maximize pore filling.

The normal probability plot for wire length dispersity is provided in Figure 7.1 

(b). In general, variable levels for minimization o f dispersity are in agreement with those 

for maximized pore-filling. The deposition frequency (C) should be set at the high level, 

continuous deposition employed (D), and cupric sulfate concentration (E) (which did not 

have a significant effect on pore filling) should be set at its low value (0.5 M).
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Figure 7.1. Normal probability plots for the standardized effect o f variables and 
interactions on the following responses: yield (a), wire length dispersity (b), and 
electrode pitting (c). Correspondence between letter code and variable provided in 
Table 7.2.
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The normal probability plot for template pitting is provided in Figure 7.1 (c). The 

variable levels for minimization o f pitting are, in general, opposed to variable levels for 

maximized pore filling and minimized dispersion. For the minimization o f  pitting the 

final anodization voltage (A) (and consequently barrier layer thickness) should be set at 

the high level (15 V), while deposition frequency (C) should be set at the low level (50 

Hz) and pulsed deposition (D) employed. There is also a two-factor interaction (BE) 

which produces a positive deviation from the normal distribution. The two-factor 

interaction BE is associated with the deposition voltage and concentration variables; 

however, in the alias structure BE is confounded with CD, the two factor interaction for 

deposition frequency and pulsed/continuous deposition. Since neither deposition voltage 

nor concentration produces a significant effect individually, while both deposition 

frequency and pulsed/continuous deposition do, this two-factor interaction is probably 

better assigned to CD, whose interpretation is consistent with the two main variable 

effects.

Based on the results for pore-filling and wire length dispersity, the following set 

o f optimized conditions was identified: 10 V final anodization voltage, 13 Vrms deposition 

voltage, 200 Hz deposition frequency, continuous wave deposition, 0.5 M cupric sulfate. 

An intermediate voltage o f 13 Vnm was chosen rather than the high level o f 14 Vrms since 

the effect o f deposition voltage in terms o f yield was small, and higher deposition voltage 

was also linked with increased pitting. These conditions resulted in complete filling o f 4 

|im deep oxalic acid-anodized pores with monodisperse wires, but extreme pitting o f the 

electrode also resulted. SEM micrographs are presented in Figures 7.2 (a) and (b).
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Figure 7.2. SEM images o f oxalic acid-anodized templates filled using: continuous 
sine wave deposition with bulk growth (a) and (b), pulsed sine wave deposition with 
bulk growth (c) and (d), continuous sine wave deposition without bulk growth (e) and 
(f). SEM images o f sulfuric acid-anodized templates filled using continuous sine 
wave deposition with bulk growth (g) and (h). In samples (a) -  (f) pores are 4 pm 
deep, in (g) and (h) pores are 25 pm deep. Circles in (a), (b), and (g) identify areas of 
template damage. Images are o f cross-sections (a), (c), (e), (g), and surfaces (b), (d),
(f),(h).
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In an effort to minimize the pitting o f the electrode the optimized conditions were 

modified according to the results o f the FFDOE for template pitting, while still trying to 

maintain conditions expected to maximize yield and minimize wire length dispersity. To 

achieve this, all conditions were maintained at the previously stated levels maximizing 

pore filling and dispersity, with the exception o f pulse trigger frequency, which was 

reduced to its minimum value by employing a pulsed wave deposition with a 200 Hz sine 

wave triggered at 20 Hz. While this resulted in a slight increase in wire length dispersity, 

good uniformity o f pore filling was maintained and the pitting o f the electrode was 

eliminated. SEM micrographs are displayed in Figure 7.2 (c) and (d). It was found that 

pitting could also be prevented when continuous wave depositions were employed by 

ensuring bulk growth did not occur (Figure 7.2 (e) and (f)). When continuous wave 

depositions were employed in sulfuric acid-anodized pores pitting was found to occur to 

a lesser degree (Figure 7.2 (g) and (h)). Also, in almost all depositions, some overgrowth 

of the template occurred. This overgrowth results in less wire length dispersity being 

observed than would be noted if  the deposition was immediately halted when wires first 

reached the surface of the template.

Effects of Pulse Polarity and W ave Shape. Based on the three responses 

evaluated in the FFDOE (pore-filling, wire length dispersity, and pitting), the best set o f 

conditions identified incorporated the pulsed sine wave. In AC electrodeposition the 

deposition wave shape may be varied, and in pulsed AC electrodeposition the pulse may 

also be applied in two different polarities; oxidative/reductive or reductive/oxidative. To 

examine the effect o f wave shape and pulse polarity, multiple experiments were executed 

using pulsed 13 Vrms (18.4 Vpeak) sine waves or 17 Vpeak square waves (200 Hz frequency
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pulsed at 20 Hz), utilizing each o f the possible pulse polarities. Schematics o f two o f the 

four possible combinations are illustrated in Figure 7.3.

SEM images o f 24 pm deep sulfuric and oxalic acid-anodized templates deposited 

using sine waves with the different pulse polarities and then milled to expose the surface 

o f samples and a depth o f 5 pm below the surface, are shown in Figure 7.4. Figure 7.5 

shows images collected at the surface, and depths o f 5 pm, 10 pm, and 15 pm below the 

surface, o f 24 pm deep sulfuric and oxalic acid-anodized templates deposited using 

square waves with the different pulse polarities. A graphical summary o f the percentage 

pore filling vs. depth below the initial sample surface for all four deposition conditions 

and both sulfuric and oxalic acid-anodized templates is presented in Figure 7.6. In 

general the percentage o f pore filling increases nearly linearly with depth.

Current traces corresponding to a 5 ms pulse were collected at the start, mid

point, and end-point of depositions. A complete set o f current trace data collected at the 

mid-point o f depositions into 24 pm deep pores is presented in Appendix C, Figure C l. 

Also presented (Appendix C, Figure C2) is a set of charge density data, calculated from 

current traces collected at the start, mid-point, and end-point o f each deposition.

These results identify the impact o f both wave shape and pulse polarity on the 

quality o f pore filling. In all cases superior pore filling (measured by the number of pores 

filled to the surface o f the template) was obtained when square wave pulsed 

electrodepositions were employed. Pulse polarity also impacted the quality o f pore 

filling; however, the polarity that produced the best filling was dependent on the wave 

shape employed. For sine wave pulsed depositions into pores grown in sulfuric acid 

(both 12 and 24 pm deep), pulse polarity had no significant effect on the percentage o f
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Figure 7.3. Schematics o f two o f the wave shapes employed in this work, pulsed sine 
wave with oxidative/reductive pulse polarity (a), and pulsed square wave with 
reductive/oxidative pulse polarity (b).
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sulfuric acid-anodized oxalic acid-anodized

Figure 7.4. SEM images o f 24 jam deep sulfuric acid-anodized ((a)-(d)) and oxalic 
acid-anodized ((e)-(h)) pores with copper deposited using sine waves with 
reductive/oxidative and oxidative/reductive pulse polarity. Samples have been ion 
milled to expose the surface, and 5 pm below the original surface, showing the 
progression o f pore filling as a function o f depth. Images (a),(b) and (e),(f) taken 
progressively from samples deposited using reductive/oxidative pulse polarity. 
Images (c),(d) and (g),(h) taken progressively from samples deposited using 
oxidative/reductive pulse polarity.
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sulfuric acid-anodized oxalic acid-anodized

Figure 7.5. SEM images o f 24 pm deep sulfuric acid-anodized ((a)-(h)) and oxalic 
acid-anodized ((i)-(p)) pores with copper deposited using square waves with 
reductive/oxidative and oxidative/reductive pulse polarity. Samples have been ion 
milled to expose the surface, and 5 pm, 10 pm and 15 pm below the original surface, 
showing the progression o f pore filling as a function o f depth. Images (a)-(d) and (i)- 
(1) taken progressively from samples deposited using reductive/oxidative pulse 
polarity. Images (e)-(h) and (m)-(p) taken progressively from samples deposited using 
oxidative/reductive pulse polarity.
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pores filled to the top o f the film (Table 7.3). In contrast, pulse polarity had a major 

impact upon the quality o f pore-filling for sine wave depositions into pores grown in 

oxalic acid. In particular, the percentage o f 12 pm deep pores completely filled increased 

two-fold when the oxidative/reductive polarity was used rather than the 

reductive/oxidative pulse polarity. In the 24 pm deep oxalic acid-grown templates the 

improvement was significant, but not as dramatic. The overall greater pore-filling o f 12 

pm deep pores relative to the 24 pm deep pores is attributed to the decrease in pore 

depth.

When square wave depositions were employed the relationship between pulse 

polarity and filling was reversed, with reductive/oxidative pulse polarity resulting in 

improved pore filling (Table 7.3). Square wave depositions into 24 pm deep sulfuric 

acid-anodized pores produced pore filling o f 52% and 31% using reductive/oxidative and 

oxidative/reductive pulse polarity respectively. The use o f reductive/oxidative pulse 

polarity also resulted in improved deposition for square wave pulsed depositions into 24 

pm deep oxalic acid-anodized pores; however, the effect was less pronounced. On the 

basis o f these results, the two best sets o f conditions are 13 Vr™, 200 Hz sine wave 

pulsed at 20 Hz with oxidative/reductive pulse polarity, and 17 V peak, 200 Hz square 

wave pulsed at 20 Hz with reductive/oxidative pulse polarity, with the square wave 

pulsed electrodeposition conditions resulting in superior pore filling. The best pore 

filling overall was achieved in sulfuric acid-anodized pores using the pulsed square wave 

with reductive/oxidative pulse polarity resulting in complete filling o f greater than 50% 

o f 24 pm deep pores.
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Table 7.3. Summary o f percentage o f pores completely filled using pulsed 

electrodeposition.

waveform pore depth anodization electrolyte pulse polarity percentage filled
sine (13 V J  12 pm H2S04 reductive/oxidative 30 ± 3

oxidative/reductive 32 ± 2
(COOH) 2 reductive/oxidative 10 ± 2

oxidative/reductive 20 ± 4
24 pm H2S04 reductive/oxidative 24 ± 5

oxidative/reductive 19 ±2
(COOH) 2 reductive/oxidative 9 ± 2

oxidative/reductive 13 ± 1
square (17 Vpeak) 24 pm H2S04 reductive/oxidative 52 ±4

oxidative/reductive 31 ± 3
(COOH) 2 reductive/oxidative 24 ± 6

oxidative/reductive 16 ± 2

Variations in pore-filling were found to correlate with variations in the current 

density trace, and charge density data, collected during the course o f the depositions. 

Figure 7.7 shows current density traces corresponding to single 5 ms active pulses 

collected at the midpoint o f sine wave pulsed electrodepositions into 24 pm deep oxalic 

acid-anodized templates using both reductive/oxidative and oxidative/reductive pulse 

polarity. Also shown in Figure 7.7 is component charge density per pulse obtained via 

separate integration o f the reductive component and oxidative component o f each current 

trace. Examination o f the current traces indicates that the peak reductive current density 

during oxidative/reductive pulse polarity depositions is approximately 44% (40 mA/cm2) 

greater than during reductive/oxidative pulse polarity depositions. When the oxidative 

and reductive components o f the traces were integrated to yield the corresponding 

component charge density, it was found that the reductive charge per pulse when
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Figure 7.7. Current density traces (top figure), and component charge density per 
pulse obtained from integration o f current traces (bottom figure), collected during sine 
wave pulsed electrodepositions into 24 pm deep oxalic acid-anodized pores. Data 
collected at deposition mid-point (35 min) using reductive/oxidative pulse polarity, 
and oxidative/reductive pulse polarity.
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oxidative/reductive pulse polarity is employed is approximately 50% (40 pC/cm2) greater 

than when using reductive/oxidative pulse polarity, while the oxidative charge per pulse 

is approximately equal in both cases (Figure 7.7). This suggests that increased pore 

filling observed with oxidative/reductive pulse polarity sine wave depositions into oxalic 

acid-anodized pores results from increased reductive charge, corresponding to increased 

reduction o f copper. When cross-sectional images are examined it is clear that wires 

have grown to a greater height, but there is no indication that significant improvement in 

the uniformity o f deposition and pore filling accompanies the increased deposition.

When the comparable current density and charge density data is examined for 

pulsed sine wave depositions into 24 pm deep sulfuric acid-anodized templates (Figure 

7.8) a slight increase in peak reductive current (-4% ) and net reductive charge (-10% ) is 

observed with oxidative/reductive pulse polarity relative to reductive/oxidative pulse 

polarity. However, due to the small magnitude o f the difference, no change in the 

magnitude or quality o f the deposition is observed.

Conversely, when the current trace density and charge density data for square 

wave depositions is examined, the most significant variation as a consequence o f pulse 

polarity occurs in the oxidative component o f the active pulse. This is illustrated in 

Figure 7.9, showing current density traces collected at the midpoint and endpoint o f a 

square wave reductive/oxidative pulse polarity deposition into 24 pm deep sulfuric acid- 

anodized pores. While the reductive current density o f each pulse is almost identical, the 

oxidative current density increases significantly over the course o f the deposition, with a 

five-fold increase in current density at the tail of the current traces. In the corresponding 

oxidative charge density an approximately 200% increase (142 pC/cm2) between the
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Figure 7.8. Current density traces (top figure), and component charge density per 
pulse obtained from integration o f current traces (bottom figure), collected during sine 
wave pulsed electrodepositions into 24 pm deep sulfuric acid-anodized pores. Data 
collected at deposition mid-point (15 min) using reductive/oxidative pulse polarity, 
and oxidative/reductive pulse polarity.
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Figure 7.9. Current density traces collected during square wave pulsed 
electrodepositions into 24 pm deep sulfuric acid-anodized pores collected at 
deposition mid-point (15 min) and deposition end-point (30 min) shown as solid trace 
and dotted trace respectively.
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midpoint and endpoint o f the deposition is observed. This increase in oxidative charge 

density is accompanied by net reductive charge density being reduced to almost zero by 

the end o f the deposition (Appendix C, Figure C2).

With reductive/oxidative pulse polarity, square wave depositions into 24 pm deep 

oxalic acid-anodized pores yield a much smaller increase in the oxidative current density 

(approximately two-fold at the tail o f the current trace) over the course o f the deposition 

(Figure 7.10). A corresponding increase in oxidative charge density o f approximately 

31% (36 pC/cm2) between the midpoint and endpoint o f the deposition is also observed. 

This is accompanied by a downward trend in net reductive charge density over the course 

of the deposition, similar to that observed for sulfuric acid-anodized templates, but less 

pronounced (Appendix C, Figure C2).

When the oxidative/reductive pulse polarity square waves are employed, this 

degree o f variation in the oxidative current density over the course o f the deposition is no 

longer observed, and the magnitude of the change in oxidative charge density is 

significantly reduced. Specifically, in sulfuric acid-anodized templates the change in 

oxidative charge density per pulse is reduced to approximately 160% (60 pC/cm2), while 

in oxalic acid-anodized pores the oxidative charge density per pulse remains constant 

over the course o f the deposition. Additionally, in both sulfuric and oxalic acid-anodized 

templates a much smaller decrease in net reductive charge density is observed, and only 

at the end o f the deposition (Appendix C, Figure C2).

The summary observation is that while pulsed square wave depositions result in 

improved pore-filling regardless of pulse polarity, the degree o f pore-filling increases 

significantly when reductive/oxidative pulse polarity is employed, with the magnitude of
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Figure 7.10. Current density traces collected during square wave pulsed 
electrodepositions into 24 pm deep oxalic acid-anodized pores collected at deposition 
mid-point (35 min) and deposition end-point (65 min) shown as solid trace and dashed 
trace respectively.
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the improvement in pore-filling correlating with the magnitude o f the increase in 

oxidative current density/charge density over the course o f the deposition. In pulsed sine 

wave depositions, variations in pore-filling are found to correlate with variations in the 

reductive current density/charge density, with oxidative/reductive pulse polarity leading 

to increased copper deposition.

W ire Characterization. Wires deposited using the best pulse sequences were 

shown to be crystalline copper by TEM (Figure 7.11) and XRD (Figure 7.12). TEM 

results indicate that the wires are either single crystalline or composed o f several large 

crystallites that span the diameter o f the wire and are on the order o f micrometers in 

length along the wire axis, and that the as-deposited wires contain numerous crystal 

defects. EDX results obtained during TEM analysis o f liberated wires show the presence 

o f aluminum, likely due to residual AI2 O3 not removed during the liberation process. The 

oxide sheath visible in Figure 7.11 (c) may also be partially composed o f copper oxide 

resulting from oxidation during or after liberation.

XRD patterns o f the as-deposited, un-milled films after 3 days o f air exposure 

(Figure 7.13) show large peaks well matched with those of Cu20  (PDF 65-3288), with a 

preferred orientation along the [200] direction. These patterns may be compared to those 

collected following ion milling to remove bulk growth (Figure 7.12). The post ion- 

milling powder pattern o f wires deposited in sulfuric acid-anodized pores (Figure 7.12 

(a), collected 6  days after ion milling, stored in air) contains no significant copper oxide 

peaks, and the copper peaks show only a slight preferred orientation along the [2 2 0 ] 

direction when compared to the standard powder pattern for Cu (PDF 89-2838). In 

contrast, the post ion-milling powder pattern o f wires deposited in oxalic acid-anodized
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Figure 7.11. TEM images o f wires liberated from sulfuric acid-anodized pores (a), 
wires liberated from oxalic acid-anodized pores (b) and (c), and SAED pattern from 
(c) in (d).

190

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(Ill)

(220)
(200) (311)

«t—»at-H

20 30 40 50 60 70 80 90
2-theta

Figure 7.12. In-situ XRD powder patterns from wires deposited in sulfuric acid- 
anodized pores with ion milled surface and copper peaks indexed (a), wires deposited 
in oxalic acid-anodized pores with ion milled surface (b), and standard powder 
patterns for Cu (round heads) and CU2 O (square heads) (c).
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Figure 7.13. In-situ XRD powder patterns from wires as-deposited in sulfuric acid- 
anodized pores with Cu20  peaks indexed (a), wires as-deposited in oxalic acid- 
anodized pores (b), and standard powder patterns for Cu (round heads) and Cu20  
(square heads) (c).
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pores (Figure 7.12 (b), collected 2 days after milling, stored in air) indicates a much 

stronger preferred orientation o f the copper nanowires along the [220] direction. In 

addition, CU2 O peaks are still present and show a retention o f the preferred orientation 

along the [200] direction. On these samples non-uniform Debye rings were observed for 

the copper (2 2 0 ) peaks, and the copper oxide (2 0 0 ) peaks, providing further evidence for 

wire texture.

On the whole, the data suggests that the PAO matrix protects the bulk o f the 

nanowires from oxidation, confining oxidation to the exposed wire tips. The absence of 

copper oxide in the milled sulfuric acid-anodized samples is attributed to the nearly 

complete filling o f the pores; resulting in efficient removal o f the oxidized tips during 

ion-milling. In contrast, the pores of the oxalic acid-grown PAO are not as uniformly 

filled, such that after ion-milling the oxidized tips o f the shorter nanowires remain, with 

the preferred orientation and texture o f the copper oxide related to the preferred 

orientation o f the parent copper nanowires.

Discussion

The difference in pore-filling achieved in sulfuric and oxalic acid-anodized 

templates is explained by the different chemistry, structure, and properties o f the barrier 

layers resulting from the growth and barrier layer thinning process in these two acids. 

The superior pore-filling of the oxidative/reductive pulse polarity over that o f the 

reductive/oxidative pulse polarity upon application o f pulsed sine-waveforms results 

from polarization effects in the electrolyte during the rest period between pulses. Square- 

waveforms produce better pore-filling with the opposite reductive/oxidative polarity
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because migration o f cationic defects in the AI2 O3 barrier during the deposition pulses 

increases resonant tunneling through the barrier layer. The effect o f this increased 

tunneling over the course o f the deposition is reduced rectification o f the barrier layer. 

This results in increased oxidative current flow and a reduction in net copper deposition 

into the pores with the thinnest barrier layers, enabling the pores with initially more 

resistive barrier layers to “catch-up.”

Structure of Pore Bottoms and Barrier Layer in PAO. The structure o f porous 

aluminum oxide has been, and continues to be, the subject o f intensive investigation . 1 0 ' 14  

The schematic honey-comb structure o f PAO presented in Chapter 6  is widely used and 

accurately reflects the physical structure of as-grown, well-ordered PAO; however, it 

does not accurately reflect the chemical complexity o f the as-grown PAO. A more 

accurate representation o f the physical and chemical structure o f as-grown PAO is shown 

in Figure 7.14 (a). Porous aluminum oxide is, in fact, not pure AI2 O3 , but incorporates 

significant amounts o f the acid anion into the walls and barrier layer. 10 Moreover, these 

acid anions are not uniformly distributed throughout the barrier layer or pore walls, but 

are concentrated on the electrolyte side o f the layer, while the middle o f the walls and A1 

side o f the barrier layer is pure AI2 O3 . Furthermore, the total amount o f acid anion 

incorporation, and fraction o f the barrier layer incorporating the acid anion, depends 

primarily upon the acid type and secondarily upon the anodization conditions (voltage, 

temperature, and possibly concentration) . 1 0 ,1 3 ,1 4  The chemical, mechanical, and electrical 

properties o f the anion incorporating layers are quite different from those o f pure AI2O3 . 

Typical concentrations o f acid anion incorporation are 12-14 weight % sulfate and 2-4 

weight % oxalate. Correlated with these amounts o f anion incorporation, the relative
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Figure 7.14. Schematic of PAO pore bottoms showing (a) compositional variation as 
a function o f anodizing electrolyte, and (b) structural change that results from thinning 
of the barrier layer to facilitate AC electrodeposition.
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thickness o f the pure AI2 O3 portion of the barrier layer is less for pores grown in sulfuric 

acid (~5%) than in oxalic acid (-10 % ) . 1 0 ,1 3 ,1 4  Because the pure AI2 O3 layer is 

proportionately thinner in sulfuric acid-grown pores than in oxalic acid-grown pores, the 

anodization current and growth rate is much greater in sulfuric acid than in oxalic acid. It 

is also known that the acid ion incorporating layer has a much higher rate o f chemical 

etching than the relatively pure aluminum oxide layer.

The gradual reduction o f the anodization voltage to thin the barrier layer not only 

reduces the thickness o f the barrier layer, but also alters the pore size and distribution at 

the pore bottoms. This produces a thin, branched (possibly dendritic) structure at the 

bottom of the uniform pores, rather than the test-tube bottoms that are produced if  the 

anodization is simply stopped . 15 A schematic representation o f  the barrier-thinned pores 

is shown in Figure 7.14 (b). SEM images collected from pore cross-sections and bottoms 

that have been subjected to the electrochemical thinning process are presented in Figure 

7.15, showing the physical structure that is depicted schematically in Figure 7.14 (b).

The impact o f the thinning process on the structure o f the pores in this thin, non- 

uniform layer, and upon the relative thickness of the pure and impure sections of the 

barrier layer, has not been investigated. Clearly, the exact nature o f these structures will 

depend upon the rate o f voltage decrease. At a sufficiently slow rate the steady state 

structure (and interpore spacing) will be maintained throughout the process, producing a 

branched pore structure with the expected barrier layer thickness and relative thicknesses 

of the pure and impure layers. At a sufficiently rapid rate of voltage decrease, the rate of 

electrochemical barrier layer thinning will not keep up with the rate o f voltage decrease, 

and the current will fall to zero. At this point, the much slower chemical etching will
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Figure 7.15. SEM images showing disordered layer that forms during barrier layer 
thinning. Top image shows cross section with ordered pores transition to disordered 
barrier layer. Lower image shows bottom view with aluminum substrate removed and 
pores partially opened via dissolution in phosphoric acid. Large openings are ordered 
pores, small openings are smaller dendritic pores formed at reduced voltage during the 
barrier thinning process.
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predominate over the electric field assisted anodization process, and the impure portion 

o f the barrier layer will be preferentially removed, leaving a proportionately larger 

fraction o f the pure A12 0 3 portion o f the barrier layer.

In practice, the barrier layer thinning process was selected to be as rapid as 

possible to minimize both the pore branching and the thickness o f the dendritic layer 

relative to the ordered layer, while still retaining a measurable anodization current. 

Because similar barrier-layer thinning protocols were used both in sulfuric and oxalic 

acid, and because the rate o f anodization is much slower in oxalic acid, it is expected that 

the structure o f the barrier layer will deviate from the steady-state ratio in oxalic acid 

more than in sulfuric acid. Specifically, it is expected the fraction o f pure aluminum 

oxide in the barrier layer will be enhanced in the oxalic acid-anodized material more than 

in the sulfuric acid-anodized material. This difference in composition is thought to 

contribute to the different results for sulfuric and oxalic acid-grown pores for the 

different electrodeposition processes.

Uniform Electrodeposition into PAO. In order to fill all pores uniformly and 

completely, it is necessary to achieve a consistent growth rate in all pores. As individual 

wires reach the surface o f the electrode ahead of the growth front in other pores, they will 

inhibit the growth o f wires in unfilled pores in two ways. First, wires in contact with the 

bulk electrolyte provide an electrical pathway o f lowered resistance. In those pores 

where wires have yet to reach the surface o f the template, mass transfer limitations within 

the pore result in increased resistance relative to the bulk electrolyte. As a result, 

reductive current will be preferentially shunted through the wire or wires in contact with 

the bulk electrolyte, limiting growth o f wires in the partially filled pores. This is
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experimentally supported by the observation o f shoulder peaks on current density traces 

at a lower potential position on the sine wave that develop as the deposition proceeds, and 

bulk growth becomes evident. An example o f this shoulder peak is shown in Figure 7.16 

for deposition into sulfuric acid-anodized pores. Second, bulk growth on the surface of 

the electrode with pulsed depositions is in the form o f crystalline polyhedra, which block 

access to the 1 0 - 1 0 0 s o f pores surrounding them, limiting further growth in those pores. 

As a result, it is critical to obtain consistent growth rates of all wires in order to achieve 

complete pore filling.

One approach to controlling the growth rate o f the wires is to maintain a uniform 

and controlled potential at the wire growth front. If  this potential is maintained at the 

minimum potential required for the reduction o f metal ions, slow and uniform wire 

growth would occur in all pores. This approach is commonly used for controlled DC 

metal deposition into PAO templates. 16 In AC deposition through the barrier layer this is 

not feasible for two reasons. First, the barrier layer is known to exhibit small, random 

fluctuations in thickness17 that will correspond to random fluctuations in resistance. 

Second, since the barrier layer thinning process results in disordered growth o f branched 

or dendritic pores that decrease in spacing and diameter, the structure o f the porous layer 

at the bases o f the pores will be variable (Figures 7.14 (b) and 7.15). This will produce 

variations in the area of the pore bottoms, and consequently the current density in the 

pore, further complicating the matter.

A second general approach to producing uniform growth is via control o f reactant 

availability. In this case, reactant availability is controlled by diffusion o f metal ions 

from the bulk electrolyte to the wire growth front. Continuous AC depositions maintain a
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Figure 7.16. Current density trace collected at the end o f a deposition into sulfuric 
acid-anodized pores showing the presence o f a lower potential shoulder peak resulting 
from bulk deposition.
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state o f ion depletion in the pores at all times; consequently, the growth rate is limited by 

diffusion o f ions along the length o f the pore. Since constant bulk electrolyte 

concentration is maintained at the electrode surface via stirring, and the pore diameters 

are produced with a narrow size distribution, the rate o f diffusion and the subsequent wire 

growth rate are expected to be consistent among the pores, resulting in uniform wire 

growth and complete pore-filling. In pulsed AC deposition, maintaining diffusion 

controlled growth is more challenging.

Gosele and coworkers have reported that increased uniformity o f growth may be 

achieved via application o f relatively high constant current density pulses . 17 A high 

current density results in high nucleation rates, which is followed by wire growth. In 

pores that have a thinner barrier layer, metal ions are rapidly depleted, resulting in 

increased resistance in the pore electrolyte. This will result in increased current flow in 

pores with a thicker barrier layer and higher metal ion concentration allowing them to 

“catch-up.” In between pulses, a rest period is used during which no current is applied to 

allow re-equilibration o f the electrolyte concentration in the pores . 17 A schematic o f the 

deposition sequence used by Gosele and coworkers is presented in Figure 7.17 (a). Using 

this deposition sequence they have reported uniform filling of 1 pm deep pores with Ni, 15 

and 2 pm deep pores with Ag . 17 However, if  a current control method is to be 

implemented consistently, it is critical to have well defined electrode areas. As 

previously mentioned, the dendritic pore structure produced during the barrier layer 

thinning process is irregular and ill-defined; therefore, reproducibly producing large-area 

electrodes with identical active deposition areas may be precluded. For a simple and
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Figure 7.17. Deposition sequences used by Gosele and coworkers (a), Metzger and 
coworkers (b), and in this work (c).
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convenient method o f deposition it is preferable to use voltage-controlled waveforms that 

are insensitive to electrode area.

Metzger and coworkers have reported uniform growth o f wires in 600 nm deep 

pores was achieved using a continuous square wave, where a short reductive pulse was 

followed by an extended oxidative pulse . 18 A schematic o f the voltage controlled 

deposition sequence used by Metzger and coworkers is presented in Figure 7.17 (b). The 

deposition sequences employed by Gosele and coworkers, and Metzger and coworkers, 

may be contrasted with the best voltage controlled sequence used in this work, presented 

in Figure 7.17 (c).

Continuous vs. Pulsed Electrodeposition. Diffusion limited growth was 

achieved using continuous wave depositions, which as a result yielded superior pore- 

filling in the results o f the FFDOE. Qualitative evidence that diffusion-limited growth 

was occurring under the continuous wave regime is the observation that less active 

deposition time was required to yield a comparable amount o f metal deposition using 

pulsed electrodeposition than continuous electrodeposition. Unfortunately, continuous 

wave conditions were also accompanied by template damage. Metzger and coworkers 

have also reported observing template damage when employing the deposition sequence 

illustrated in Figure 7.17 (b), and have speculated that it is due to aluminum oxide 

hydroxide dissolution producing hydrogen gas . 18 It is believed to be the case that the 

damage observed in this work results from ohmic heating, an explanation that is 

consistent with the fact that damage is only observed when deposition proceeds to bulk 

growth-—an event that is accompanied by increased current density corresponding to
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rapid deposition o f metal from the bulk electrolyte, and consequently, increased ohmic 

heating.

Other possible implications o f continuous wave depositions include reduced 

crystallite dimensions o f the as-deposited wires. Schmid and coworkers have performed 

detailed X-ray characterization o f copper nanowires deposited using continuous wave AC 

conditions similar to those used in this work, and reported an average crystallite size o f 

12 nm . 19 In contrast, the copper nano wires produced in this work using pulsed 

electrodeposition are composed of several much larger crystallites. This distinction is 

also made evident by the observation that overgrowth from continuous wave AC 

conditions are spherical and o f nanometer dimensions, while overgrowth from pulsed 

deposition conditions consists predominantly o f large, faceted crystallites (Fig 7.2 (b) and

(d))-

The FFDOE results showed that electrode damage could be eliminated by using 

pulsed wave deposition conditions with only a modest decrease in quality o f pore filling 

in 4 pm deep oxalic acid-anodized pores. The elimination o f template damage and the 

ability to grow highly crystalline wires makes the use o f pulsed electrodeposition 

appealing. It is also expected that pulsed deposition conditions should be less affected by 

increasing pore depths than continuous deposition conditions, where diffusion limitation 

and ion depletion are expected to impact wire growth. The challenge with pulsed 

electrodeposition is that uniform growth in all pores is more difficult to achieve, since 

metal ion concentration at the growth front is no longer diffusion rate limited. Ion 

depletion occurs during the reductive pulse, with the concentration at the wire tip then 

returning to bulk concentration during the period o f zero applied potential. In pores
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which are significantly deeper than those used in the FFDOE, the impact o f this is 

expected to be magnified, with wire length dispersion increasing with pore depth.

Effect of W ave-form. A rationalization for the improved results obtained with 

square wave depositions relative to that achieved with sine wave depositions follows 

intuitively from the discussion o f slower growing pores being able to “catch-up” during 

the duration o f the pulse. In a sine wave deposition, peak potential is realized for only a 

small fraction o f the 2.5 ms pulse width, and the effective pulse width where the potential 

is above the minimum required for current flow is relatively short. In a square wave 

deposition the step nature of the potential change makes the effective and actual pulse 

widths identical at 2.5 ms. The fact that substantially improved deposition and pore- 

filling was observed in this work when the square wave was employed lends support the 

“catch-up” theory proposed by Gosele and coworkers . 17

Effect of Pulse-polarity. In addition to wave shape the effect o f pulse polarity 

was also examined, something that had not been previously reported in the literature. 

Based on the concept that the oxidative component o f the pulse removes the capacitive 

charge buildup across the barrier layer that occurs during the reductive component, all 

pulsed depositions reported to date have employed reductive/oxidative pulse polarity. In 

this work, increased deposition over an identical time period was observed when the 

oxidative/reductive pulse polarity was employed, rather than the reductive/oxidative 

pulse polarity, in conjunction with sine wave depositions. However, when square wave 

depositions were employed, the conventional reductive/oxidative pulse polarity produced 

the most uniform pore-filling.
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These two phenomena are a consequence o f different processes occurring during 

the course o f the deposition; however, both are a direct consequence o f the structure and 

composition o f the aluminum oxide barrier layer and the dynamic changes that occur 

therein during the course o f the deposition. Once metal deposition into the pores has 

begun, the metal/insulator/electrolyte structure is replaced by the metal/insulator/metal 

structure. In contrast to DC electrodeposition, which may be regarded as standard 

electrodeposition through a nanostructured deposition mask, AC deposition inherently 

requires electron transport through this device. The quality o f the metal deposition will 

critically depend upon how the MIM capacitor responds to the deposition sequence, a 

response that this work has shown to vary with deposition conditions. This indicates that 

the PAO should not be regarded as a simple template for AC electrodeposition, but rather 

should be treated as a dynamic variable affecting the outcome o f the deposition process.

The effect o f pulse polarity on pore-filling for the sine wave pulses is explained 

by the nature o f the electrical double layer resulting from charge stored on the barrier 

layer during the zero potential periods between active pulses. When oxidative/reductive 

pulse polarity is employed, negative charge will be stored on the barrier layer, and the 

resultant electrical double layer will incorporate copper cations to balance charging at the 

wire tip. It is well known that adsorption o f species at an electrode surface can impact 

the kinetics o f electron transfer, 2 0  and it is thought that adsorption and/or increased 

concentration o f copper ions resulting from the formation o f the electrical double layer 

results in the observed increase in deposition rates. This relies on the adsorption and/or 

increased concentration persisting during the oxidative pulse, which is thought to be the 

case. A rough estimate o f the diffusion distance o f copper cations during the oxidative
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pulse is obtained by calculating the root-mean-square displacement based on the 

diffusion coefficient and elapsed time (D = 7.14xl0‘6 cm2/s, t = 2.5 ms) where A= 

V(2 Dt) . 2 0  This yields a diffusion distance o f less than 2  pm, and does not take into 

account any specific adsorption, ensuring that the increased concentration and/or 

adsorption will largely persist during the oxidative pulse. Since the effective width o f the 

sine wave reductive pulse is very short (< 2 .5  ms) a significant fraction o f the ions 

reduced during the pulse are those that had been incorporated into the electrical double 

layer. Consequently, increased electron transfer and/or deposition rates are observed 

when using oxidative/reductive pulse polarity relative to reductive/oxidative pulse 

polarity with sine wave pulsed electrodeposition.

The difference in the magnitude o f the effect between oxalic and sulfuric acid- 

anodized templates is a consequence o f the difference in the structure and composition of 

the barrier layer. In sulfuric acid-anodized pores the barrier layer is inherently thinner 

due to the fact that barrier layer thickness is proportional to anodization voltage, and the 

large difference in initial barrier layer thickness between sulfuric and oxalic acid- 

anodized pores is maintained to some degree during the thinning process. As previously 

discussed, the composition and thickness o f the barrier layer is also modified during the 

thinning process, with the relative thickness o f pure aluminum oxide remaining relatively 

constant in sulfuric acid-anodized pores, while the relative thickness o f the pure 

aluminum oxide layer in oxalic acid-anodized pores increases. This is bom out 

experimentally by the significantly larger current densities and shorter deposition times 

observed during electrodeposition into sulfuric acid-anodized pores relative to oxalic 

acid-anodized pores. As a consequence of this variation in barrier layer thickness and
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composition, less charge is stored on the barrier layer during the zero potential periods 

between active pulses during depositions into sulfuric acid-anodized templates, and fewer 

metal cations are incorporated into the electrical double layer and/or adsorbed at the tip of 

the growing wire.

The magnitude o f the difference in capacitive charging may be approximately 

quantified by comparing the average oxidative charge density per pulse, which is 50 

pC/cm 2  for oxalic acid-anodized templates compared to 40 pC/cm 2  for sulfuric acid- 

anodized templates. This difference may be attributed directly to the charge stored on the 

barrier layer, and if  it is recognized that these figures are convoluted with any oxidative 

current that is passed, it is likely that the difference in stored charge is underestimated 

since leakage current density varies as an inverse exponential with thickness o f the 

insulating oxide layer.

When square wave pulsed electrodepositions are employed, effects of the 

electrical double layer are still observed as a variation in the magnitude o f net reductive 

charge passed with differing pulse polarities. However, since the effective pulse width is 

equivalent to the actual pulse width at 2.5 ms, the ions incorporated into the electrical 

double layer are a smaller fraction o f the total number reduced during a single pulse and, 

consequently, the effect is not observed in SEM analysis o f pore filling. Nonetheless, 

pulse polarity does impact the quality o f deposition when square waves are employed; 

however, the quality of pore filling is observed to correlate with increasing oxidative 

current over the course o f deposition when reductive/oxidative pulse polarity is used. It 

is speculated that this increase in oxidative current occurs due to resonant tunneling
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which is enhanced over the course o f the deposition by migration o f higher oxidation 

state aluminum defects.

When an aluminum/aluminum oxide/metal junction is formed with a metal that 

has a work function greater than that o f aluminum, it is known that the junction will act to 

rectify current; specifically, due to the asymmetric nature of the potential barrier, current 

will be passed preferentially when the aluminum is biased as the cathode. This behavior 

is depicted schematically in Figure 7.18. Conductance through, and dielectric breakdown 

of, anodic oxides on A1 and other valve metals has been extensively studied 

experimentally and theoretically for several decades. Although complete consensus 

regarding the processes has not yet been achieved, the presence o f ionic impurities is 

known to have a large impact on the potential barrier in a metal/insulator/metal junction.

In 1965 Schmidlin modeled the trapezoidal potential barrier that results when a 

potential is applied across a dielectric layer between two metals, the impact o f ionic 

impurities on the shape o f this barrier, and the implications this has for electron tunneling 

through the MIM junction . 2 1  His calculations show that a cationic impurity located in the 

dielectric film near the metal polarized as the cathode has the effect o f substantially 

reducing the barrier height, and o f producing what is akin to two potential barriers 

separated by a potential well. It was qualitatively recognized that because o f the 

reduction in barrier height adjacent to the metal cathode, thermally excited carriers could 

more easily surmount the barrier with the junction polarized in this direction. He further 

calculated that a single positive ion per unit area equal to the square o f the film thickness 

(corresponding to one cationic impurity per 1 0 0  nm2  for the - 1 0  nm thick barrier layers 

in this work) can increase the tunnel current by an order o f magnitude 21
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A1 biased as cathode /  X  Cu biased as cathode

lower effective barrier higher effective barrier

Figure 7.18. Schematic representation o f the trapezoidal potential barrier at an 
AI/AI2 O3/C11 junction, and the difference in effective barrier height when biased in 
anodic and cathodic directions, which results in current rectification.

210

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



Subsequent researchers have tended to emphasize the increase in tunneling 

current enabled by cationic defects over the enhancement o f thermal emission over the 

barrier. 2 2  Mujica and Ratner have calculated the rate o f tunneling through single 

rectangular potential barrier relative to a barrier with a discrete structure o f wells and 

barriers for metal/molecule/metal (MMM) junctions . 2 3  Their calculations also show that 

the inclusion o f potential wells in a potential barrier greatly enhances tunneling rates 

relative to a continuous potential barrier. 2 3  Ratner and others have also considered the 

increased current that defects in a molecular layer may enable through a thermally 

activated hopping mechanism . 2 4 ’2 5

Based on these theoretical treatments it is expected that cationic defects in the 

aluminum oxide layer o f PAO templates will have a similar impact on tunneling barriers, 

and anodic conductivity through the barrier layer. In particular, if  these defects are 

located adjacent to the copper-filled pore or distributed throughout the barrier layer, they 

can lead to increased electron transport when the electrode is biased in the anodic 

direction (copper biased as the cathode), reducing or eliminating the inherent rectification 

o f the aluminum/aluminum oxide/metal junction. These two explanations for the onset of 

anodic electrical breakdown are presented schematically in Figure 7.19.

It is also known that these aluminum ion defects may become mobilized under 

direction o f a potential applied across the MIM junction. Such an effect has been 

reported in aluminum/anodic aluminum oxide/silver junctions2 2  with aluminum oxide 

layers that are o f comparable thickness to those encountered in PAO templates in this 

work. Hassel and Diesing report that as-grown anodic aluminum oxide contains a fixed 

density o f higher oxidation state centers that are stable up to the formation voltage (the
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rectifying barrier layer

A1 ALO, Cu

defect migration defect migration

multiple quantum well- 
reduced rectification

lower effective barrier- 
reduced rectification

Figure 7.19. Schematic representation o f the two possible defect migration scenarios 
that would result in reduction or elimination o f current rectification in an AI/AI2 O3/CU 
junction. Formation o f a multiple quantum well structure (left) results in increased 
anodic tunneling, location o f a positive defect adjacent to the copper filled pore (right) 
results in a reduced effective barrier height and increased thermal activation o f 
electrons over the barrier in the anodic direction.
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voltage applied during growth o f the anodic oxide). Upon application o f potentials 

greater than the formation voltage, defect migration occurs, with increasing voltage 

increasing the rate o f migration. Migration rates are also enhanced by increased 

temperature. Activation o f defect migration is not observed on time-scales o f < 1 ms. As 

defects align themselves across the barrier layer, resonant tunneling rates may approach 

those observed with direct tunneling through much thinner barriers . 2 2  In this work it is 

thought that a similar phenomenon is occurring during pulsed square wave 

electrodepositions, with defect migration leading to increased rates o f resonant tunneling, 

thereby decreasing the rectifying effect of the barrier layer.

In sulfuric acid-anodized templates, ionic defects are less stable due to a lower 

formation voltage and will tend to migrate more readily than those defects formed via 

anodization in oxalic acid. The migration rate is further enhanced when 

reductive/oxidative pulse polarity is employed, since ohmic heating during the reductive 

pulse results in greater defect mobility during the oxidative pulse. Furthermore, it is 

expected that these effects would be most pronounced in those pores with thinner barrier 

layers. These pores require the migration o f fewer defects to achieve high rates of 

resonant tunneling, and due to higher current density increased ohmic heating leads to 

increased rates o f defect migration. During deposition these pores initially fill faster, but 

defect migration leads to resonant tunneling and increased oxidative current, until 

rectification is ineffective in that pore. As a result, copper metal is re-oxidized and the 

rate o f growth slows, or stops, in these pores. This allows other pores, with thicker 

barrier layers that continue to rectify current, to catch-up. In oxalic acid-anodized pores 

the effect is less pronounced since the higher anodization potential increases the stability
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of ionic impurities formed during anodization, which reduces defect migration during the 

subsequent electrodeposition.

This gradual onset o f oxidative breakdown in sulfuric acid-anodized templates 

when reductive/oxidative pulse polarity is employed with square wave deposition 

sequences is further supported by the observation o f significant gas evolution in the final 

minutes o f the deposition. This was not observed with any other deposition sequences, 

and when the as-deposited electrodes were examined, it was found that a nearly solid 

copper electrode had formed on the surface, as shown in Figure 7.20. It is expected that 

the gas evolution observed was the result o f water oxidation at the surface o f the 

electrode—a consequence o f the barrier layer modification that had occurred in a large 

number o f  pores by this stage o f the deposition. This gas evolution is not attributed to 

reduction o f water or protons since a similarly solid copper electrode was formed when 

oxidative/reductive pulse polarity was employed (Figure 7.20) but no gas evolution was 

observed. It is thought that this process does not occur to any appreciable degree with 

pulsed sine wave depositions since the root-mean-square voltage is too low to 

significantly activate defects, and the effective pulse width is below the time required for 

appreciable defect migration to occur.

Ionic defect migration has been argued to lead to enhanced deposition o f copper 

into sulfuric acid-anodized templates when reductive/oxidative pulse polarity square 

waves are employed. It is not yet known if  this result is general for other metals. It has 

been reported that the field-emitting properties o f the second metal in the junction is 

likely to influence breakdown voltage, with increasing work function o f the metal leading 

to increased breakdown strength . 2 6  It is expected, however, that these results on copper
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Figure 7.20. SEM images o f as deposited sulfuric acid-anodized templates. Images 
from a sample deposited using a square wave with reductive/oxidative pulse polarity
(a) and (b). Images from a sample deposited using a square wave with 
oxidative/reductive pulse polarity (c) and (d). Images show a nearly solid copper 
electrode forms regardless o f pulse polarity.
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pore filling as function o f deposition conditions, including wave shape and pulse polarity, 

should be useful for optimizing the electrodeposition o f other metals into PAO templates.

Conclusions

A systematic investigation o f the effect o f the deposition wave-form on the 

uniformity and completeness o f copper deposition through the barrier layer into PAO 

templates grown in sulfuric or oxalic acid led to the following conclusions:

1. Continuous deposition produces the best pore-filling, but damages the PAO 

template and copper nanowires when deposition is continued until bulk copper is 

deposited on the surface o f the PAO film. This damage is much more pronounced for the 

35 nm diameter pores grown in oxalic acid than in the 2 0  nm diameter pores grown in 

sulfuric acid. This damage is likely caused by ohmic heating during bulk 

electrodeposition.

2. Pulsed electrodeposition conditions will produce good uniformity o f deposition 

into relatively deep pores, without damage to the PAO template or nanowires when 

deposition is continued to bulk deposition onto the surface of the PAO film.

3. Square wave-forms yield better pore filling than comparable sine wave-forms.

4. Pulse polarity significantly impacts the rate and uniformity o f pore-filling, but the 

specific effect is dependent upon both the wave-form and the structure and chemistry of 

the barrier layer.

5. Highly uniform deposition into oxalic acid grown pores by AC deposition is 

significantly more challenging than deposition into sulfuric acid grown pores, due to the 

different chemistry and structures o f the barrier layers.
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6 . Under the influence o f some electrodeposition sequences, changes in the 

rectification o f the barrier layer will occur over the course o f the deposition. These 

changes may be leveraged to improve the quality o f pore-filling achieved.
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Chapter 8. General Conclusions and Future Work

Novel Thin Film Semiconductors for Photovoltaic Applications

Global energy demand is rapidly increasing, as are CO2  emissions from 

conventional energy sources and concerns about climate change. In Chapter 2, thin film 

photovoltaic devices were identified as one o f several PV technologies with the potential 

to evolve into a primary source o f clean power. However, if  thin film PV devices are to 

realize this potential, new materials will be required whose use will not be curtailed by 

the limited abundance o f constituent elements. Several C u-B i-S  and C u-Sb-S  mineral 

phases have the potential to replace CIGS and CdTe as the solar absorber in thin film PV 

devices, significantly raising the energy production ceiling.

In Chapter 3 the synthesis o f Cu3 BiS3 thin films on fused silica substrates, by 

heating metal and metal sulfide precursors under H2 S, was investigated. It was found that 

the morphology o f the product films was controlled by the formation o f binary sulfide 

intermediates. For metal and metal sulfide precursors the specific intermediates and 

morphologies were different; however, in each case the morphology rendered the 

Cu3 BiS3 thin films unsuitable for use in PV devices. In Chapter 4, based on the results of 

the precursor-processing synthetic strategies o f Chapter 3, a one-step reactive deposition 

was developed that produced films o f superior quality. By synthesizing Q i3 BiS3 directly 

on a hot substrate the morphology-directing intermediates were avoided, producing 

smooth, mirror-like films ideal for thin film PV devices. Basic semiconductor properties 

suitable for device applications were measured, including: a direct forbidden band-gap of 

1.4 eV, an optical absorption coefficient o f 1x10s at 1.9 eV, and a resistivity o f 84 G em.
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By subsequently annealing films deposited by the one-step method, the grain sizes o f the 

films could be increased, and the resistivty decreased to 9.6 f l  cm.

High-throughput combinatorial experimental methods are considered to be a 

promising approach for integration o f Cu3 BiS3 , or other novel semiconductors, into thin 

film PV devices. In Chapter 5, as a preliminary step in the application o f combinatorial 

strategies to Cu3 BiS3 device development, material and method compatibilities, as well as 

techniques for making electrical contact to library cells, were investigated. It was found 

that Cu3 BiS3 thin films deposited on TCO coated soda-lime and borosilicate glass 

substrates were o f similar quality to those synthesized on fused silica substrates in 

Chapter 4. Scanning auger data indicated that some interfacial reaction occurred between 

the ITO or FTO coating and the deposited Cu3 BiS3 film; however, the integrity of 

individual films was largely maintained, and XRD and SEM data collected from the 

surface o f the Cu3 BiS3 thin film was consistent with data collected from films deposited 

on uncoated fused silica substrates. In some samples a ZnSe buffer layer was deposited 

on the TCO prior to Cu3 BiS3 deposition, this ZnSe layer was found to be incompatible 

with the one-step deposition process, being consumed by reaction with Cu3 BiS3 . 

Aluminum, nickel, and molybdenum metal back contacts were sputter deposited 

following deposition o f the absorber layer, all o f which exhibited conformal coating and 

good adhesion.

The multi-layer samples were fabricated to test material and method 

compatibilities, but I-V data was collected to test for serendipitous PV performance. 

Two different methods o f making electrical connection to the metal back contacts were 

evaluated. The use o f colloidal silver to attach test leads was deemed unsuitable, due to
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evidence o f reaction with the Cu3 BiS3 film. A pressure contact was also fabricated, 

which eliminated the possibility of reaction, and was judged to be superior for eventual 

use with 64 spot combinatorial libraries. I-V curves collected from these samples were 

linear, with behavior best described as resistor-like. When exposed to light, a small 

photo-voltage was observed in a minority o f samples, and for all samples the slope o f the 

I-V curve was unchanged from the I-V data collected in the dark. Resistor-like behavior 

is consistent with the formation o f ohmic contacts at the TCO/Cu3BiS3 and 

Cu3 BiS3 /metal junctions. Junctions o f this type have been previously documented for 

ITO/CIGS/Au and FTO/CIGS/Au three-layer samples . 1 ,2  However, since no 

photoconductivity (or decreased resistivity) was observed during the collection o f I-V 

curves under illumination, it is possible that the resistor-like behavior o f samples in this 

work may be due to electrical shorts between the front and back contacts.

The synthesis o f high quality Cu3 BiS3 thin fdms, and the compatibility o f this 

synthetic method with a variety o f substrates, is a promising first step in the identification 

o f novel device configurations based on C u-B i-S  and C u-S b-S  solar absorber materials. 

However, integration o f Cu3 BiS3 , or other novel absorber materials, into a device 

exhibiting reasonable conversion efficiency will require additional effort. Key 

components o f this future work can be expected to include the exploration o f alternative 

configurations for device fabrication, a fuller implementation of the combinatorial 

strategy, additional characterization o f Cu3 BiS3 semiconductor properties, and extension 

o f the one-step deposition method to other compounds in the C u-B i-S  and C u-Sb-S  

phase systems.
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When fabricating a thin film PV device, one o f two configurations is commonly 

employed: superstate and substrate. These two configuration types are depicted in 

Figure 8.1, and are named on the basis o f whether light is incident upon the device on the 

deposition substrate (superstate configuration) or opposite the deposition substate 

(substrate configuration) . 3 ,4  The configuration choice is based in part on the thermal 

stability o f the various junctions in the device. The substate configuration minimizes 

thermal processing o f the heterojunction, and is conventionally employed for the 

production o f CIGS devices . 3 ,5 ,6  The superstate configuration has been tested for CIGS 

devices, but the elevated temperatures required for absorber deposition result in the 

unwanted interdiffusion o f Cd into the CIGS layer, and poor device performance . 5 

Conversely, when the CIGS layer is deposited on the Mo back contact, a beneficial 

reaction results in the formation o f a semiconducting MoSe2  layer at the Mo/CIGS 

interface . 7  MoSe2  is a p-type semiconductor with a band-gap o f 1.3 eV, slightly larger 

than that o f the CIGS absorber layer. The CIGS/MoSe2  valence band offset reflects 

electrons, and the MoSe2/Mo junction provides a low-resistance contact for holes, 

enhancing the overall performance o f the device . 7

For CdTe devices the superstrate configuration is conventionally employed . 3 ,5 ,6  

The CdS/CdTe junction is relatively robust, and able to withstand high growth and 

annealing temperatures with minimal adverse effects on device performance . 6  Forming a 

high-quality ohmic back contact to CdTe is more difficult. A metal ohmic contact to a p- 

type semiconductor requires the metal to have a work function greater than that of the 

semiconductor. The work function o f CdTe is sufficiently large (5.8 eV) that any metal 

contacts would form a Scottky barrier. 5 ,6  As a result, it is necessary to form low-
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Figure 8.1. Superstrate (a) and substrate (b) configurations for thin film PV devices.
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resistance contacts by modifying the surface o f the CdTe layer to produce a heavily p- 

doped region and/or utilizing semiconductor contacts. 5 ,8  Contacts produced in this 

manner are sensitive to thermal processing, and superior device performance is realized 

when they are applied last, and shielded from thermal processing . 5 ,6

In Chapter 5, the superstrate configuration was employed for sample preparation 

for two reasons: (1) it permits the purchase and use o f high-quality TCO coated 

substrates, reducing the complexity o f sample fabrication, and (2 ), a single transparent 

contact is required for the collection o f sequential I-V curves for screening combinatorial 

device libraries. Increased complexity associated with the deposition o f TCO layers can 

be accommodated; however, the requirement o f a single transparent contact is necessary 

for library screening, and must be incorporated into PV libraries. A pseudopotentiostat 

system previously developed for analysis o f battery materials , 9  has been reproduced in 

our lab by Dr. T.D. Hatchard, one of the authors o f the original paper. A schematic of the 

system is presented in Figure 8.2. The system is designed to use a common transparent 

front (or back) contact and 64 distinct back (or front) contacts. Although it has not yet 

been tested, it is expected that this system will be suitable for rapid sequential collection 

o f I-V curves, and mapping o f library cell conversion efficiencies. I f  the substrate 

configuration is to be applied to library development, it would be necessary to utilize a 

transparent back contact, since the electrical contact plate would be applied to the TCO 

front contacts, preventing illumination from that side.

It has been previously mentioned that ITO and FTO have been identified as 

forming an ohmic contact with CIGS . 1 ,2 In Chapter 5, one possible explanation for the 

resistor-like behavior o f the 3-layer samples is the formation o f a similar TCO/CmBiSs
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Figure 8.2. Schematic of a pseudopotentiostat for collection o f sequential IV curves 
from a library chip containing 64 distinct PV devices, with 64 discrete contacts and 
one common contact.
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ohmic contact. I f  these contacts are confirmed to be ohmic, it would provide an ideal 

route to implementation o f the substrate configuration, with a single transparent back 

contact. This would also be consistent with the use of TCO back contacts for the 

fabrication o f bifacial thin film PV devices, o f the type reported in the literature. 2 ,1 0  If  it 

is found that the contact is not ideal, it may still be possible to utilize this approach, since 

the degradation in performance at the back contact would be consistent across the library, 

and a relative comparison o f device configurations could still be made. This would be 

similar to some bifacial devices reported in the literature, where an ideal transparent 

ohmic contact was not realized, and functional devices with lower conversion efficiencies 

were produced . 10

In Figure 8.3 and 8.4 are proposed combinatorial strategies, employing the 

superstate and substrate configurations, respectively. Combinatorial methods are 

particularly applicable in areas where limited understanding dictates that success is most 

likely to be achieved by empirical methods . 11 This makes them ideally suited to the 

discovery o f novel thin film PV devices, including the identification o f a heterojunction 

couple able to persist through the reactive deposition process. In Chapter 5, ZnSe was 

identified as being incompatible with the one-step deposition o f Cu3 BiS3 ; however, it is 

possible that implementation o f the combinatorial strategy in Figure 8.3 (superstate 

configuration), will result in the identification o f a buffer layer that is able to withstand 

the reactive deposition process (4 buffer layers per library, multiple libraries). A partial 

list o f materials suitable for use as the buffer layer was provided in Chapter 2. Any 

promising configurations identified using the superstate configuration o f Figure 8.3, 

could be compared and contrasted with devices identified from the substrate
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Figure 8.3. Superstate configuration combinatorial strategy using a TCO substrate 
patterned with an alumina grid. Complete library contains 64 discrete cells, but only 
16 distinct combinations. Each quadrant is identical.

229

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



TC O  substrate 
patterned w ith 

A120 3 grid

m ask  1

m ask 2

deposit solar 
absorber
 ►

1

deposit four 
buffer layers 

 ►

deposit four 
TCO 

 ►

mi
■ ■■ ■

, ■  ■  

■' ■

m ask  3
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16 distinct combinations. Each quadrant is identical.
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configuration o f Figure 8.4, where the buffer layer and front contact had been subjected 

to minimal thermal processing. By utilizing both approaches in parallel, additional 

information could be obtained on the thermal stability o f different materials, and also on 

the effect o f processing conditions on device performance.

There are two additional features that the strategies o f Figure 8.3 and Figure 8.4 

have in common. One is the fact that each strategy produces 64 discrete cells, but only 

16 distinct configurations. For each configuration there are 4 duplicate cells distributed 

across the substrate (each o f the four quadrants are identical). This would enable 

identification o f  any differences in device performance due to variations in deposition 

and processing across the substrate, and also minimize the possibility o f false negatives 

for a particular configuration, which would be much more likely if  assessments were 

based on a single cell. The second feature is that library fabrication is carried out on a 

TCO substrate patterned with an alumina grid. A photolithographic process has been 

developed, whereby a patterned photo-resist is applied to the substrate, an alumina film 

sputter deposited, and the resist removed, leaving behind the alumina grid. The details of 

this process are not reported, but the alumina grid can be varied in thickness, and 

coincides with the shadowed bars o f the fractal masks in Figures 8.2 and 8.3. The 

advantages o f this substrate patterning are two-fold. One, it provides a well defined area 

for each cell o f the library. Two, following library deposition the cells could be scribed, 

ensuring electrical isolation between the cells, while maintaining the common TCO 

contact required for library screening.

In addition to developing combinatorial strategies based on the one-step 

deposition o f Cu3 BiS3 , it would also be advantageous to extend this deposition method to
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other novel semiconducting phases in the C u-B i-S  and C u-S b-S  phase systems. 

Having identified combinatorial strategies for Cu3 BiS3 using this deposition method, it 

should be relatively straightforward to substitute additional absorber materials that are 

deposited in a similar manner. The one-step deposition method has been successfully 

applied to the synthesis o f Cui2 Sb4 Si3 (Appendix B). Although this phase is an unlikely 

candidate for application in PV devices, it is expected that the one-step method could be 

adapted for the synthesis o f other more promising compounds in the C u-B i-S  and 

C u-Sb-S  phase systems (Chapter 2). More detailed characterization o f the 

semiconductor properties o f Cu3 BiS3 , and any additional compounds synthesized, is also 

required. This would enable better assessment o f the suitability o f these materials for use 

as a solar absorber, and would also be useful in interpreting the performance o f any 

devices identified. Properties o f immediate interest include the carrier concentration, 

mobility, and lifetime, which could be determined by a combination o f Hall-effect1 2 ’ 13 

(carrier concentration and mobility) and photoconductivity decay1 4  (carrier lifetime) 

measurements.

Template Directed Synthesis of Copper Nanowires

In Chapter 6  porous aluminum oxide was introduced as a versatile template 

material for the fabrication of nanostructures in general, and for the electrodeposition of 

metal nanowires in particular. DC electrodeposition has been successfully employed for 

metal deposition into PAO template pores, and provides a high degree o f control over the 

metal nanostructure and uniformity of growth, but requires laborious separation o f the 

PAO template from the aluminum substrate. AC electrodeposition has also been used for
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metal deposition into PAO templates, and since removal from the aluminum substrate is 

not required, it is more generally suited to the scalable nature o f the template; however, it 

provides considerably less control over the uniformity o f pore filling.

In Chapter 7, the effect o f AC eletrodeposition conditions on the growth o f copper 

nanowires in PAO templates was investigated. Using a FFDOE, an improved set of 

conditions was identified. Based on examination o f the effect o f pulse polarity and wave 

shape, a further optimized set o f conditions was developed, enabling more uniform filling 

o f deep pores (24 pm). The conditions producing superior deposition utilized a square 

waveform, and the improved pore-filling achieved with these deposition conditions was 

attributed to the migration o f defects in the AI2 O3 barrier layer, and the loss of 

rectification in certain pores. Defect migration is dependent on voltage and temperature, 

and in pores where the barrier layer is thinner, loss o f rectification occurs more quickly. 

Initially, filling in pores with thinner barrier layers is faster. Once these pores no longer 

rectify current, filling slows, and wire growth in pores with thicker barrier layers can 

catch-up.

It is expected that the best set o f deposition conditions identified in Chapter 7 can 

be further optimized for the deposition o f copper, and also extended to other metals. 

Defect migration is dependent on anodization voltage, deposition voltage, and 

temperature. By varying these parameters, it should be possible to control the fraction of 

pores in which loss o f rectification occurs, and the stage o f the deposition at which it 

occurs. This has not yet been investigated. Since it is desirable to have complete filling 

o f all pores, the ideal conditions may be different for different pore depths, with growth 

in the fastest filling pores being shut down only once they are almost completely filled.
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For shallower pores, increasing the deposition voltage or temperature should produce 

more rapid loss o f rectification in a greater number o f pores, while for deeper pores, 

lower deposition voltage and temperature should have the opposite effect. Further 

control and fine tuning is expected to be accessible by varying the thickness o f the barrier 

layer in the final stage o f template anodization.

With this approach, control over wire growth is achieved through modification of 

the potential barrier by selectively changing the defect distribution in the AI2 O3 pore 

bottoms during the course o f the deposition. Since the shape o f this barrier is dependent 

on the work function o f Al, and the second metal in the M M  junction, optimized 

deposition conditions are expected to vary with the metal being deposited. The work 

functions o f Al and Cu are 4.28 eV and 4.65 eV, respectively . 15 I f  Ni, with a work 

function o f 5.15 eV 15 is deposited in the pores, the barrier height in the anodic direction 

will be increased significantly, possibly requiring modified deposition conditions for 

uniform wire growth. On the other hand, if  Fe, with a work function o f 4.5 eV15, is 

deposited in the pores, the potential barrier will be similar to that with deposited copper, 

and the deposition conditions optimized for copper may translate well. Preliminary 

results for the deposition o f iron indicate this to be the case . 16 Optimizing AC 

electrodeposition conditions for each metal o f interest would be a time consuming 

process, and in some cases optimization may be less successful. To avoid this 

complication it may be possible to define the nature o f the MIM interface by initially 

depositing a small amount o f copper. The PAO electrode with copper-filled pore bottoms 

could then be transferred to a second deposition bath, for pore-filling with the desired
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metal. Utilizing this approach, it is likely that the conditions identified for copper 

deposition could be directly translated to any metal o f interest.

Another area of future work requires the identification o f novel applications for 

copper nanowires produced using this low-cost, high throughout approach. This has been 

an active area o f research in the Haber group, and significant advances have been made in 

both the scale-up o f copper nano wire synthesis to the multi-gram scale, 1 7 and blending 

the nano wires into polystyrene to produce electrically conductive nanocomposites . 1 8 ’ 19 A 

comprehensive review o f these advances is provided in the doctoral thesis o f Haber group 

alumnus Genaro A. Gelves . 2 0
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Appendix A. Synthesis of Cui2Sb4Si3 Thin Films by Heating Metal 

Precursor Films under Hydrogen Sulfide

Introduction

In Chapter 3 a two-step method for the synthesis o f Cu3 BiS3 thin films was 

presented, involving the heating o f precursor films under H2 S. This method has been 

extended to the synthesis o f copper-poor tetrahedrite. The mineral phase tetrahedrite is 

known to exist over a wide composition range from copper-poor Cui2 Sb4 Si3 to copper- 

rich Cui4 Sb4 Si3 . 1 ,2 The stoichiometry o f copper-poor tetrahedrite is similar to that of 

famatinite (Cu3 SbS4 ) and skinnerite (Cu3 SbS3 ), and it has been reported previously that 

synthetic skinnerite often contains small amounts o f tetrehedrite. 3 Reported syntheses of 

Cui2 Sb4 Si3 have been by solid-state2 ,4  and hydrothermal5 ,6  methods. Details o f this 

synthesis are presented below.

Experimental Details

Cu-Sb multilayer precursors were deposited on fused silica substrates in a similar 

manner to that described in Chapter 3 for Cu-Bi precursors. Substrates were cleaned by 

immersion in 2-propanol in an ultrasonic bath for 30 minutes, after which they were dried 

with a stream of N 2 . Multilayer Cu-Sb metal precursor films, 500 nm thick, were 

deposited by sputtering Cu at 72 W, and Sb at 18 W, with an Ar pressure o f 5 mtorr. 

Each repeat layer was 250 nm thick. The substrate platen was rotated at 6  rpm during 

deposition. Precursor films were subsequently heated under 50 torr H2S at 10°C/minute 

to 250 °C, with the temperature maintained at 250 °C for 25 hours. After heating, the
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sample was cooled to 100 °C at 2 "C/minute. Product thin films were characterized using 

SEM/EDX (JEOL 603 IF FESEM), WDX (JEOL 8900 microprobe), and XRD (Bruker 

D 8  diffractometer with area detector).

Results and Discussion

SEM images collected from the product film are presented in Figure A l. The 

morphology o f the film is characterized by a regular repeating pattern produced by the 

film lifting off the substrate (Figure A l (a)). Where pockets have formed between the 

film and the substrate significant cracking and breakage is evident, resulting in holes in 

the film. This particular morphology is thought to be a consequence o f sulfur uptake, 

producing expansion and strain in the film. This is similar to what was observed for Cu- 

Bi-S and Bi precursors heated under H2S as described in Chapter 3. Higher 

magnification SEM images (Figure A l (b) and (c)) reveal the micron sizes o f the 

individual crystallites in the product film, as well as the presence o f what appears to be a 

secondary phase with a different morphology that has segregated to the surface o f the 

film.

The XRD powder pattern collected from this film, along with the standard powder 

pattern for Cu)2 Sb4 Si3 (PDF 24-1318), is presented in Figure A2. The standard powder 

pattern is a good match in terms o f both peak position and intensity, suggesting the 

Cui2 Sb4 S 13 film is composed o f randomly orientated crystallites. There is also evidence 

o f a secondary phase, with the most obvious peak observed at 49.5° 2-theta. The 

observation o f a second phase in the XRD powder pattern is consistent with the apparent 

presence o f a sub-phase in the SEM images. This secondary-phase could not be
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Figure A l. SEM images collected from a Cui2 Sb4 Si3 thin film synthesized by heating 
a metal precursor film under 50 torr H2S for 25 hr at 250 °C. Note the presence of 
what appears to be a secondary phase in (c).
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Figure A2. XRD powder pattern collected from a C u^SbiSn thin film synthesized by 
heating a metal precursor film under 50 torr H2 S for 25 hr at 250 °C (a), and standard 
powder pattern for Cui2 Sb4 Si3 (b). In panel (a) the peak extraneous peak at 49.5° 2- 
theta is marked with an arrow.
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identified by XRD, but numerous Cu-Sb-S phases are known, some with stoichiometry 

close to that o f copper-poor tetrahedrite, including copper rich tetrahedrite (Cui4 Sb4 Si3 ), 

famatinite (Cu3 SbS4 ), and skinnerite (Cu3 SbS3 ) . 2 ,3  WDX analysis o f the product film 

yielded a stoichiometry o f Cu:Sb:S o f 12:4:13. This is the expected stoichiometry for 

copper poor-tetrahedrite, and would support the conclusion that the secondary phase is 

present in small quantities, and that it is likely to have a stoichiometry close to that o f 

copper-poor tetrahedrite.

No efforts have been made to optimize the synthesis to produce films with 

smoother morphology, or phases expected to be better suited to PV applications such as 

Cu3 SbS3 or Cu3 SbS4 . It is possible that varying precursor preparation (multi-layer or 

sulfide precursor) or processing conditions (temperature, gas composition) could be 

effective at controlling the morphology and/or product obtained. This could be 

incorporated into future investigations.

Conclusions

Copper-poor tetrahedrite, Cui2 Sb4 Si3, has been synthesized by heating metal 

precursor films under H2 S. Product thin films contained an unidentified secondary phase, 

present in small quantities on the surface o f the film. These films also suffered from poor 

morphology, thought to result from uptake o f sulfur during the heating process. No effort 

was made to optimize the synthesis, so it is not known at this time if  this method could 

produce films with improved morphology.
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Appendix B. One-Step Synthesis of Cui2Sb4Si3  Thin Films

Introduction

In Chapter 4 a one-step reactive deposition was reported for the synthesis of 

smooth and continuous Cu3 BiS3 thin films. This method has been extended to the 

synthesis o f  copper-poor tetrahedrite, Cui2 Sb4 Si3 . The stoichiometry o f copper-poor 

tetrahedrite is similar to famatinite (Cu3 SbS4) and skinnerite (Cu3 SbS3 ), and it has been 

reported that synthetic Cu3 SbS3 often contains small amounts o f tetrahedrite . 1 

Tetrahedrite has been synthesized previously by solid-state2 ,3  and hydrothermal4 ,5  

methods. Results o f this synthesis are reported below.

Experimental Details

Cui2 Sb4 Si3 thin films were deposited on fused silica substrates in a one-step 

process similar to that employed for the deposition o f Cu3 BiS3 thin films as described in 

Chapter 4. Substrates were cleaned in 2-propanol in an ultrasonic bath for 30 minutes, 

immersed for 30 minutes in a 1:3 mixture o f H 2 0 2 .'H2 S0 4, rinsed with distilled H2 O, 

rinsed with 2-propanol, and dried under N 2 . CuS was sputtered at 80 W RF, Sb at 15 W 

DC, with an Ar pressure o f 5 mtorr. During deposition the substrate temperature was 

maintained at 250 °C, and the substrate platen rotated at 6  rpm. At the end of the 

deposition the temperature was maintained at 250 °C for 30 minutes, and then cooled to 

100 °C at 2°C/minute. To obtain the correct stoichiometry CuS and Sb were co-sputtered 

for 5 minutes, followed by CuS only sputtering for 24 minutes. Each cycle deposited -75  

nm, and the cycle was repeated 8  times for a film thickness o f -600 nm. Following
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deposition, some films were subsequently annealed under 1 torr H2 S/ 4 9  torr Ar at 250 °C 

for 2 hours, followed by cooling to 100 °C at 2 °C/minute. Product films were 

characterized using SEM (JEOL 603 IF FESEM), and XRD (Bruker D8 diffractometer 

with area detector).

Results and Discussion

SEM images o f a film deposited at 250 °C are presented in Figure B l. The 

surface o f the film is very smooth, with a mirror-like appearance. When viewed at a 

cross-section (Figure B l (b)) the layered structure o f the film deposition is observed. It 

should be noted that this layered structure was also observed when Cu3 BiS3 thin films 

were deposited in a similar manner with a substrate temperature o f 250 °C. Also 

presented in Figure B l is the powder pattern collected from this film along with the 

standard powder pattern for Cui2Sb4Si3 (PDF 24-1318). The powder pattern is a good 

match with the standard powder pattern in terms o f both peak position and intensity, 

suggesting that the film is phase pure with a random orientation o f crystallites.

Presented in Figure B2 are SEM images o f a film deposited at 250 °C, followed 

by annealing at 250 °C under H2S for 2 hr. When compared to SEM images o f the as- 

deposited film, two morphological differences are apparent. One, a roughening o f the 

surface o f the film is observed following annealing, although the film is still smooth and 

mirror-like in appearance. Two, the layered structure o f the film is no longer evident 

when the film is observed at a cross-section (Figure B2 (b)). The homogenizing effect of 

annealing was also observed when Cu3 BiS3 thin films deposited at 250 °C were annealed 

(Chapter 4). Also presented in Figure B2 is the powder pattern collected from this film
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Figure B l. SEM images collected from a CunStMSn film deposited with a substrate 
temperature o f 250 °C (a) and (b), powder pattern collected from the film (c), and 
standard powder pattern for Cui2 Sb4 Si3 (d).
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Figure B2. SEM images collected from a Cui2 Sb4 Si3 film deposited with a substrate 
temperature o f 250 °C and then annealed for 2 hr at 250 °C under 1 torr H2 S/49 torr Ar
(a) and (b), powder pattern collected from the film (c), and standard powder pattern 
for Cui2 Sb4 S , 3  (d).
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along with standard powder pattern for Cui2 Sb4 Si3 . The sample powder pattern is a good 

match with the standard powder pattern, with no significant changes from the powder 

pattern collected from the as-deposited sample.

The morphology o f the Cui2 Sb4 Si3 films synthesized by the one-step method was 

significantly improved relative to the morphology o f the films produced by the two-step 

method in Appendix A. When exposed to atmosphere, these Cui2 Sb4 Si3 films took on a 

whitish hue. This change took place rapidly (hours to days) and is expected to be a result 

o f oxidation. Consequently no further characterization o f these films was carried out, and 

no assessment o f the optical and electrical properties o f these films was made. The band 

gap for copper-poor tetrahedrite has been calculated to be 1.2 eV, which is within the 

acceptable range for use in a single junction cell; however, the valence band is not filled 

and the compound exhibits metallic behavior. 6  It has also been reported that copper-poor 

tetrahedrite exhibits ionic conductivity at room temperature as a result o f mobile copper 

ions . 7  (See Chapter 2 for further details) Consequently, copper-poor tetrahedrite is not 

expected to be suitable for incorporation into PV devices. It is possible that varying 

deposition conditions (temperature) or post-deposition annealing conditions (temperature, 

gas composition, time) could produce other phases such as Cu3 SbS3 or Cu3 SbS4 , which 

are expected to be better candidates for PV applications. This has not been investigated 

and could be incorporated into future work.

i

Conclusions

Copper-poor tetrahedrite, Cui2 Sb4 Si3 , has been synthesized by reactive deposition 

on heated substrates. These thin films are phase-pure and smooth. They also undergo
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rapid oxidation upon exposure to air. No optical or electrical characterization o f  these 

films has been performed; consequently, the suitability o f these Cui2 Sb4 Si3 thin films for 

PV applications was not assessed. However, it has been reported that copper-poor 

tetrahedrite exhibits metallic behavior and is a room temperature ionic conductor, which 

would make it unsuitable for application in PV devices. The possibility o f varying 

deposition or annealing conditions to produce Cu3 SbS3 or Cu3 SbS4  has not been 

investigated.
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Appendix C. Current Density and Charge Density Data for 

Electrodeposition of Copper into Porous Aluminum Oxide Templates
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Figure C l. Current density traces for deposition into 24 pm deep pores recorded at 
the midpoint o f the deposition. Plots (a)-(d) sulfuric acid-anodized pores, plots (e)-(h) 
oxalic acid-anodized pores. Sine wave with reductive/oxidative polarity (a) and (e), 
and oxidative/reductive polarity (b) and (f). Square wave with reductive/oxidative 
polarity (c) and (g), and oxidative/reductive polarity (d) and (h).
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Figure C2. Charge density data for depositions into 24 pm deep sulfuric acid- 
anodized templates (a)-(d), and oxalic acid-anodized templates (e)-(h). Data in (a),
(b), (e) and (f) collected during sine wave depositions, data in (c), (d), (g) and (h) 
collected during square wave depositions. Plots (a), (c), (e) and (g) show net reductive 
charge, plots (b), (d), (f) and (h) show charge separated into oxidative (positive) and 
reductive (negative) components. Reductive/oxidative pulse polarity dark bars, 
oxidative/reductive pulse polarity light bars.
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