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ABSTRACT

Thin-film technology continues to evolve as it finds new technological spaces to fulfill that will
inevitably lead to an increased integration between society and technology. The aims of this
research are to push beyond the limits of thin film electronics to enable a new era of flexible
innovation. First, a self-oscillating energy harvesting boosting circuit was designed to understand
the demands of a flexible circuit used in this prospective application. The electrical elements of
the circuit which would practically and fundamentally inhibit its realization was closely examined
and investigated. In particular, these were the inductor and the transistor. The problem of the
inductor was approached by developing a design technique that will allow for an increased
inductance without increasing its effective occupied area. The theoretical and realized workings

of a fractal loop inductor is developed in this work.

Another major problem to address was the transistor. Before exploring the transistor, a
fundamental component of the thin-film transistor (TFT) was investigated: the metal-oxide-
semiconductor (MOS) structure, the region where the channel is formed. It is shown in this work
that, unlike in bulk semiconductor MOS structures, for ultrathin active layers that are used in TFTs,
fraditional capacitance-voltage (CV) modeling does not accurately captfure measured
behavior. In order to do so, the assumption that the thickness of semiconductor is greater than the
theoretical depletion width must be cast aside because it does not hold true for very thin-films. At
ultra-thin dimensions, the geometry of the fim plays a crucial part in the observed output CV
behavior. Starting from the Schréodinger-Poisson self-consistent model, modifications from the
traditional CV extraction methods were made that included both incorporating non-uniform
dopant concentration and changes in the charge centroid within the semiconductor active film.
The development of the model was crucial in estimating the behavior of the MOS interface for
more complex structures that were required to increase the performance of a novel TFT

architecture explored here.



An exploration of a novel TFT architecture was required because TFTs have been fundamentally
limited fo low power applications due fo its reliance on unipolar current tfransport and thus far
have only played the role of a simple switch in its commercial realization. In order to integrate TFTs
in high fidelity circuits, its power handling capabilities must be improved by utilizing bipolar current
transport which itself cannot be achieved conventionally in thin-film materials. As a proof-of-
principle, we demonstrated a bipolar tunneling junction thin-film fransistor (TJT) achieved with
hole-assisted enhanced electron tunneling in a thin metal/HfO2/n-ZnO/p-Si tri-heterojunction
modulated by a two-dimensional (2D) referred base. We began with initially exploring the nature
of the enhanced tunneling current observed by combining the modified CV model with the
Schrédinger-Poisson transfer matrix method. Unlike in previous MOS tunneling models that
investigated polysilicon gates, the MOS structure that made up the tunneling emitter used a true
metal. The model developed was adapted to take this account. It was found that the hole-
assisted enhanced tunneling current was a result of an effective barrier thinning of the barrier
oxide layer. This itself was a direct result of the probabilistic distribution of the tunneling electrons

at metal penetrating the oxide due to the presence of holes at the inverted semiconductor.

A basic compact model for the TJT was also developed to predict the output of a well-behaved
prototype and was experimentally supported. The resulting electrical characteristics of the device
include a maximum current density of at least 45 mA-mm-T at 3 V up to 115 mA-mm- at 10 V, the

combination thereof currently unmatched by modern TFTs.
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A schematic of the vertical approach from which the structure of this
work was inspired. Beginning from the highest level, Lv. 3, the
application space was defined by a boosting circuit. As we move
down to Lv. 2, we consider the important constituent components that
make up the circuit. The focus for Lv. 2 was the inductive element
along the transistor requirements. The most basic level and the
enabling level that is critical to the fidelity of the upper levelsis Lv. 1,
the device that serve as the key part to the overall circuit application
function.
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Figure 2.1: Proposed open-loop circuit schematic of a gain-varying
self-oscillating boost converter

Frequency response of the open-loop circuit with varying capacitance.
The frequency increases with capacitance due to critical coupling of
the varactor diode as it approaches its furn-on voltage. At 1 pF, the
varactor is nearly short-circuited leading to the saturation of the
oscillation frequency.

Gain response of an open-loop circuit with varying capacitance with
a normalized scale. The cut-off frequency ~110 MHz corresponded
with the 1 nF turn-on of the varactor capacitance where the gain only
minimally varied.
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The (a) fabricated base inductor and dimensional definitions; the set
of Tst order structures consisting of (b) 3 bases, (c) 5 bases, (d) 7 bases;
(e) the 2nd-30 order fractal and (f) the 3rd -30O order simulated fractal;
(g) an example of a conftrol (ctrl) structure: shown is the 3rd order series
equivalent.

Raw inductance measurement of the loop inductor and its subsequent
higher order fractal geometries using the Keithley 4200 SCS CVU.

L and R gain plot of all structures studied comparing inductance to
resistance normalised to the Oth/base loop. Here, the null gain line
represents no tradeoffs between resistance and inductance; points
that fall in the lower diagonal represents an inductance gain that is
greater than resistance for a given structure. The dashed line
emphasizes the L and R progression with respect to the original
fractals. The inset magnifies and highlights the structures exhibiting an
inductance gain; in particular, “wide” tag denotes that the electrode
width was double (2H) that of the original fractal; the “paths” tag
denotes the number of geometrically identical paths placed in
parallel with each other.
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Measured sheeft resistance and inductance per square analysis for
each fractal order based on 15t-30 geometry exiracted from (a) the
original structures and its equivalent series layout (control); and, (b)
with electrode width doubled from the original. Here, smaller black
bars and larger checkered bars mean higher inductance per square
area of resistance.

The essential geometrical parameters for the fractal dimensionality
approach. Here, the 15t-30 order is used as an example.
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Equivalent circuit model of a MOSCAP containing two capacitors in
series: COX which represents the capacitance arising for the insulator
and is constant throughout the voltage range, and CS representing
the channel capacitance which does vary with the gate voltage VG.

The structure of the circular MOSCAP (a) as in a top-down view; and a
cross-section slice of showing its constituent layers. In this work, the
substrate is sapphire, the active layeris a 30 nm of PEALD ZnO,
followed by PEALD HfO2 and Cr and the gate metal. The x direction
tfrackes the thickness or depth of the structure, while the r tracks the
lateral dimension.

The CV measurement of 58, 40 and 30 cycles of HFO2 measured from 0
V to 2 V at 10kHz frequency with an AC voltage of 30 mVAC. All three
cycles were grown on the same layer with the bottom adjacent layer
being 30 nm of PEALD ZnO.

Band diagram of accumulation-biased MOSCAP. The wavefunction
exists in quantized energy states and dictate the distribution of carriers
in the triangular well formed by the high barrier potential of the
dielectric layer and surface band banding of ZnO.

Schroédinger-Poisson self-consistent flow chart. Initial guesses are made
for both initial carrier and potential distribution and calculated first with
the Schrodinger equation. The solution is then applied to the Poisson-
equation. The carrier and the potential solution are combined to give
a revised solutfion. If the new potential correction is less that €, then the
solution is as accepted as self-consistent.

Comparison between measurement and conventional CV model for
(a) 58 cycles of HFO2; (b) 40 cycles; and (c) 30 cycles. Overall, the
fitting is demonstrably poor, even with the dielectric constant
corrected matching CACC. The main issue comes with the difference
in rate of depletion which cannot be explained by defects or parasitic
components alone.
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Deep depletion region comparison between measurement and
conventional CV model for (a) 58 cycles of HfO2; (b) 40 cycles; and
(c) 30 cycles. The absolute CMIN of both measured and model data
are in respectable agreement, implying that the defect level are not
heavily influencing the deep depletion region.

The dopant profile considered in this work include (a) uniform, which is
the most common assumption, and the non-uniform profiles which are
distributed (b) linearly and (c) exponentially. For the revised model,
non-uniform distribution had to be considered in order to predict the
CV behavior below 0.6V.

Using the modified model, various dopant profiles are simulated and
compared with deep depletion region for (a) 58 cycles of HfO2; (b) 40
cycles; and (c) 30 cycles measured data. Uniform distribution failed to
match CMIN, but a revised linear and exponential model showed
better fits including predicting the correct pivot voltage. The revised
non-uniform distributions are discussed in Section 4.2.5.

The 58 cycles HfO2 electron distribution within the ZnO active layer at
various applied biases VAPP. The overall distribution is shown in (a). A
magnified view within the first 5 nm from the surface is shown in (b) at
accumulation voltages and (c) is the overall distribution at voltages
from depletion to the onset of accumulation. The centroid at 2V is ~1.5
nm for 58 cycles.

The 40 cycles HfO2 electron distribution within the ZnO active layer at
various applied biases VAPP. The overall distribution is shown in (a). A
magnified view within the first 5 nm from the surface is shown in (b) at
accumulation voltages and (c) is the overall distribution at voltages
from depletion to the onset of accumulation. The centroid at 2V ~1.2 V
for 40 cycles.

The 30 cycles HfO2 electron distribution within the ZnO active layer at
various applied biases VAPP. The overall distribution is shown in (a). A
magnified view within the first 5 nm from the surface is shown in (b) at
accumulation voltages and (c) is the overall distribution at voltages
from depletion to the onset of accumulation. The centroid at 2V ~1.1 V
for 30 cycles.

An example of the carrier distribution at flatband for 30 cycles HfO2. In
a uniform distribution, the carriers also be uniform, but in an
exponentially-graded dopant profile, a ‘saddle-like’ electron
distribution is revealed.

Calculated centroids for (a) 58 cycles of HfO2; (b) 40 cycles; and (c)
30 cycles. As the voltage increases, the electrons become more
concentrated at the insulator-semiconductor interface but does not
reach interface due to quantum effects. The centroid location
increases as the field reverse pushing the electrons to the opposite
direction.
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The lowest energy level wavefunction and the quantum well formed
at 2V applied voltage for (a) 58 cycles of HfO2; (b) 40 cycles; and (c)
30 cycles measured data with respect to applied voltage at the gate.
Due to the quantum well formed from the band-bending of the
conduction can, the corresponding electrons are distributed
according to the wavefunction.

Comparison between measurement, conventional and modified CV
model for (a) 58 cycles of HfO2; (b) 40 cycles; and (c) 30 cycles. The
modified which takes intfo consideration both the geometrical
thickness of the film and an exponentially-graded doping shows a
much improved measured-model matching than the conventional CV
extraction method.

The geometrical interpretation of teff. The effective thickness for cases
exceeded the actual thickness of the film. However, since the field as
both a parallel tz and a perpendicular tr component, teff is interpreted
as the Pythagoras sum of these two components.

The revised dopant profile in PEALD ZnO that was distributed (a)
linearly and (b) exponentially. Ultimately, exponentially-graded profile
showed a better fit, but the important finding was that a highly doped
surface relative to the rest of the film was necessary in order to resolve
the CV behavior at lower voltages. The discontinuity x1 represents the
edge of the doped surface and the onset of the film's body. This
surface depth was tuned until an acceptable fit was achieved.

(a) A general schematic of a vertical MOSCAP with TALD ZnO grown
directly on an ohmic metal substrate Ru. The measured CV and CV
extracted from the model developed here are compared in (b). With
an ohmic contact directly interfaced with the active layer, the deep
depletion region showed much better fitting than when grown on an
insulating substrate.

The dopant profile which yielded the best fit for the TALD ZnO grown
ohmic substrate MOSCAP. At the Ohmic edge, the TALD ZnO film had
higher dopant concentration than the insulator edge.

Chapter 5

a) Shows the CV of n-TFT and n-MOSFET; b) the active thin-film of the
TFT operated at accumulation region where the channel is made of
maijority carriers; and c) the n-MOSFET operates in the inversion region
where the minority carrier doped regions at the source and drain
supplies the channel with minority carriers.

The MOSCAP structure simulated in Crosslight TCAD consisting of the
active layer n-ZnO on top of a p-Si substrate that behaves as a supply
for holes. A 4 nm HfO2 is deposited on top of n-ZnO to form the barrier
layer. The structure is completed with a base and emitter made of
Al/Au.
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The distribution of holes at the a) HfFO2/ZnO region isolated from the p-
Si holes source showing lateral uniformity and reaching hole
concentration of up to 1020 cm-3 at the 2D referred base; b) the hole
distribution of the full device from the onset of the p-Si control base to
the edge of collector contact biased at VEB = -5V.

The HfO2/n-ZnO/p-Si MOSCAP showing the (a) measured CV which is
consistent with proposed electrical operations. Furthermore,
conductance curve reveals that confrol over charge is maintained
beyond VEB <0 V before leakage degrades the GV. At VEB > 2V,
there is no control of charge during accumulation.

Simulated CV characteristics of the HfO2/n-ZnO/p-Si MOSCAP. Using
the modified Schrodinger-Poisson equation, the model predicted the
corrected inversion capacitance

Overview of the thin tunneling junction transistor (TJT) based on p-Si/n-
ZnO/HfO2 tri-heterojunction: a) the fabrication process layers
beginning from a bare p-Si substrate to the final metal layer; b) cross-
section of a completed device along with the key terminals including
the conftrol base, tunneling emitter and collector; ¢) achromatic
confocal microscopic top-view of a sample completed device; LOV =
Sum, LEC =10 um.

(a) The bias scheme of the TJT fo measure the tunneling current at the
emitter and, (b) the corresponding measured tunneling current
density. The tunneling emitter was operating at inversion. The voltage
where measured CV deviated from the expected CV is labeled as
“VON" and is the point where the p-Si/n-ZnO junction is turned on.

The dynamic band profile of the tunneling emitter as the applied
voltage VEB is varied from 0 V to 2 V. The barrier bends downward in
response to the negative bias and the ZnO conduction band edge
bends down as it gefs further depleted.

Tunneling current of the emitter was modeled using a Schrédinger-
Poisson transfer matrix method. There is significant mismatch between
measured and model at the calibration region (0V to -0.9 V) when
considering a 4 nm barrier thickness (the physical barrier thickness of
HfO2 layer).

Measured vs. simulated tunneling current for parameters affecting the
wave vector k. The original barrier profile (black line) was compared to
two cases: (a) Lowering the barrier potential (filled red circles) showed
a better fit but did not satisfactorily match the region of interest. (b)
Increasing the amount of barrier band bending (green filled friangles)
still underestimated the funneling current at the calibration region. (c)
The resultant funneling current generated by the model.
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The proposed interpretation Ax and the effective barrier thickness. In
(a), the barrier thickness is equal to the physical thickness of the HfO2
layer. In this model, the wave function of the metal barely penetrates
the barrier such that electrons primarily exist outside the barrier. On the
other hand, the discrepancy in the measured and the initial model is
rectified through Ax, it suggests that the metal electron wave function
penetrates the barrier by that difference. As shown in (b), this leads to
an effective thinning of the barrier.

The revised model that compensates Ax by effective thinning of the
barrier compared to the measured data and the previous models.
With the compensation, the revised model provided a strong match
with the calibration region. The model also predicts the tunneling
current density at voltages below -0.9 V where the current and
capacitance began to degrade. At 3V, the current density reaches
104 mA-mm-1.

Band diagram elaborating on the of Al/HfO2/ZnO/p-Si tri-
heterojunction during a) Equilibrium voltage where VB =0 V; b) ON-
state indicating the active charge region which determines the
minimum film thickness required for a p-type carrier source; and c) the
predicted carrier distributions showing the inversion layer or referred
base; d) OFF-state and e) the almost fully depleted majority carriers of
both ZnO and p-Si.

A demonstration of the (a) the device's operations where holes from
p-Si accumulate underneath the barrier to form the 2D referred base
and eventually inverting the ZnO, as a result, the subsequent
enhancement in electrons from the metals funneling through the HfO2
barrier layer occurs, which is eventually swept to the collector (b) A
band diagram illustration of the tunneling emitter at the HfO2-ZnO
interface during ON-state detailing the relevant parameters, the
charge transport and the effective barrier thickness.

The emitter’s tunneling current when n-ZnO is operating at inversion
(‘Holes’) and when it is operating without inversion (‘Depletion only’).
There is a clear effect difference in both the measured and modeled
case. In the former, the holes structure was almost 102 higher than the
depletion only structure. The mode predicts a difference of almost 105.
The cases with holes, the difference between the measured and the
model is a result of a junction leakage at VEB < ~-0.9V due fo the
turned-on p-Si/n-ZnO junction. This also effected the CV characteristics
where the measured capacitance decreased rapidly below the same
voltage.

The measured TJT family curves in common-emitter mode from VBE =

0V to 3V; (c) the tfransconductance of the TJT in the common-emitter
mode.
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The TJT circuit model based on Ebers-Moll highlighting the major
sources of non-idedlities to be corrected. This includes Gleak which
represents junction leakages at the base which are eventually
collected at the collector. RCE is the parasitic resistance between the
emitter and collector. The diodes DT1 and DT2 represent the tunneling
emitter and the referred-base-collector junctions, respectively.

The TJT's (a) differential emitter gain for the TJT used to calculate ¢,

for the compact model and (b) the estimated saturation current
independent of junction leakages extrapolated from the slope of the
measured current to when VC =0 V.

The simulated emitter family of curves based on the compact model
compared to the LEC = 10 ym TJT measured results. The goal of the
compact model was understand the behaviour of the TJT without the
affects of recombination affects of Gleak such that VCE sar = VBE.

The measured results for a LEC = 2 um TJT with the compact model.
Reducing the emitter to collector distance reduced both REC and the
current lost due to recombination. As VBE increases, the measured
datarevealed a lower tfransconductance than the predictions of the
compact model, indicating that additional some degradation in
current at higher base-emitter voltages.

Simulated distribution of (a) holes and (b) electrons from the on-set of
the emitter where the inversion channel is formed to the on-set of the
collector for various emitter-collector distances LEC. Some of the
advantages of a scaled LEC is a smaller recombination region and
shorter resistance path.

Measured family of emitter curves with improved isolation layer
between n-ZnO and p-Si at non-overlapping region. The devices
varied only in emitter-to-collector distances where (a) LEC =2 um, (b)
LEC =4 ym and (c) LEC = 8 um. VBE was taken from 0 V to 5 V.

With an improved silicon nifride layer, current leakage from of the p-Si
substrate to the collector electrode was minimized revealing
increasing current densities as LEC is shortened, suggesting that the
device can improve its performance at scaled dimensions.

Alternative proposed interpretation of Ax and the effective barrier

thickness. In (a) the ZnO electron wave function penetrates the barrier;

and, (b) both the metal and the ZnO distribution penetrate the barrier
by Ax,and Ax, . The sum of which gives Ax . These cases also lead to

an effective thinning of the barrier.
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Chapter 6

The TJT power rating density and current density performance
comparison to other devices normalized to the gate/base width. The
power rating was determined by extracting the highest drain/collector
current density at the highest drain/collector voltage provided by the
IV family curves of the corresponding literature. The ZnO/p-Si TJT is
shown to have a power rating of 3.81 VA-mm-1 and a current density
of 63.5 mA-mm-1, which is the highest for any TFT to date.

The TJT's current density can reach as high as 115 mA-mm-1 when
biased at a higher base voltage. In this case, the high density was
reached at a bias of 10 VBE and 80 VCE. The TJT did not exhibit
breakdown at these operating values and thus can be used for
applications requiring power tolerances.

Simply single-TJT boost converter layout. The TJThasa W =1 mm and a
LEC =2 um. In this design, the TJT acts as a switch to control the current
through the inductor. An external signal generator must be used to
apply a pulse signal to the base at “SIG". The spiral inductor was
designed to provide an inductance of 0.4 uH, with 40 turns with 10 um
wide electrodes spaced apart by 5 um. A ZnO Schottky diode and
MOSCAP are used as the rectifier and the ripple-reduction capacitor.
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1 INTRODUCTION

The impact of 20t century innovations in semiconductor electronics has lead to an
extraordinary era of accelerated growth in technology. High-tech progression since the past
century have been dictated by advancements in scaling silicon-based fransistors, the
dominant semiconductor material today. Silicon (Si) has also enabled the exploration of
alternative materials for application which itself cannof fulfill satisfactorily. It is understood to
be this way because, in order to meet the needs of the applicatfions it serves, silicon
electronics requires high material quality in ferms of crystallinity and high manufacturing
yield. The single crystal requirement to ensure how performance and manufacturing yield
increases processing cost significantly. Consequently, the design and development of
electronics as a whole is constrained by the non-conformal nature of the key semiconductor
material. Additional essential steps before productization include planarization, back-end
processing and packaging, the culmination of which can only be offset high extremely high-

volume manufacturing.

Therefore, the space which sc-Si and other single crystalline materials cannot sufficiently
compete are applications where 1) the electronic material need to be conformal and be
able to grow in a consistent manner on a wide variety of substrates; and 2) the production
volume need not be colossal proportions to be have a market that is sustainably profitable
(i.,e. on the scale of 100s of billions of dollars). Flexibility and substrate-independent material
synthesis are often intertwined to mean electronics that can be built on any media, such as
plastics, glass, etc., on which the electronic materials can conform, even when distorted.
One such technology is the emerging field of thin-film electronics and its application space.
The common thread between these applications is the absolute requirement of low-cost
production that is not strongly dependent on the extremely high-volume production, as

required with silicon electronics. In terms of manufacturing, this means that the cost of the



raw material must be reasonably low and the subsequent cost of the infrastructure to build
the technology, starting from synthesizing the materials all the way to fabricating the circuit,

must remain economical at both low- and high-volume production.

Candidate class of materials that have been proposed and explored to meet these
demands are metal oxide semiconductors and organics. Both have shown recent
commercial success in the flat display technology that foday is driven by the mobile market.
Inspired by this on-going success, metal oxides and organics are currently being highly
pursued for other large area applications which encompasses conformal, biomedical and

disposal electronics.

1.1 TOWARDS A HIGHLY INTEGRATED WORLD

The impetus of the research done here is to bring us closer to the post-modern vision of a
deeper relationship between society and technology by pushing towards their more
infimate integration. Biocompatible metal oxide semiconductors enable this push due to its
abundance and ease of processibility. Metal oxides can be manufactured at low-cost due
fo compromises made with material crystallinity. By eliminated the need for single
crystallinity, processes requiring high temperatures are circumvented resulting in much lower
costs. It is under this context where metal oxides show promise: in comparison to non-sc-Si,
non-single crystalline metal oxide semiconductors perform much better with key meftrics

such as mobility and stability [1].

This work was inspired by a vertical approach where the design of the electrical components
were guided by the needs of the application. Figure 1.1 gives an illustrative overview of all
the subjects of interest investigated and their relationship to each other within this body of

work.

An aggressive goal was set with the intention advancing past the current limits of thin-film

technology, particularly the thin-film fransistor (TFT). Practically speaking, the first step was to
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define a Level 3 (Lv. 3) category need. Here, a circuit function that thin-film devices can
undeniably fulfill when pushed to its limits was chosen. The chosen technology was a signal
boosting self-regulating circuit designed for an unstable input supply commonly found in
alternative energy sources. A patent was also awarded for this work!. The second step was
to examine all the electrical elements that make the circuit and deduce which was a
challenging task to accomplish (Lv. 2). The third and what is really the true scientific and
engineering purpose of this pursuit is to develop and realize the components demanded by

this simple but potentially powerful circuit (Lv. 1).

* Background
* Boosting circuit

Circuits

* Transistor Requirements

Elements * Fractal Inductor

» Architecture
* Device Characteristics
* Further Improvements

Figure 1.1: A schematic of the vertical approach from which the structure of this work was inspired. Beginning
from the highest level, Lv. 3, the application space was defined by a boosting circuit. As we move down to Lv.
2, we consider the important constituent components that make up the circuit. The focus for Lv. 2 was the
inductive element along the transistor requirements. The most basic level and the enabling level that is critical
to the fidelity of the upper levelsis Lv. 1, the device that serve as the key part to the overall circuit application
function.

! Barlage, Douglas, and Lhing Gem Kim Shoute. "Frequency dependent analog boost converter for low voltage applications.” U.S.
Patent No. 9,397,561. 19 Jul. 2016.

3



In the end, the circuit under development in this work itself represents the vast multitudes of
electronics, including other circuits, used ubiquitously in a increasing technically savvy world.
These same technologies are now evolving flexible and printable capabilities and it is the

aim of this research to find a technological space for it to thrive.

1.2 Low CosT & FLEXIBLE CIRCUITS FOR DIRECT INTEGRATION

What is currently marketed as “flexible electronics” is an ambitious futuristic goal where
electronics becomes even more integrated in our everyday lives. A proposed flexible device
will only ever find success in the commercial space if it can achieve a balance a sustainable
cost of manufacturing that can manage wide volume bandwidth. Critical to enabling this is
low temperature processing of the constituent materials which in turn infroduces significant

cost-savings in the manufacturing infrastructure.

One practical and important feature of flexible electronics is its ability to directly integrate
an enfire circuit fo an existing fechnology. Although flexible circuits are currently being
pursued for application in bio-sensing on living mediums, some equally important
applications are the amplification of electrical signals of established and emerging
technologies such as acoustic imaging tools and alternative energy sources. For instance,
capacitive and piezoelectric micromachined ultrasound transducers are emerging
diagnostics tools which all require an external circuit of signal amplification. This is usually
fulfiled by CMOS technology, but it remains expensive and is met with a multitude of issues
related to, for example, bonding and signal routing. Similarly, energy sources, such as solar

cells exhibit in principle the same problem [2].

These signal sources although having a promising future, suffer from a similar challenge: an
unstable input source. DC-DC converters and amplifiers can be utilized as a stabilizing circuit;
and, in the case of the well-known boosting topology, a low varying input voltage can be

boosted to provide a stable output voltage capable of delivering the required potential for



a multitude of applications. The challenge in making a truly flexible circuit lies in creating an
analog circuit that can self-regulate itself without the need of a digitally assisted modulation.

Such a circuit was developed here.

1.3 SINGLE LAYER FRACTAL INDUCTOR

The pursuit of simplification of monolithic circuitry, for infegrated implementation in printed
and flexible/stretchable circuits urges the need for renewed interest in single layer planar
geometries for passive components. A comprehensive and insightful investigation of known,
mathematically defined fractal space-filing curved geometries was carried out in [4]. In
addition to fractals already studied by Lazarus, et al. (2014), we investigate merits of a loop-
based fractal structure in obtaining an appreciable inductance given two important
restrictions: that it occupies the same physical design space and, more critically, that it

requires only a single fabrication layer.

While the spiral inductor is ubiquitously utilized for a multitude of applications, it nonetheless
requires at least two layers or an air bridge to be used in a network [5], limiting its use for low-
cost circuits. Previously examined alternative single layer planar geometries include the
common “loop” and the "meander.” However, adjacent electrodes and anti-parallel
current pathway lead to an early resonance because of an overwhelming capacitive
coupling [6]. The loop inductor, on the other hand, does not exhibit this disadvantage as

strongly [7].

Nevertheless, as in most inductors, the major drawback is the surface area, arising mainly
due to the planar structure’s poor ability to couple magnetically for better inductive
performance. For this reason, we implemented a simple geometrical strategy through
fractalization to increase this parameter. Fractals have shown promise for novel fransformers,
antennas layouts, and even used in the metamaterials design space [8,9.10]. The most

successful utilization was in the construction of fractal capacitors, which included design



and optimisation [11]. In this part of the research, sub-200 nm metal films for inductors are
studied In order to ensure a satisfactory level of flexibility in related applications. In confrast
to CMOS inductors, metal thicknesses of 23 um are usually used. We report the quality factor
at sub-200 nm thickness and also normalize them to thicknesses more commonly reported.
The fractal loop inductor will be realized ultimately at the thin-film range since for deposition
on flexible substrates, while 1 um are possible with notable limitations [12], sub-200 nm metal

films show higher cracking-resilience [13,14].

1.4 THIN-FILM BIPOLAR JUNCTION TRANSISTOR

The infroduction of a nanocrystalline, disordered semiconductor paved way to the rapid
emergence of a new generation of thin-fiim flexible devices [15]. To further enable thin-film
flexible electronics to its maximum potential and beyond the low power limit, a high current
density thin-film transistor (TFT) is essential. In order to so, a transistor with true bipolar junction
fransport must be developed due to the numerous advantages the bipolar junction
tfransistor (BJT) has over the field-effect transistor (FET). An important advantage is that at
more relaxed dimensions, the BJT can still have relatively high frequency performance, along
with higher current density and transconductance. Furthermore, in contrast to today’s TFTs,
a BJT architecture provides better stand-off voltage due to the pn-junctions present
between the base and emitter and the base and collector. Asymmetrical junctions, of

course, are absent in present day TFTs.

Before this was explored, extensive work was dedicated to understanding the behavior of
key parts of the device, namely the metal-oxide-semiconductor heterojunction. A model for
the capacitance and tunneling characteristics is developed and explored using
Schrédinger-Poisson  self-consistency  methods. The  capacitance-voltage  (CV)
characteristics of the metal-oxide-semiconductor capacitor are modeled and compared

with the experimental behavior of the majority carriers of the thin-film semiconductor. A



revision of traditional Schrédinger-Poisson CV extraction was required to consider the
geometrical case where the thickness of the active layer is thinner than the theoretical
depletion width for a given bias. The insight from the CV modeling is then used to understand
the bias distribution of over the metal-oxide-semiconductor (MOS) heterojunction. With this
understanding in hand, the workings of such a transistor is then infroduced by taking
advantage of a unique hole-assisted electron tunneling phenomena coupled with the
unique interfacial properties of an ultrathin heterojunction. By using thin-film zinc oxide (ZnO),
in conjunction with the p-type hole source and hafnium oxide (HfO2) barrier layer and a
metal as a source of carriers, we infroduce a novel thin film bipolar transistor architecture:
the thin-fiilm tunneling junction transistor (TJT). A Schrédinger-Poisson interpretation of a true
metal MOS tunneling characteristics is developed to understand this phenomenon based
on Schottky barrier tunneling instead of the well-studied poly-silicon gate based MOS

structures.

The TJT built experimentally was also rudimentarily modeled to extrapolate its potential.
Several iterations of the TJT was built and measured based on the suggestions of the model
leading fo incremental improvements of the device. In particular, parameters affecting
safuration characteristics and leakages resulting from the profotype structures are further

improved to reach a more ideal electrical performance.

1.5 MARKET POTENTIAL

Displays are predominantly based on polysilicon and amorphous silicon switches but since
2013 indium gallium zinc oxide (IGZO) displays have become commercially available. IGZO
since 2004 has been a widely researched amorphous semiconductor which has boosted the

interest in flexible electronics2. The two major tfechnology to take advantage of these

2 Nomura, Keniji, et al. "Room-temperature fabrication of fransparent flexible thin-film transistors using amorphous oxide
semiconductors.” Nature 432.7016 (2004): 488-492.



properties are light-emitting diode based displays, which will eventually account for 35% of
the market share and sensor applications, accounting for 32% of the share3. By 2018, it is
predicted that the flexible, printable and organic market will reach up to $10 billion4.
Although a significant figure, its commercial ceiling stems from the low power limit of all these
devices. The work presented here is an attempt to break the low power limit and to further
enable thin-film technology into new frontiers by introducing a novel TFT architecture with

improved performance over conventional MOSFET-based TFTs.

To summarize the first step was to design a need—a circuit that serves a function in which
thin-film devices can undeniably fulfill. In this case, the chosen technology was a signal
boosting self-regulating circuit designed for an unstable input supply commonly found in
alternative energy sources. The second step was to examine all the electrical elements that
make the circuit and deduce which is the most difficult to solve or accomplish. The third and
what is really the true scientific and engineering purpose of this pursuit is to develop and

realize the components demanded by this simple but potentially powerful circuit.

Each chapter which investigated a component of the circuit followed a general format in
spirit of the vertical approach. That is, the device of interest was both initially fabricated and
experimentally measured. This was followed by a model dedicated to understanding its

behavior and using the model to predict how future improvements could be made.

In the end, the circuit and its components under development in this work is a representation
of the vast multitudes of electronics, including other circuits, used ubiquitously in a rapidly
advancing society. These same fechnologies are now evolving flexible and printable

capabilities and it is the aim of this research to find a technological space for it to thrive.

3 http://www.electronics.ca/store/printed-organic-flexible-electronics-market-forecasts.ntmil

4 http://www.marketsandmarkets.com/PressReleases/thin-film-material.asp
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2 CIRCUIT DESIGN FOR A SELF-OSCILLATING
BOOST CONVERTER

2.1 BACKGROUND

Pulse-width modulation (PWM) converters dominate the field of power systems primarily due
to its circuit simplicity and ability to offer a voltage gain greater than unity [16]. More
specifically, this is offered by the boost converter topology. Typically, such a circuit consists
of the inductor and a switch responsible for the voltage boost, with a rectifying device and
a ripple-minimizing capacitor. The gain of the overall circuit is strictly dependent on the
nature of the waveform fed to the switching semiconductor device—the transistor; two
approaches in particular have been examined: the fixed-frequency/varying pulse-width or
PWM converters, and the varying-frequency/fixed pulse-width or resonant converters. The
most common method of dictafing the switching behaviour of the boosting circuit’s
fransistor is through an extrinsic source, usually in form of a digital microcontroller (MCU). The
incompatibility between a digitally driven switch and the pursuit of circuits operational af
higher frequencies lies in the latter’'s objective to minimize both the area employed by the
circuit and its bulk costs [17]. To further elaborate, if localized boosting is required for an
unstable source, large boosting arrays can be placed at on any compatible media at

reduced costs if we eliminate the need for an MCU, thereby reducing the cost of fabrication.

The dependence of an external driver for the transistor is eliminated in a resonant converter.
In such a converter, the LC network causing the self-oscillation at resonance is implemented
within the circuit, which in turn determines the switching behaviour. It is also operable at
higher frequencies which allows for the miniaturization of component size, making it ideal for
integrated circuit applications [18]. Unforfunately, these class of converters poses the gain

limitation of at most unity, which is achieved only at resonance.



In order to address both the problem of self-regulation and circuit compactness, the studied
boost converter was designed for the frequency range designated “very high” (VHF) which
spans from 30MHz to 300MHz. The frequency range of TFTs foday range from 10 kHz to 1 MHz
due to their low current throughput. Due to the low frequency of operation, the inductive
component must be very large making more difficult o make large arrays of converters
within a confined space. To address this transistor limitation, it is necessary to design a TFT
architecture that pushes the current density, thus also increasing the frequency response, to

minimize the size of reactive components such as inductors and capacitors.

2.2 CIRCUIT TOPOLOGY

In essence, a frequency-dependent gain boost converter is realized with the proposed
fopology (Figure 2.1). As previously stated, it contains the cardinal DC-DC converter
components including the inductor (L1), the switching semiconductor device (Mswich)—the
field-effect transistor (FET), the rectifying diode (D1) and a ripple-free capacitor (C2). The

output terminal (Tour) is taken at the positive terminal of C2 (5).
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Figure 2.1: Proposed open-loop circuit schematic of a gain-varying self-oscillating boost converter. The
inductive component L1 and the fransistors Mosc and Mswircw are of particular interest for realizing circuit using
thin-film components.




The self-oscillating network comprises of a capacitor (C1) and resistor (R1) in parallel with
their low-terminal (4) connected directly to the gate of the second switch (Mosc), a third
input capacitor (CO) placed in parallel with the input source and, finally, a varactor (VC1)
sifuated between the onset of the inductor (2) and the circuit’s input terminal (Tiv). The gate
of Mswircn is tied to the drain of Mosc (2). Introducing the varactor into the overall LC-network
allows for the modulation of the self-oscillating frequency which dictates the gain of the
circuit. It should be noted that the varactor is oriented such that a higher applied voltage
results in an increase of capacitance, while a lower voltage exhibits the opposite effect. The

varactor's capacitance is varied according to the voltage applied at (1) with respect to (2).

2.3 OPERATIONS AND PERFORMANCE DEMANDS

2.3.1 VOLTAGE GAIN

At lower capacitance and therefore increased current coupling, the peak-voltage of the
pulse applied at the gate of Mswircr is greater than at larger values. As a result, the variance
of the gain of the boost converter is obtained because the bias of the MswrcH gate also
varies, which in turn conftrols the current throughput. In general, if the signal feeds a higher

peak-voltage, the greater the gain and vice versa for lower on-state-voltage values.

In the open-loop configuration, the varactor’'s value is determined by the variable input
voltage source. It is oriented such that at higher input voltages, a higher capacitance value
is adopted; the converse is true for lower input voltages. As shown in Figure 2.2, capacitance
and the corresponding frequency is positively correlated. The frequency was normalized to

30 MHz (lowest frequency) and the capacitance was normalized to 1 nF.

A detailed example of operation is as follows: the boost converter operates at some self-
oscillating frequency and provides its corresponding gain at Tour when a certain voltage is
experienced at Tin at fime fo. When the varying input voltage source provides a higher

potential at Tiv at a time t; greater than to, the depletion width of the varactor is subsequently
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decreased, which in turn increases capacitance. This rise in the overall capacitance of the
circuit af t1 results in the increase of the self-oscillating frequency, causing Tout to experience

a reduced gain.

Similarly, a lower input voltage at Tin results in the narrowing of the depletion width of the
varactor, leading to lower capacitance and operating frequency, which consequently
increases the voltage gain. It is worth mentioning again that the operation of the varactor
described above is the reverse of the behaviour that is traditionally expected given the
external stimulus. However, the desired mechanism of operation is consistently observed

even in conventional active devices and can be exploited accordingly.

This behavior also further elaborates on why the frequency of oscillation rose at larger
capacitance values: the capacitance increase indicated the thinning of the depletion
width of the varactor device. Understanding this as a diode, the decrease in the depletion
width corresponds with the varactor turning on. Hence after approximately 1 nF, the
frequency oscillation began to saturate due to the nigh short-circuit state which the varactor

diode operates beyond this point.

Bias sensitivity in the varactor is, of course, advantageous. The variance of the varactor
capacitance with respect to its bias requires the oscillation of the converter to be highly
sensitive to miniscule capacitive changes to attain a wider range of achievable gain.

Examination of gain versus capacitance shown in Figure 2.3.

The domain representing capacitance spans from 0.5 nF at the highest gain to 10 nF atf the
lowest gain, with the most sensitive region spanning from 0.5 nF to 1 nF. At higher
capacitance values, the varactor diode is turned on leading to the suggestion from Figure
2.2 that the highest frequency that the converter components need to operate at is
approximately 110 MHz. The transistor must also be able to properly operate at 60 MHz to be

able achieve the full gain range (from ~4.5 V/V to 2 V/V).



140 7
120 1 ®
100 1 ©)

80

FREQUENCY (hHz)

40 1

20 1

0 — I— — ——
0.01 0.1 1 10 100
CAPACITANCE (nF)

Figure 2.2: Frequency response of the open-loop circuit with varying capacitance. The frequency increases
with capacitance due to critical coupling of the varactor diode as it approaches ifs turn-on voltage. Af 1
pF, the varactor is nearly short-circuited leading fo the saturation of the oscillation frequency.
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Figure 2.3: Gain response of an open-loop circuit with varying capacitance with a normalized scale. The cut-
off frequency ~110 MHz corresponded with the 1 nF turn-on of the varactor capacitance where the gain only
minimally varied.



2.3.2 ELEMENTAL METRICS

From simulations, particularly for the inductor and the transistor certain performance metrics
were required in order to perform properly. For the inductor, the circuit required an
inductance of at least 50 nH with a minimal resistance of at most 5 Q. The minimal transistor
requirements are transconductance of at least 15 yA/V2, a drain resistance of 10 Q, a
junction capacitance of at least 1pF, and turn-on voltage of 0.2 V. Finally, because the gain
improved af lower oscillating frequency and with gain variance being limited af beyond 110
MHz, we require a TFT that can operate from 60 MHz to 110 MHz to take advantage of the

full gain range.

2.3.3 ALTERNATIVE GAIN MECHANISM: USING A TUNNELING EMITTER BIPOLAR TRANSISTOR

In principle, the MOSFETs Mswirch and Mosc can easily be replaced by bipolar junction
fransistors, and their operations will be more or less the same. This solution may be favourable
and more realistic since the key operations behind the voltage gain is the increased
coupling of the inductor with the input source, as dictated by the capacitance between
these two terminals. Because of this, the range of varying capacitance demanded of the

varactor is very high, spanning just over an order..

2.4 CONCLUSION

The discrete systems illustrated above coalesce to provide the desired self-oscillating boost
converter for low voltage applications. For example, it can be utilized to drive or charge a
variety of devices requiring a specific voltage. It is also possible for use in the stabilization of
variable input sources. By understanding the operations of the boosting circuit, we gained
insight on the demands of its individual components. What is especially essential is the that
the active transistor devices be able o manage the high current throughput and sustain the
relatively large oscillating frequency ranging from 60 MHz to110 MHz. Moving forward, this

study serves as a guidance for what the performance targets that key components must
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reach in order to ensure the operation of the self-oscillating boost converter, and other

potential high fidelity circuits.

In the next section, we developed the inductive component. Inductors are critical to the
operation of the boost converter, but also in a variety of other applications, such as
communication circuits. Consistent with the goal of this work, a planar fractal inductor was

experimental developed and modeled to evaluate the performance of thin-film inductors.



3 PLANAR INDUCTOR DESIGN USING FRACTAL
LOOP GEOMETRIES

3.1 BACKGROUND

We examined the fractal derivations of the original loop due to its space filing properties
[19]; whilst the arrangement still essentially occupies the same space. The fractal loop was
chosen due to its lower capacitance coupling of the adjacent electrodes relative to what
was observed for meander geometries. All structures studied are compared against each
other in an all-inclusive inductance versus resistance or “L and R” gain plot. The aim of this
consolidation is to demonstrate which strategies are worth pursuing for further investigations
within the loop-fractal family. We achieve this by infroducing an “Inductance gain” Figure
of merit (FOM). Because higher order fractals result in a lengthened conductive pathway,
both self-inductance, the inductance from an individual loop, and mutual inductance, the
inductance from interacting magnetic field of proximal electrodes is enhanced
[20,21].Consequently, it is crucial that the signal’s magnetic component is able to inferact

with the coupling features of the geometry.

3.2 FRACTAL DEFINITIONS

Naming conventions for fractal geometries are explicitly defined in accordance with
mathematical definitions [22]. A simple loop inductor was used as the base geometry from
which all fractal configurations are derived. The associated nomenclature of the fractal
geometry is determined by the amount of recursion within the effective planar area of the
original structure [23]. For instance, the “30" fractal is equivalent to three base structures
oriented such that the overall outline resembles the base. These configurations are studied
to determine the optimal geometry to be set as the “first order” fractal; i.e. the first fractal
derivative of the base structure. Furthermore, one of these structures is chosen for further

recursion to create a 2nd order structure, and once more to yield a 3rd order structure. All
16



structures were fabricated on a borofloat glass substrate with an adhesion chrome layer of
30 nm, followed by a 150 nm gold layer. Figure 3.1a is an example of fabricated inductor
taken with an optical microscope. The inductor layouts for the other realized structures are
shown from Figure 3.1b to f, with the Figure 3.1f being an example of the simulated layout in
KeySight's EM Design Tool, taken directly from the gds layout file used for the constructing
the mask. The equivalent series layouts for each fractal order were also evaluated; an

example is given in Figure 3.1g for the 3rd order.

(@} Bazaii™ ordar {b) 1030 [eh 1% .50

¥

{d) 1% .70 e} 2 order {F) 37 ordes

pmﬁmﬁmmmq
(g} 3™ order =eries equivalent (crl)

Figure 3.1: The (a) fabricated base inductor and dimensional definitions; the set of 1st order structures consisting
of (b) 3 bases, (c) 5 bases, (d) 7 bases; (e) the 2nd-30 order fractal and (f) the 3@ -30 order simulated fractal;
(g) an example of a control (ctrl) structure: shown is the 3rd order series equivalent.

3.3 EFFECT OF FRACTALIZATION

Raw inductance measurements L are shown in Table 3.1, with a margin of error dependent
on probe placement. With respect to the base 0 order fractal, increasing both the amount
of recursion (for the 1st order) and fractal order was met with an improved inductance but
added resistance R. The raw values of inductance and resistance are normalized to the

base loop value and shown in Figure 3.2. Without any resistance reduction strategies, the
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resistance from the base to the highest order amplifies more so than the inductance: 12.6

fimes in resistance, and 9.9 times in inductance. These trends are also revealed in Figure 3.3

connected by a dashed line.

Table 3.1: Raw inductance and resistance

Inductance L Resistance R
Fractal Order
+1.0 nH $0.5Q
Base/0™M 4.6 5.0
'|5T
30 8.6 10.5
50 11.0 11.6
70 12.9 17.3
2nd 19.2 23.2
3rd 44.7 63.5
50
] I e
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Figure 3.2: Raw inductance measurement of the loop inductor and
itfs subsequent higher order fractal geometries using the Keithley
4200 SCS CVU.

When this frend is compared to other fractal geometries, for example the Hilbert fractal of
[24] and [25] which adopted a meander configuration as its second order structure, from
“2nd order” to "5t order” both the inductance and effective area occupied increased five
fimes, where for the loop base structure studied here to the 3@ order, the inductance

improved 9.9 fimes while essentially maintaining the same occupied space. These structures
18



also compare favorably to the extensive study done by Lazarus, et al. (2014) when the

normalised for electrode thicknesses.

For example, the base inductance is measured at 4.6 nH with a resistance of 5 Q; and, we
observed a 3 order inductance of 44.7 nH at 63.5 Q. Self-inductance alone does not
sufficiently explain the increase. Thus we must attribute the increase to the mutual
inductance that the fractal oriented loops fosters and which the current simulation tool is
unable to predict. To further investigate the extent of the mutual magnetic coupling and
explain the discrepancies, we described the structure using known models for determining

inductance. These models are summarized in the following.

Considering the conftribution of the geometry’s self-inductance to the overall inductance
rating, with ¢’ being the angular limits of the loop and C being the full circumference of a
single loop given a radius r, we can approximate it using the following model for circular

loops, an example described by Clayton (2010):

H
2 T2 - )
L _ Ko f f 1 f a“cos ¢ (a —rcos ¢) do | rardg’ (3.1)
self ~ on ™ Jocor 2 o n 3
PYRESEEY $=0(a? + r2 — 2ar cos )2
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Which can be further approximated to [19]:
UoC 8nr 7 8nr (3.2)
Ly =5 U (57) ~ 157 ()

For higher order fractals, since each recursion is simply scaled accordingly, we can arrive at
a rough estimate by first evaluating the self-inductance of a single scaled-down loop using
(3.2), then multiplying by the number of copies within the structure. The rough mutual

inductance estimate is then:

M =L— Ly (3.3)



As previously mentfioned, the non-linear increase suggested a mutual magnetic coupling
which goes beyond simply the increase of the effective length as shown in Table 3.2. To
elaborate further, a possible reason for the discrepancy between the simulated and
measured inductance can be explained in terms of the mode of field that interacts with
structure. Because the EM simulation tool excites the planar structure in the fransverse
electric mode, we can sfill accurately arrive at the resistance values which closely match
measurements. The discrepancy in the inductance between measurement and simulation
is thought to be from the transverse magnetic field. Further to that, the capacitance-
voltage unit (CVU) of the Keithley 4200 SCS tool is not obstructed by reflections and
subsequent mis-measurement from unaccounted for modes. The advantage of this
measurement technique being that the CVU forces current and measures the voltage with
a phase differences in order to decouple both signals making it independent of load
mismatches. Furthermore, the technique also does not discriminate any EM modes. Thus, the
inductance measured from this unit can be considered to capture the true inductance of

the element including fractal effects.
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Table 3.2: Dimensional properties, self-inductance Lser and mutual
inductance M

* Sim.
Order Nt LWxH* (mm) r(um) Lserr (NH) M (nH)
L (nH)
oth 1 1.6x1.6x0.30 770 3.6 2.6 2.0
st
30 3 1.6x2.2x0.13 365 4.2 34 5.0
4.2
50 5 1.7x1.3x0.12 273 4.6 6.7
4.4
70 7 1.8x1.9x0.10 208 5.0 8.4
2nd 9 1.7x2.3x0.06 171 5.3 5.0 14.1
3 27% 1.8x2.4x0.03 100 6.8 9.2 35.5

*See Figure 1a for definitions

N is the number loops for a given order if the loop were not a diluted fractal.

3.4 INDUCTANCE QUALITY GAIN FIGURE OF MERIT

The quality factor Q must be improved at the thicknesses investigated here (180 nm). In order
to more accurately compare Q with competing planar inductors, we needed decrease the

resistance without compromising inductance.

R

caled

tscaled = Rl 80nmtl 80nm ( 3 .4)

From equation (3.2), inductance does not heavily depend on electrode thickness f.
Conversely, the resistance is inversely proportional to f asin equation (3.4). These claims were
confirmed by simulation for all structures shown in Figure 3.1, with the only modification being

an order increase by t. The Q and scaled Qscaled at 1 GHz are shown in Table 3.3.

To determine which geomeftry provided a better relative inductance rating over its
associated resistance, we define an “Inductance quality gain” figure of merit. Ainductance

quality gain is achieved when the normalized inductance rating falls in the lower diagonall
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of the "“Unity gain” or G = 1 line, while resistance gain will fall on the upper diagonal. Unity

gain is defined as:

Where:

G.:= G > 1 Inductance gain (Lower diagonal)

G,

G

_ LRO_l
" Gg Ly R

(3.5)

Gr:= G < 1 Resistance gain (Upper diagonal)

(3.60)

(b)

All geometries and configurations discussed in this study are compared with each other

using this FOM in Figure 3.3 and evaluated for the original and doubled width structures in

Table 3.3.

[
[4)]

[ Resistance gain Gr . . o
[ 3rd-30 series %é\“_
= 30 equivalent \)“\’N —
x L —— Unity gain line G =1 _—
o 25 [ = = Original fractal progession 6 —
3 L ® Unfavourable G=1 5 F 2nd-30 order. - )
& [ <  Favourable G=1 F o _—1st-30 series
+ 20 4 F 2 paths 1st-70 equivalent
g 2nd-30 ord @ 3 [ 3paths . ©
2 C nd-30 order 3430 = 2 f i o
o F o [ 4 paths XX 1st-30 - ] 3
<18 1st- order 2_t 5 paths e * 1st-50 3rd-30 wide
) C . ) < 2nd-30 wide
© 10 F 1st-50 P 1 F & 1st-30 wide
£ F o E _— Base/Otl
5 E 1st-30 ”,'.an_ao series 0 B Bal lllhl PR S S S T T Y S S S S N N S R N
= 5 [Base et equivalent 0 1 2 3 4 5 6
H/0th] (£~ 2631430 wide L/Ls .
o L% omdzowide ., | |mucenceesing
0 5 10 15 20 25 30 35

Normalised Inductance (L/Lo)

Figure 3.3: L and R gain plot of all structures studied comparing inductance to resistance normalised to the
Oth/base loop. Here, the null gain line represents no tradeoffs between resistance and inductance; points that
fall in the lower diagonal represents an inductance gain that is greater than resistance for a given structure.
The dashed line emphasizes the L and R progression with respect to the original fractals. The inset magnifies and
highlights the structures exhibiting an inductance gain; in particular, “wide” tag denotes that the electrode
width was double (2H) that of the original fractal; the “paths” tag denotes the number of geometrically
identical paths placed in parallel with each other.
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Table 3.3: Quality Factor at 1 GHz at flexible thickness (180 nm)
and scaled thickness (1.8 um) and inductance gain FOM G for
the original O and doubled-width W structures for 180 nm
electrode thickness

Q G
Fractal Qscaled
Order t=180nm  fscaled = 1.8 ym o W
ot 5.8 57.8 1.0
'|51
30 52 51.5 0.9 1.5
50 6.5 65.0 1.1 -
70 4.7 46.5 0.8 -
2nd 5.2 52.0 0.9 2.3
3d 4.4 44.2 0.8 1.9

We conclude that the 3@ wide inductor showed the most promise because it optimized both
the inductance and resistance metrics, with the 2nd coming second. We posit that the nature
of the 39 order fractal, and the fractal strategy in general, is able to maintain a high
inductance per sheet rating because the geometry which includes recursive loops in close
proximity to each otheris conducive to mutual magnetic coupling; and, though placing the
loops in series also demonstrated excellent coupling, because its effective length is longer
than its fractal equivalent and its electrode width is a fraction of the original loop, these

structures showed much higher sheet resistance.

3.5 SHEET RESISTANCE

Because we emphasize the planar aspect of the inductors examined here, especially in low-
cost applications which would restrict the fabrication process to a single layer, the sheet
properties of the inductors are examined. For applications where conductor consumption is

a concern, we also examine the conductor area taken up by each structure.
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Sheet resistance analysis at a thickness of 180 nm in Figure 3.4a revealed that for the first two
orders, the resistance per square was lower than the basic loop inductor, up until 3rd order
fractal which exhibited a slight degradation. However, when comparing the sheet
resistance to the measured inductance (inductance per square) for each geometry, a clear
improvement is observed. In the same figure, the series configuration (control) was also
contrasted with the equivalent series layout (Figure 3.4a). The assessed sheet resistance was
consistently higher with the series equivalents than its comparable fractal structure. In
addition, the inductance per sheet resistance for the control also produced poorer ratings,
with the exception of the 3@ order equivalent structure. Any observed improvements in the
sheet resistance is a result of the effective lengthening and narrowing of the electrode as

the fractal increases in order.

()

0.5 . Il Sheet resistance 250
| Inductance per sheet

= Sheet resistance (control)
=v¥¢= Inductance per sheet (control)

0.4 200

0.3 150

T
Sheet Resistance (Q/7)
nductance per sheet (nH+/Q)

0.2 100 =

0.1 50
0.0 0 0
3
Order

Figure 3.4: Measured sheet resistance and inductance per square analysis for each fractal order based on
1s:-30 geometry extracted from (a) the original structures and its equivalent series layout (control); and, (b)
with electrode width doubled from the original. Here, smaller black bars and larger checkered bars mean
higher inductance per square area of resistance.
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The effect of doubling the electrode width (from H to 2H) for all fractal orders higher than
zero is also shown in Figure 3.4b. While for the 3@ order the inductance decreased by
approximately half of the original amount, the resistance fell to under a quarter of the
original electrode width. Furthermore, we found that doubling the electrode width had
dramatically reduced the effective sheet resistance at higher orders. In other words, the

actual resistance reduced faster than the number of squares from a geometrical argument.

Combining Figure 3.3 and Figure 3.4 demonstrated that the major advantage of the fractal
loop geometry was that the relative inductance rose faster than the relative resistance with

increasing fractal order.

3.6 ANALYTICAL MODEL FOR MUTUAL INDUCTANCE

3.6.1 EXTRACTING 3: THE FRACTAL SCALING APPROACH

Scaling arising from the dimensionality of further fractilization has been previously observed
and used to describe fractal capacitors [26] and even to explain the perlocation of
electfromagnetic particles [27]. In the work by Robin, ef al. (2007), fractal scaling is used to
model the electromagnetic properties, including inductance, of conductive grain
boundaries resulting from fractal aggregates using generalised antenna equations.
However, this method as a design technique and optimisation tool for inductors were not

previously realized.

Here, we constructed a generalized expression for any arbifrary shaped loop-based fractal
that depends on the fractal dimension of the geometry of interest with respect to the

base/0th order of said loop.

An important difference between the classical approach and the fractal approach must
be distinguished. The classical model considers the total inductance to be the sum of two

key components: the self-inductance Lser and the mutual inductance M as expressed in
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(3.3). In conftrast, fractal dimensionality approach which, by the nature of fractals, considers

the total inductance to be Lsrr scaled by some factor ¢f asin (3.7).

L=¢,L,

Figure 3.5 provides an illustrative visual field interaction in a fractal loop structure for the

following.

Figure 3.5: The essential geometrical parameters for the fractal dimensionality approach. Here, the 1s-30 order
is used as an example.

The validity of the fractal scaling model is proven based on the assumptions:

Vi.

Lserr is classically modeled with some confidence using (3.2).

The magnetic field B generated from one loop, which contributes to Lser, is
also captured by the adjacent loop, contributing to the total inductance L.
There exists at least one axis of symmetry with a complete absence of edges
for all orders of the loop fractal taken to account in .

A single magnetic field line is captured by an infinitesimally small loop of
radius r.

The inductance resulting from iii. can be summed together to capture the
totalinductance,

The strength of the magnetic field in a loop is inversely proportional to the

distance r of the point where B is evaluated according to Biot-Savart Law:
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I
Bz% (3.8)

Where 6 is the dimension of the shape. For the base/0M order, § = 2, which
corresponds to the area in which the magnetic field is captured.

vii.  Additional contribution to the tofal inductance can be scaled according fo

the dimensionality of the fractal with respect to the dimension of the base/0h

order.

Taking fo account to i to vii, equation (3.7) can be expanded further:

o o
r; r;
— 0 0
L= (Lselfzwpl + Lself,wpz +..t Lgemo()pN ) 0 + (Lse!fzwp] + Lselfmp2 +..+ Lselflpr j p +...  (3.9q)

This can be simplified further if we only define the point of interests as integer multiples of ro

away from the original point.

1 1 1
— syl t b _
L _(Lself;onpl +Lse!f;oopz +"'+Lselflaoper0 X r05 + (2r )5 +...+ (nr )5 +... (3.9b)
0 0

By factoring 1/r05 this can be further reduced to and compactly written as:

© 1
L= —L., (3.10)
n=11]

Where,

|
§r=2 (3.11)
77:177

Which follows the same form as (3.7). We then use (3.11) as the fitling parameter to match

L from (3.10) to the measured inductance. The results are summarized in Table 3.4.

27



Table 3.4: Key metrics calculated from using the Fractal Scaling
Method (FSM)

Quantities for and from Fractal Scaling Methodt

&
Fractal T , s 5
Experimental Neff
Order / (FSM)  (Geometric)
oth 1.8 1 1.64 2 2
1st

30 2.4 3 2.43 1.55 1.58
50 2.6 5 2.61 1.5 1.46
70 2.9 7 2.96 1.425 1.40
2nd 3.8 9 3.79 1.3 1.37
3rd 8.7 15 8.58 1.13 1.125

tThese values were also used to calculate Lser using (3.2) for complete consistency.

Several crucial design implications and predictions stemming from the fractal scaling model

arise as a consequence.

Since the base/0th order structure has a fractal dimension associated to it,
there is a fractal scaling factor ¢ associated to it as well. From [16], § = 2

converges to:

2
T

This is comparable to its experimental value of 1.8.
The theoretical geometric fractal dimension is predicted by the number of
effective new loops Nett and the amount which they have been scaled down
according to € = 1/(roase/rorder) While occupying the same area as the original
shape (3.13):

5= — log Ness

= (3.13)
loge
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ii.  According to (3.15), as the fractal dimensionality approaches 1 (6 > 1): the
inductance approaches infinity (L = «), and (3.8) is no longer valid.

iv. Loop fractals can be optimised based on Nefr and e.

3.6.2 OPTIMISATION BASED ON THE FRACTAL SCALING MODEL

Table 3.4 revealed that, although 39-30 order used ideally 27 loops as inifially conceived,
the effective number of loops is Nerr = 15 o obtain the same inductance rafing (an effect of
fractal dilution). Hence, the 39-30 order fractal could be optimized using just 15 loops while
maintaining the same scaling factor €, and the same inductance would be obtained. The
alternative is a structure with 27 loops with scaling factor of e = 1/19, which is the less ideal
design optimisation approach. The manner in scaling e is also at the behest of the designer.
In this experiment, as previously mentioned, e was scaled according to the radius of a
particular fractal order with respect to the base/0M order structure. Scaling e according to,
for example, electrode width, or height, etc. are also perfectly valid parameters. Other more
fundamental parameters can also be investigated like changing the electrode material or

adding magnetic oxide at key layers to further enhance the inductance.

3.7 CONCLUSION

Planar loop-based fractal inductors built using thin metal films of 180 nm were fabricated to
understand the trade-offs between inductance and resistance. Thin metal films were used

because of the inductor’s foreseeable application on flexible substrates.

Through fractalization of a basic loop structure, it was found that there is a measurable and
fractally-scaled improvement of inductance per unit of space taken by the 0th order fractal
or the original inductor, with the highest recorded fractal inductance value of 44.7 nH. The
result suggests that the loop-based fractals have excellent magnetic coupling properties

possibly explained by the proximity of each adjacent loop which encourages mutual
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coupling leading to an enhancement of inductance. The projection of the quality factor Q
was determined simply by scaling the electrode thickness from 180 nm to 1.8 um at 1 GHz:

the Q was found to be greater than 40 for all structures.

An analytical model for the gain in inductance for every increase in order was also
constructed based on the established method of “Fractal Scaling” applied to loop fractal
inductors for the first time. By determining the dimension of the fractal with respect to the
base/0M order fractal, the scaling factor ¢ was extracted which closely matched the
experimental scaling factor. Furthermore, the fractal dimension & calculated using this
method was in close agreement with the geometric fractal dimension commonly used to
evaluate the dimension of all patterns considered to be fractal in nature. With this fractal

loop model, a clear design and opfimization path for maximal inductive output is presented.

Based on this study, we believe that the application in printed and flexible/stretchable
circuits of the fractal strategy on a simple loop inductor is an effective method to maximally

harness the magnetic energy for improving inductance ratings within a single planar layer.
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4 CAPACITANCE-VOLTAGE MODELING FOR
MOS CAPACITORS USING THIN-FILM
SEMICONDUCTORS

4.1 BACKGROUND

Insight into the behavior of the carriers semiconductor in simple structures is important for
designing future devices. Metal oxide/insulator semiconductor capacitors or
MOSCAPs/MISCAPs are frequent subject of investigation because they simplify a full field-
effect transistor (MOSFET) to perhaps its most vital part, the channel and its formation.
Electrostatic modeling can give both material and device designers an understanding
about the material and its charges which determine the characteristics of the structure.
Models developed have long paid the most attention to the material and the material
system in and of itself while paying little attention to geometrical affects. Such an oversight

was allowed since majority of the models were developed for bulk semiconductors.

These approaches however are based upon the fundamental architectural assumption that
the deplefion width of the semiconductor is lower than the thickness of the bulk
semiconductor. The big picture goalis to fill the knowledge gap of MOS structures that does
not conform to the bulk architecture. In particular, for cases where the active
semiconductor layer thickness is indeed less than the theoretical depletion width. This study
can be directly applied to ultrathin films used for the MOS layers in all modern TFTs. It will
further discuss how the geometrical dimensions and the structure of the film influences some
of the relevant electrostatic behavior which in turn affects the overall CV. As the structures
get more complex with additional junctions infroduced in the following chapter, this analysis
can also be used to predict the true capacitance at the MOS interface independent of

parasifics such as leakages and defects.
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The results and discussion of these findings are not meant to solely address the challenges of
the material used here (ZnQO). It is the intentfion of this study to be applicable to a multitude
of semiconductors that are used as thin-films within the MOS capacitor architecture where

there is sufficient isolation from other capacitive plates.

4.1.1 METAL OXIDE SEMICONDUCTOR CAPACITORS

The compact relationship for capacitance-voltage (CV) is that charge varying with varying
voltage givesrise to capacitance. This same fundamental principle is also applied for models

attempting to understand the CV characteristics of MOSCAPs.

_do 4.1
¢= 41/ (41

Equivalent circuit model of the MOSCAP consists of two capacitors placed in series and is
described analytically in Egn (4.2). Capacitance-based doping extraction methods also
assume a classical distribution along uniform distributions [28,29,30]. In this simple description,
Cris the total capacitance of the structure. This can be further broken down into the oxide
capacitance Cox which is assumed to be constant in the frequency range of interest and

the semiconductor capacitance Cs. This schematic is visually illustrated in Figure 4.1.

L (42)

¢ Co G
For bulk semiconductors, Cs is dictacted by the change in mobile charges as the potential
in the semiconductor is modulated. If the active film is supplied with a sufficient amount of
free carriers, a channel will be formed at the insulator-semiconductor (MOS or MIS) junction.
When the channel is made up of the semiconductor’'s majority carriers, the MOSCAP is
considered to be in the "accumulation” voltage region. From this region to the point where
minimum capacitance is reached is the depletion region. If a channel formed by minority

carriers is operating at the “inversion” voltage region with, a more critical caveat is that these
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carriers are supplied in abundance. Invesrion capacitance is larger than the absolute
minima, otherwise, if the semiconductor is unable to form an inverted channel, the MOSCAP

is considered to be operating at the “deep-depletion” region.

AVe

Metal

Dielectric /: COX

Channe| ——
T CS

Semi-

conductor

Metal

Figure 4.1: Equivalent circuit model of a MOSCAP containing two capacitors in series: Cox which represents the
capacitance arising for the insulator and is constant throughout the voltage range, and Cs representing the
channel capacitance which does vary with the gate voltage Ve.

4.1.2 MOSCAP GEOMETRY

Planar MOSCAPs were evaluated within a circular geometry as illustrated in Figure 4.2a.
Figure 4.2b breakdowns the constituent layers consisting of the substrate as the base layer,
upon which the active layer of interest is deposited, followed by the insulator layer and
ending with metal contacts at the upper most layer. The channel was formed underneath
the inner metal contact when a bias Vaee or Ve (gate voltage) was applied. The outer
contact is set as the common terminal and is labeled “GND". In this geometry, the electric
field is radially symmetrical such that the raw capacitance Craw can be normalized by the
radius of the inner metal contact r to give the capacitance density as follows:

c =S (4.3)

den 2

N
~
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Figure 4.2: The structure of the circular MOSCAP (a) asin a top-down view; and a cross-section slice of showing
its constituent layers. In this work, the substrate is sapphire, the active layer is a 30 nm of PEALD ZnO, followed
by PEALD HfO2 and Cr and the gate metal. The x direction trackes the thickness or depth of the structure, while
the r tracks the lateral dimension.

4.1.3 LAYER DESCRIPTION

A thin ZnO-film was deposited on a sapphire substrate via plasma atomic layer deposition
(PEALD) at a temperature of 200 °C. For the dielectric layer, PEALD high-x hafnium oxide
(HfO2) grown at 100 °C was grown on top of the active fim. The HfO:2 recipe used in this
experimental setup has been well-characterized in previous studies where it has shown
respectable behavior with gallium nitride MOSCAPs [31]. Sputtered chromium (Cr) was used

as the gate contact with a total of 100 nm deposited, thus completing the MOSCAP.
4.1.4 EXPERIMENTAL RESULTS

The MOSCAPs were measured using the Capacitance-Voltage (CV) unit Keithley 4200
Semiconductor Characterization System (SCS). Both Varr and small signal voltage 30 mVac
at 10 kHz was applied at the inner contact where the channel was formed. Figure 4.3 shows

the resulting area-normalized CV-sweeps for 58, 40 and 30 cycle HfO2 on ZnO films.
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Figure 4.3: The CV measurement of 58, 40 and 30 cycles of HfO2 measured from 0 V
fo 2 V at 10kHz frequency with an AC voltage of 30 mVac. All three cycles were
grown on the same layer with the bottom adjacent layer being 30 nm of PEALD ZnO.

While the expected trend of increasing capacitance is observed as the insulator layer is

thinned, a closer examination revealed thickness alone could not account for the changes

in capacitance. Using the conventional deplefion model, the dielectric constant & _ was

extracted using Egn (4.2) and listed in Table 4.1. The dielectric parameter extraction
revealed that higher number of deposition cycles degraded the electrical performance of

the dielectric and the degradation was not directly inversely proportional fo the thickness.

In this study, at a 30 cycles dielectric constant &, was reported at 22 with a capacitance
density of 2.9 um-cm?2. An &, = 18.5 was extracted at 40 cycles with a Cgen =2 um-cm2, and
finally 58 cycles yield an &, = 10.1 with 0.86 um-cm-2. To put it in perspective, Table 4.1 also

reveals the expected capacitance density if the electric permittivity was constant at &, =

22. A rough estimation of the calculation was determined using the equation below:
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! 210 (4.4)
C

den tOX tchannel

& &
_ Sox 4

Where fchannel is the centroid of the electron gas channel distribution formed beneath the

MIS interface and is approximated at 1 nm to 1.4 nm and an electric permittivity of 8.6 was
used for ZnO ¢,,,. In the later sections, the exact value for tchannel Will be explored and

determined with the Schrédinger-Poisson model.

Previously reported studies of HfO2 have provided evidence of crystallinity dependence on
oxide film thickness for vacuum processes [32,33]. Regions of crystal order were formed as
the thickness of the layer increased resulting in a mixture of an amorphous and
polycrystalline fim. Further to that, electric permittivity dependence on crystallinity of HfO2
have been observed experimentally in other reports and thus our findings here are not
unique [34,36.37,38]. Though in this work, the nature of this dynamic dielectric constant is not
a subject of further interest, that may depend on the process parameters used to synthesize

the oxide films. Nonetheless, its affect on the MOSCAP CV characteristics are clear.

Table 4.1: Extracted dielectric constant from measured capacitance values
compared to expected values

Parameters 58 cycles 40 cycles 30 cycles
Thickness 8.7 nm 5.6 nm 4nm
Measured

. -2 . -2 . 2
Capacitance 0.86 pF-cm 2 uF-cF 2.9 uF-cm
Extracted
Dielectrict¢ 10.1 185 22
Expected

Capacitancet 1.59 yF-cm2 2.28 yF-cm2 2.9 yF-cm-2

tThese values are exiracted using conventional techniques as described by Hilibrand and Gold/capacitance
depletion model.

fAssuming a dielectric constant of 22, the same as the 30 cycles.
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4.1.5 1D SCHRODINGER-POISSON MODEL

When the MOSCAP operates in either strong accumulator or inversion, a high concentration
of carriers populates the region near the interface between the insulator and semiconductor
film. Classical models using the only the Poisson self-consistent equation assume a
continuous energy spectrum and thus incorrectly predicts a distribution of the carriers along
the film beginning at the onset of the interface and eventually tapering as the depths of the
semiconductor’s depletfion region are reached [40]. However, because of the high barrier
potential of the insulator, the carriers experience barrier confinement and as a result can
exist only in quantized states (Figure 4.4). This restriction is accounted for in the Schrédinger
description [41,42]. Solving these two equations simultaneously analytically remains @
significant challenge today, hence an iterative solution was developed based on previous

work [42,43,44,45,46] and improved upon for ultrathin-film applications.

Y/ at quantized states

/.

EFmeTc:I

Figure 4.4: Band diagram of accumulation-biased MOSCAP. The wavefunction y
exists in quantized energy states and dictate the distribution of carriers in the
friangular well formed by the high barrier potential of the dielectric layer and
surface band banding of ZnO.
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The solver arrives at the solution by evaluating Fermi-Dirac statistics, Schrédinger and Poisson

equation self-consistently. The two guiding expressions are given as follows.

For a single-electron one-dimensional the Schrédinger equation can be expressed as:

(L L L) o)) 48

Where E is the energy, y is the wave function, an asterixis (*) denotation is simply the

effective mass scalar multiplied by mo and V is the potential.

Poisson’s equation Egn (4.6) relates the charge density p with potential V.

2
L ()= (4.4)
dx g

Beginning with the given ionized dopant concentration Np, the equilibrium electron density

No is calculated:

2
w oMo, (&) o (4.7)

Where nijis the infrinsic carrier concentration within the semiconductor and is determined by
the bandgap and the density of states at the conduction Nc and valance Nv band-edge

of the active thin-film Ec. This is expressed below.

n’=N_.N eE%BT (4.8)
i ct'yv
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Three-dimensional non-degenerate semiconductor descripfion are given in Egn (4.9) and
(4.10) for Nc and Nv which depend on the effective mass of electrons me and holes mn,

respectively.

N.= L[momekBT)% (49)
C \/5 7Z'h2

N, = L(momthTJ% (4.10)
oL an?

With the components calculated, the probabilistic carrier distribution over the energy states
within the bandgap is derived from the Fermi-Dirac equation. With respect to the

conduction Ec or valence band -Ev this can be easily evaluated:

EszC+kBTln% (4.11)

1

After the determining the Fermi-level, we then proceed to solve the Schrodinger equation.
The solution for Egn (4.5) are the bound states E which are then used to evaluate the carrier
density distribution within the film. As we are solving for the maijority carriers in an n-type
accumulation-mode MOSCAP, we correlate electron density n(x) with a position along the

semiconductor film for each bound state i as follows:

::2” Z(Ef _En,f) Wi (x)’2 -f(E)dE (4.12)

=Yg,
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And for hole density p(x):

i

px)= Jzzgv-,p I;:z_};;Z(Ef _Ep-,i)|l//.n.,i (x)|2 'I:l_f(E)]dE (4.13)

Where gv is the corresponding degeneracy for each valley v and f(E) is simply the Fermi-

Dirac distribution:

(4.14)

To relate this back to Poisson equation, we began by further decomposing the charge
density in Equation (4.6) to its two separate carriers, electrons n and holes p, and to the

ionized dopants, donors +Np and acceptors -Np.

p(x):q[—n(x)+p(x)+ND(x)—NA (x)] (4.15)

The ionized dopant distribution is a design parameter which is determined a priori o the
behavior of the carriers. For most models, the dopant distribution is assumed to be
independent of its position of x, i.e. uniform doping profile throughout the film. As it will be
demonstrated later, this assumption fails to model some of the key regions in a CV-curve for

thin-film semiconductors and the model is revised to consider non-uniform distributions.

What must first be determined is the manner in which the conduction and valence band
edge are perturbed by the electrostatic potential V(x) distributed throughout the film.
Beginning from the flatband case of both the conduction Ecrs and valence band edge Ev.rs

are affected by V(x]) through the following relationship:

E.(x)=E. —qV(x) (4.16)
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E,(x)=E, —qV(x) (4.17)

Using the parabolic band approximation for a volumetric density of states DOS3P |, both n

and p are expressed as:

DOS;D — Z g;;.me,v 2(E_EC (x)) (4]8)

v

gm)
DOS?P =322 [ (E, (x)- E) (4.19)
T

2h2

Subsequently, the location of the carriers can be determined by correlating the expressions

above for n and p respectively.

n(x)= | DO (E.x)f (E)dE (4.20)
p(x)= j DOS” (E,x)|1- f(E) |dE (4.21)

The Schrédinger solution for Egn (4.12) or (4.13) are compared with the results of Egn (4.20)
or (4.21) of the Poisson equation, along with the potential V(x). Figure 4.5 shows the
flowchart, with self-consistent solution accepted by applying Newton-Rhapson root method

for V(x) guesses. Note that the € is a very small number (chosen to be 1 x 10-12 here).
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Figure 4.5: Schroédinger-Poisson self-consistent flow chart. Initial guesses are made for both initial carrier and
potential distribution and calculated first with the Schrédinger equation. The solution is then applied to the
Poisson-equation. The carrier and the potential solution are combined fo give a revised solution. If the new
potential correction is less that €, then the solution is as accepted as self-consistent.
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4.2 CAPACITANCE MODEL FOR THIN-FILM MQOS

4.2.1 TRADTIONAL CAPACITANCE EXTRACTION

The traditional capacitance is evaluated based on the dynamic behavior of the carriers
with respect to the changing gate potential. As all components of Eqn (4.15) have been
solved, from the net charge p the total charge density Qror can easily determined by taking

the integral over the its distribution through the film.

Oror = J.P ~dx (4.22)
0

We also note that the voltage applied the gate terminal Vare is composed of flatband
voltage Vrs, the surface potential s at the MIS interface and the drop in potential over the

insulator itself Vox.

Vipp =Vig + 05 +V,y (4.23)

Due to boundary conditions, both the potential and the electric field  at the onset of the

semiconductor must be the same as the terminus of the oxide.

Therefore:

Vor = | & dx (4.24)
0

Both the change in Qror is tfracked as the potential is changed and satisfying egn (4.1) and

completing the extraction of the CV in an MIS structure.

When using the extracted dielectric constant provided in Table 4.1 and comparing the
measured results versus the max capacitance at accumulation extracted via the traditional

model, we found that the model underestimated the peak capacitance. This implied that
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the dielectric values using equation (4.4) were lower than the actual values. However, what
the value was not independent of the insulator thickness. As a first approach to resolve the
difference with the model and experiment, we targeted an agreement between them with

respect to the maximum capacitance at accumulation Cacc.

The new values were 58, 40 and 30 cycles were 12, 25 and 29, respectively and are recorded
in Table 4.2. The decreasing dielectric constant, as explained in Section 4.1.4, was due to
the increase in regions of polycrystallinity in the oxide as the ALD cycle count became larger.
These values were comparable with this group’s previous work with a similar high-k oxide
showing better performance on the wide-bandgap semiconductor gallium nitride GaN [31].
The high-k used was zirconium oxide with similar processing parameters as the HfO2 used in
this study. Because the oxide was deposited on a thick GaN film, the extracted dielectric
constant from the measured capacitance were close to its true value because the

depletion width was less than the thickness of the GaN body (~5 ym on sapphire).

For semiconductor films with thicknesses that are much less than its theoretical depletion
width, traditional dielectric extraction methods are not valid, and are often underestimated
as demonstrated in Table 4.1. The ALD ZnO film deposited on sapphire which was only tzno =
30 nm. In Table 4.2, there is another parameter related to the ZnO thickness, tefr. Due to the
biasing scheme of the planar MOSCAP, the ferf was not equal to the vertical thickness tzno.
The reason for this discrepancy is further explained in Section 4.2.5. In brief, due to the planar
biasing scheme of the MOSCAP, the electric field in ZnO contained both a vertical

component which equaled tzno and a horizontal component, which combined equaled fett.
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Despite the agreement in Cacc, obvious problems in fitting remained and is shown clearly in

Figure 4.6 for all three insulator thicknesses. The depletion region spanning the voltage range

where the capacitance transitioned from its minimum to Cacc increased at a much faster

rate with the conventional model than the experimental measurements. We called the

voltage when the depletion rate changes the ‘pivot voltage’. Previously reported model-

experimental comparisons at depletion regions have shown agreement in the rate of

fransition for high quality dielectrics and insulator-semiconductor interfaces [47,48,49]. Thus,

we do not aftribute it fo a fundamental failure in the extraction. What the analysis did reveal

was the incompleteness of the model as it stands. Thus, we further explored the potential

affects of both a non-uniform dopant profile and the geometrical thinness of the film.
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Figure 4.6: Comparison between measurement and conventional CV model for (a) 58 cycles of HfO2; (b) 40
cycles; and (c) 30 cycles. Overall, the fitting is demonstrably poor, even with the dielectric constant corrected
matching Cacc. The main issue comes with the difference in rate of depletion which cannot be explained by

defects or parasitic components alone.
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Presence of defects has not shown to significantly decrease the depletion rate
[50,51,52,53,54]. Interfacial defects Dir have been shown to cause deviations from ideal CV
characteristics in two ways depending on their distribution over the forbidden energy gap:
for symmetrical distribution about the band edges, the minimum depletion capacitance
Cmin increases significantly implying that its behavior is analogous to capacitor parallel to Cs;
non-uniformity in Dir manifested as kinks or bumps at the depletion region, with a more rapid
change from deep deplefion to the defect-induced bump than the ideal CV, and
thereafter rises at a similar rate with slight shift in voltage. Traps within the oxide itself Dor
causes slight increase in Cuin compared to interfacial defects indicating a parallel capacitor
component to Cox. In addition, both defect species causes hysteresis in CV loop
measurement. The rate of depletion, however, remain essentially the same. In contrast to
the thin-flm ZnO measured in this study, the slow depletion rate cannot be palpably
explained by Dir or Dor, though capacitance-frequency measurements have shown the
presence of Dir. The possibility of a defect incorporated parallel capacitance component
can be considered minimal since there is a general agreement at Cumin for simulation and

experimental (Figure 4.7). Hence other causes were explored.
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Figure 4.7: Deep depletion region comparison between measurement and conventional CV model for (a) 58
cycles of HfO»; (b) 40 cycles; and (c) 30 cycles. The absolute Cun of both measured and model data are in
respectable agreement, implying that the defect level are not heavily influencing the deep depletion region.
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4.2.2 THIN-FILM GEOMETRICAL EFFECTS

A lower rate of depletion between Cacc and Cmin have been observed in the past. For
instance, polysilicon gates in Si MOS exhibited slowed depletion transitions which could not
be explained by detects or series resistance. The electrostatic cause was pinpointed to the
depletion at the surface of the highly degenerate polysilicon gates interfacing with the
insulator. The previous studies showed that when poly-depletion was accounted for in the
Schrodinger-Poisson models, the overall CV of the MOS devices showed stronger agreement
at the depletion region. Although slight variances were observed between models, this was
due to the differences in the quantization or parameterizaton of the depleted gate material

surface [55].

For true metal gates, this affect was not observed. Yet, in the ultrathin fiilms measured in this
study, the depletion rate is much more dramatic than what could be attributed to even a

slight depletion at the opposing surface interfacing the insulator.

Capacitance-voltage modeling using conventional approaches do not consider
geometrical constraints because they were developed for semiconductors whose body
thickness far exceeded the maximum depletion thickness the applied electric field could
achieve. This assumption yielded accurate MOS CV models which depended only on the
insulator characteristics and the dynamic behavior of the charge, with the body of the
semiconductor behaving effectively as a continuous contact to the ground terminal. This
cannot be assumed in a thin-film semiconductor MOS because the potential is

concentrated at such small lengths that the electric field is able to fully deplete the film.

Furthermore, from Figure 4.7 the voltage at which the capacitance ‘pivots’ from Cwm is
worth noting (around 0.6 V). The pivot voltage is the voltage where the capacitance

fransitioned from the deep-depletion to depletion region. For a uniformly distributed doping
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profile assumed here, the modeled pivot voltage is slightly higher than what was measured
experimentally. Tuning Ves alone did not explain CV behavior as the MOS transitioned from
Cmn to Coer. The common assumption for depletion model behavior is the uniform
distribution of dopants. In this analysis, we discard this assumption and incorporate non-
uniform dopant profile with conventional modeling techniques. As it will be later
demonstrated, dopant non-uniformity becomes an important factor of the overall CV

behavior when the thickness of the film can no longer be ignored.

4.2.3 IMPROVED SP MODEL

Due to the dependence on the geometrical thickness of the active layer, the series

capacitive components model of equation (4.2) and (4.4) have fo be revisited.

Of interest in particular is fehannel Which was introduced to explain a Cuax which did not equal
the Cox value as a result of non-classical effects at the interface in a basic circuit. The Cs

value dependence was only tracked for either fully accumulated or fully inverted structures.

In the improved model, we observe the Cs through the depletion and accumulation voltage
range. Since a channel is not necessarily fully formed, the centroid of the corresponding

carriers fc was tracked. Therefore, equation (4.4) for ZnO is revised as follows:

&

L _ %o | Zno (4.25)
Cden tOX tC

The carrier centroids fc are calculated based on the work of King, ef al (1998) which was

simply [56]:

t. = M (4.26)

< Ipe(x)dx
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Where p, is the electron distribution of the film as solved by the Schrédinger-Poisson self-

consistent model. With this, the capacitance density Coen is modeled from 0 V to 2 V as the

centroid varies with voltage.

The CV output was also impacted by the initial ionic charge distribution throughout the
ultrathin semiconductor. Most models assumed an evenly distributed dopant profile, but in
thin-films which do not normally exhibit predictable crystal order, such an assumption
creates problems. For instance, there continues to be on-going debate with intrinsic ZnO
and the source of ifs unintentional dopants. Numerous mechanisms have been proposed,
including the relationship of oxygen with zinc and the atmosphere or the presence of
hydrogen [57,58,59,60,61]. Work presented here will not attempt explain the presence of
unintentionally dopants in thin-films such as ZnO but perhaps its distribution may give further

insight intfo this on-going topic of research.

Three cases generally sketched out in Figure 4.8 were considered for the dopant profile:

uniform, linear and exponential.

(a) (b) (c)

+Np +Np A

> > >

X X X

Figure 4.8: The dopant profile considered in this work include (a) uniform, which is the most common
assumption, and the non-uniform profiles which are distributed (b) linearly and (c) exponentially. For the
revised model, non-uniform distribution had to be considered in order to predict the CV behavior below 0.6V.
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The linear and exponential profiles were predicted to be a more accurate portrayal of the
equilibrium doping distribution due to several observations noted in literature that a higher
concentration of unintentional dopants, particularly related to hydrogen, were located near
the semiconductor surface [62,63,64]. In fact, further revisions were made with the non-
uniform profiles which suggested that the surface of the ZnO was about an order higher in

dopant concentration than throughout rest of the film. This will be discussed in later sections.

Within the revised model developed here, tc played a crucial role in the CV characteristics
of the MOSCAP. Moreover, the furthest that fc can reach away from the insulator-
semiconductor interface is the edge of the semiconductor. In other words, the full thickness
of the active layer ts. Thus, we can see how the dimensions of the ultrathin film plays a

significant role in the output capacitance behavior.

We saw why the initial dopant profile could not be ignored when considering the
consequence of assuming a uniform doping distribution: Cwmiv increased substantially when
film thickness was factored in and showed extremely poor agreement with the over all
measured CV data. Figure 4.9 clearly illustrated that non-uniform dopant distribution is likely

the cause of the behavior seen at lower voltages about the deep depletion region.

(a) (b) (c)
—~ 1.0 1.0 ‘ 1.0
o J 58 cycles ]l O 40cycles / 1l 4 30cycles
g 0.8 4 -~~~ Uniform 0.8 4~~~ Uniform iy 0.8 -~~~ Uniform
: |- Linear ) |- Linear g |- Linear
E 0.6 Exponential ’,i’ 0.6 - Exponential ,/ 0.6 Exponential |
= 0.4 - L 0.4 - 0.4 1
g _________ ] i
S 0.2 + . 0.2 + 0.2
z T e e E ) E
0.0 T T T 0.0 T T T 0.0 F T T
o 0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0
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Figure 4.9: Using the modified model, various dopant profiles are simulated and compared with deep depletion
region for (a) 58 cycles of HfO»; (b) 40 cycles; and (c) 30 cycles measured data. Uniform distribution failed to
match Cuiv, but a revised linear and exponential model showed better fits including predicting the correct pivot
voltage. The revised non-uniform distributions are discussed in Section 4.2.5.
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Both non-uniform profiles showed much better fitting to the measured data: the linear and
exponential cases were able to emulate the pivot voltage that distinguishes the floor
capacitance region from the onset of depletion. As stated previously, both the non-
uniformities were similarly profiled in that there was a higher concentration of dopants at the
surface than along the rest of the semiconductor. Though the fit was not perfect, the
exponential distribution showed slightly improved agreement than its linear counterpart. This
simulation strongly suggests that the true dopant distribution must be non-uniform and non-
linear and can be used to explain the frue nature of unintentional doping in thin-films grown
via ALD, and perhaps other growth techniques as well. Since the best fitting was found to
be the exponential profile, it was used to extract the free electron distribution from the
measured voltage range in a ZnO film. This is shown for all HfO2 thicknesses from 0V to 2 Vin

Figures 4.10 (58 cycles), 4.11(40 cycles) and 4.12 (30 cycles).

Using equation (4.26), we could determine the centroid of the distribution and it was
subsequently tracked throughout the simulated voltage range. This analysis revealed that
the carrier distribution is not uniform even as we approach Ve as one would observe for a
uniformly distributed dopant profile. Instead, as can be inferred from Figures 4.10c, 4.11¢c and
4.12c for 58, 40 and 40 cycles, the flatband free carrier distribution takes on a ‘saddle’ form
where the concenftration are highest but equal fo the set doping concentration at the onset
of the MOS interface and the edge of the semiconductor i.e. the semiconductor ground
terminal. An example of this ‘saddle’ near-flatband distribution is shown for 30 cycles in Figure

4.13.
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Figure 4.10: The 58 cycles HfO2 electron distribution within the ZnO active layer at various applied biases Vaee.
The overall distribution is shown in (a). A magnified view within the first 5 nm from the surface is shown in (b) at
accumulation voltages and (c) is the overall distribution at voltages from depletion to the onset of
accumulation. The centroid at 2V is ~1.5 nm for 58 cycles.
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Figure 4.11: The 40 cycles HfO2 electron distribution within the ZnO active layer at various applied biases Vaee.
The overall distribution is shown in (a). A magnified view within the first 5 nm from the surface is shown in (b) at
accumulation voltages and (c) is the overall distribution at voltages from depletion to the onset of
accumulation. The centroid at 2V ~1.2 V for 40 cycles.
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Figure 4.12: The 30 cycles HfO2 electron distribution within the ZnO active layer at various applied biases Vaee.
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Figure 4.13: An example of the carrier distribution at flatband for 30 cycles HfO2. In a uniform distribution, the
carriers also be uniform, but in an exponentially-graded dopant profile, a ‘saddle-like’ electron distribution is
revealed.
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From Figure 4.14, we see the cenftroid as a function of applied voltage. The flatband voltage
for are indicated with the figures. Although 30 cycles and 40 cycles showed the same
flatband voltage of Ve = 0.65 V, 58 cycles was determined to be Ve = 0.59 V. This is likely
due to the additional ALD cycles changing the crystal properties of the HfO2, as similarly
reported in previous works for other processes [32,33]. The additional polycrystalline regions
in the oxide changed the surface contact with the gate metal resulting in a lower flatband

voltage.
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Figure 4.14: Calculated centroids for (a) 58 cycles of HfO2; (b) 40 cycles; and (c) 30 cycles. As the voltage
increases, the electrons become more concentrated at the insulator-semiconductor interface but does not
reach interface due to quantum effects. The centroid location increases as the field reverse pushing the
electrons to the opposite direction.
As expected, the above figures indicated that as we reach accumulation voltages, the
carrier centroid approached the interface, but due to quantum mechanical effects as
dictated by the wavefunction, it nevertheless does not reach the surface. The most dramatic
change, of course, being at the depletion voltage range with the onset of the channel
formation corresponding with flatband. An additional observation is that as the insulator thins
in thickness, the centroid of the channel formed at accumulation approaches closer to the
insulator-semiconductor interface. This behavior is expected as the strength of the field over

the structure increases resulting in further confinement of the quantum. For ZnO, the electron

concentration actually exceeded the density of states at the conduction band edge. As a
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result, a portion of the fotal electron concentration must necessarily take up higher
quantized energy levels. s effects are revealed in the overall carrier distribution in Figures
4.10c, 4.11c and 4.12c, where there exists a subtle secondary carrier ‘bump’ which follows
the wavefunction of the second lowest energy level, and which only forms at higher fields

when more carriers populate the accumulation layer.

The wavefunction and band bending for all three cycles are also shown in Figure 4.15 for an

applied voltage of 2V.

At the accumulation voltage of about 2V, the channel centroid for 58 cycles was tc = 1.4
nm, for 40 cycles fc = 1.2 nm and for 30 cycles fc = 1.1 nm. The depletion centroids about 0
V are also summarized in Table 4.3. Compared to the accumulation channel centroid which
was about <1.5 nm away from the insulator-semiconductor interface, the centroid at
depletion voltage range was at least 4 nm to 5 nm away from the edge of the film but was
modeled classically. Further improvements to the model would be needed to consider the
non-classical physics that would effect at that region, such as an insulator, semiconductor

or other non-ohmic substrates.

Table 4.3: Electron cenfroids at accumulation at the semiconductor surface and depletion centroids at the
semiconductor edge

Parameters 58 cycles 40 cycles 30 cycles
Accumulationt fc 1.4 nm 1.2 nm 1.1 nm
Depletiont tc 45 nm 37.5nm 41 nm

TApplied voltage was taken ~ 2 V.

tApplied voltage was taken ~ 0V
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Figure 4.15: The lowest energy level wavefunction and the quantum well formed at 2V applied voltage for (a)
58 cycles of HfO2; (b) 40 cycles; and (c) 30 cycles measured data with respect to applied voltage at the gate.
Due fo the quantum well formed from the band-bending of the conduction can, the corresponding electrons
are distributed according to the wavefunction.
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4.2.4 MODEL COMPARISON
The full measured voltage range from depletion to accumulation was assessed between the
conventional CV extraction method and the modified method described in this work. Both
methods were based on calculations constrained by a self-consistent Schrédinger-Poisson
solution. From Figure 4.16, it is clear, however, that the thickness of a film at ultrathin
dimensions significantly shapes the capacitance-voltage characteristics of a MOS. More
specifically, that the slower rate of transition of minimum capacitance to accumulation
observed in the measured data cannot be explained by the charge reacting to a changing
voltage. Unlike a bulk semiconductor, for a thin body, the electric field is strong enough to
deplete the entire film. This means that at a high enough potential, the body of a very thin

active layer will have a considerable effect on the capacitance response by mainly

decreasing the rate of depletion by acting as another depleting component.
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Figure 4.16: Comparison between measurement, conventional and modified CV model for (a) 58 cycles of
HfO2; (b) 40 cycles; and (c) 30 cycles. The modified which takes intfo consideration both the geometrical
thickness of the film and an exponentially-graded doping shows a much improved measured-model

matching than the conventional CV extraction method.
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To understand which model showed better fitting, the CV curve was divided into two regions
separated by the pivot voltage: 1) from the 0 V to the onset of depletion (deep-depletion
reion) and 2) from the onset depletion to up to 2 V accumulation region. For the sake of
analysis, for all three cycles, the pivot voltage was set at 0.6 V which is fairly consistent with
measurement. At this voltage, the conventional model (‘con.’) underestimated the
capacitance whereas the modified model (‘mod.’) slightly overestimated the response.
Beyond the pivot voltage, both models to some extent overestimated the CV output,
particularly in the depletion region. Table 4.4 shows the fitting break down of both regions
and the strength of the accumulate fit for the full voltage range considered in this study as
a percentage. The fit was evaluated such that the higher the percentage, the stronger the

fit.

Table 4.4: Fitting comparison of conventional and modified models with measured data.

58 cycles 40 cycles 30 cycles
Voltage Regiont
Con. Mod. Con. Mod. Con. Mod.
<046V 72.3% 89.7% 58.1% 89.5% 54.3% 94.6%
206V 82.5% 91.8% 67.4% 96.4% 60.7% 95.2%
Full 79.4% 21.1% 64% 94.3% 59.1% 95%

Fitting analysis revealed that for both voltage ranges bordering on 0.6 V and the full range,

the modified model had a stronger agreement to the measured data than the conventional

as expected. Furthermore, increase in insulator thickness fox and electric permittivity &,

corresponded with better agreement with the experimental and modified model data.
These two parameters determine the electric field penetration into the semiconductor and

played a role in the effective film thickness ferr which will be discussed in the next section.
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We also observed that overall the improved model fit better at voltages beyond the pivot
than below. Although it resulted in poorer matching, this pattern was also observed for the
conventional model. In fact, the fit at this region exceeded 90% for the modified model, with
the mismatch mainly attributed to an overestimation of capacitance occurring at the

depletion transition.

Conversely, at 0.6 V and below, the fit strength fell below 90% for both 58 cycles and 40
cycles. The comparison is even poorer for the conventional model, especially for thinner
insulator dimensions (which fell below 60%). An assumption that was made in this revised
model was that quantum effects were only present at the insulator-semiconductor interface,
and thus the semiconductor-substrate end was dictated by classical mechanics. More
technically speaking, the Schréodinger-Poisson self-consistency constraint was only applied
to the active interface at biasing terminal and ignored at the semiconductor edge. This

assumption is not fully valid, as indicated by the poorer fits prior to the pivot voltage.

In these cases where the active films are thinner than the expected depletion width, the
electric field formed due to the applied bias influenced the entire film so that the equilibrium
condition cannot be assumed at the edge of the thin body as it would for thick bodies where
the electric field is negligible, such as MOSCAPS with semiconductor substrates. Therefore,
just as both quantum and classical effects are considered due to the quantum well formed
due to band-bending at the surface of the insulator’s high potential barrier at the biasing
edge, so must quantum/classical effects be considered at the semiconductor-insulator af
the substrate edge of very thin films (grounding edge). The same constraints must also be
considered for structures which have non-ohmic junctions, for instance in the case where
the semiconductor is grown on Schottky metals. Compared to the insulator-semiconductor
interface, centroids for classical centroid calculations would be higher. On the contrary,
ultrathin active films grown on ohmic material layers would be subject to quantum effects

only on the biasing side. Hence, a ground terminal connected directly to the bottom of the
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semiconductor, instead of laterally, would only be bounded by classical effects as dictated

by Poisson’s equation. An example of such a structure will be demonstrated in Section 4.4.

Finally, the fit for thinner and higher electric permittivity insulators show better agreement, as
can be noted for the 30 cycles. This is consistent with a higher field strength becoming
concentrated at the surface and thus carriers do not crowd the edge to the same extent

as the lower dielectric cycle count within the same voltage.

4.2.5 DISCUSSION OF KEY PARAMETERS AND PARAMETERIZATION
EFFECTIVE THICKNESS

As recorded in Table 4.4, in achieving a respectable fit with the experimental results and
model discussed here, it was revealed that effective thickness of the semiconductor ter was
larger than the actual thickness of the ZnO films tzvo. Closer examinatfion of the MOSCAP
structure shows that geometrically, ferr can simply be broken down into two components:
the depth component denoted in this work as tx and the lateral component denoted t. A
key assumption for this model is that the active film following the dimensional component
parallel to the applied potential would be fully depleted by the corresponding component
of the electric field. The ‘additional’ depth is accounted for as follows: due to the top lateral
placement of the common terminal, a perpendicular component of the electric field must
necessarily exist and it must end at said terminal. However, because the field strength
dissipates at a rapid rate, the perpendicular component t, can be simply approximated as

follows:

2,2 2 2
ty =t +t =t +1 (4.27)

A visudl illustration is provided in Figure 4.17. As an example, for 58 cycles, ferr was found to
be 50 nm. Knowing that the parallel component or, in other words, the ZnO film thickness,

was 30 nm, the perpendicular component - was determined to be 40 nm. This means that
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the field was significant up fo 40 nm away from bias terminal in the direction fowards ground.
Table 4.5 summarized the calculated f; for all cycles and shows a real pattern where as the
dielectric became thinner, the field becames more concentrated at the surface hence the

range of its penetration also became shorter.

Sapphire

Figure 4.17: The geometrical interpretation of fer. The effective thickness for cases exceeded the actual
thickness of the film. However, since the field as both a parallel t; and a perpendicular t component, ferr is
interpreted as the Pythagoras sum of these two components.

Table 4.5: The calculated lateral component calculated from ferr

Component 58 cycles 40 cycles 30 cycles

¢t 40 nm 33.5nm 33.5nm

Parallel component t\l or ty was taken to the thickness of ZnO ts = 30 nm
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HIGHLY DOPED SURFACE AND QUANTUM CONFINEMENT

The semiconductor was parameterized intfo two separate regions: a region of high dopant
concentration x; with the remainder of the film being relative moderately doped. As stated
previously, the non-uniformly dopant profile were further refined to model the pivot voltage
and the deep depletion region before it as seen in the measured CV. The pivot voltage
being the voltage where the MOSCAP's capacitance fransitioned from deep depletion
region to the depletion region. It was found that the conventional approach could not
simulate satfisfactorily. To fake info consideration the reports of ZnO's highly unintentionally
doped surface, xi was chosen such that the linearly or exponentially graded dopant
concentration was confined near the surface. Beyond x; to the edge of the semiconductor
x2, the tapering of the carrier concentration was at a much slower rate. The linear and
exponential dopant profile are shown in Figure 4.18a and Figure 4.18b, respectively. This
dopant distribution affected the overall carrier distribution of by increasing the voltage drop
over the insulator and the about the insulator-semiconductor interface. As a result, the

interface was more sensitive to the applied gate voltage Vaee.
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Figure 4.18: The revised dopant profile in PEALD ZnO that was distributed (a) linearly and (b) exponentfially.
Ultimately, exponentially-graded profile showed a better fit, but the important finding was that a highly doped
surface relative fo the rest of the film was necessary in order to resolve the CV behavior at lower voltages. The
discontinuity x; represents the edge of the doped surface and the onset of the fim’s body. This surface depth
was tuned until an acceptable fit was achieved.

As expected, the non-uniformity exhibited in the doping distribution within ZnO played a
crifical role in resolving the capacitance at the deep depletion region when considering the
geometry of the film in the overall CV characteristics. A uniformly distributed profile failed to
reach the minima observed in the measured data by an order of magnitude of this ZnO
MOSCAP structure when the geometry was incorporated. Further to that, a continuous linear
and exponential profile also failed fo emulate measured data, implying that there is a
distinct surface chemistry at either the final synthesis steps of ZnO or it when it is exposed to
ambient environment. This inference can be made due to the strong fitting evaluated for

discontinuous non-uniform distributions that favour the surface and is validated by
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experimental studies of intenfionally hydrogen-doped ZnO studies showing similar

distributions [62,63,64].

4.4 OHMIC SUBSTRATE MOS

In Section 4.2.4, the models fit strength to the experimental results of fabricated fiim-on-
insulator substrate MOSCAPs were discussed. Of particular interest was the poorer fitting
observed in the deep depletion region before the pivot voltage, which was more prominent
for thicker dielectrics with weaker electric permittivity. We suggested that because the
semiconductor was grown on an insulating substrate, the carriers present on this edge must
also follow the quantum confinement due to the formation of a well. On the other hand, for
an ohmic substrate, the carrier distribution at the semiconductor edge would only have to

obey Poisson’s equation.

We tested this conjecture by building a vertical MOSCAP with a thermal ALD (TALD) ZnO film
growth on an ohmic metal ruthenium (Ru). TALD ZnO was chosen because it has been
previously reported that this deposition recipe formed an ohmic contact when grown on Ru
by this group [65] and with other growths types as well [66]. A thick HfO2 dielectric layer of
80 cycles was grown on the ZnO active layer (Figure 4.19a) and the CV was experimental
measured. The modified model developed here was then compared to the results and

shown in Figure 4.19b.
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In this model, the non-uniform dopant distribution was also assumed. However, in stark
conftrast, the initial dopant profile for a TALD ZnO grown an ohmic metal showed higher
concentration at the metal surface than the insulator surface. It therefore suggests that there
has to be an high doped region present at the ohmic-semiconductor interface in order to
achieve a good ohmic contact. The distribution of the non-mobile ionic specifies (here,

donors) are shown in Figure 4.20.
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Figure 4.20: The dopant profile which yielded the best fit for the TALD ZnO grown ohmic substrate MOSCAP.
At the Ohmic edge, the TALD ZnO film had higher dopant concentration than the insulator edge.

Analysis of the fit revealed a much improved for ohmic edge showing a 99.3% overall fit. The

breakdown for below and above 0.4 V pivot are also summarized in Table 4.4. The fit could

be further improved by finely tuning terr and &, .

Table 4.6: Fitting summary of vertical MOSCAP

Voltage Regiont Fit
<04V 96.1%
204V 99.8%

Full 99.3%
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4.5 DISCUSSION AND CONCLUSIONS

Conventional CV extraction via Schrédinger-Poisson equation was shown to be insufficient
in capturing the behavior of thin-film MOSCAPs. The failure is attributed to the assumption
that the thickness of the semiconductor is much greater maximum depletion width of the
semiconductor. In thin active layers, such as those used in TFTs or the thin-flm MOSCAP
studies here, this is not the case. The modified model developed here incorporated the
geometrical thickness of the thin film by considering the solutions of carrier centroids as
solved by the Schrédinger-Poisson equation, instead of solely the dynamic of the net charge

as function of voltage.

It was further found that, with the modified CV model, it was required that we remove the
assumption that the distribution of the ionic charge (i.e. dopants) is uniform, which has been
oft the default profile for many models. Instead, the dopant profile was approximated to be
exponential in nature, with high concentration at the surface region which was rapidly
exponentially decreasing, and beyond this region, a relatively slower exponentially
decreasing doping concentration was assumed for the rest of the active layer. Such a profile
was necessary in order to capture the behaviour at deep depletion at lower voltages and
have been reported experimentally for controlled hydrogen doping in ZnO films, which are

usually the unintentional dopant species in ultrathin growths.

The shortcomings of the model remain for cases when thin-film semiconductors are grown
on substrates or base layers that are non-ohmic such as insulators, Schottky metals, or other
semiconductors. For insulating base layers, potential quantum confinement affects are not
considered when opposing pofential to the carriers of interests are applied. For base
materials which could form a junction with the thin-film, effects from such a formation is not
taken into account. On the other hand, based on the aforementioned shortcomings, our

hypothesis was that the model could properly model a vertical MOSCAP with the active
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layer grown on an Ohmic metal. Indeed, the strongest fit was achieved with a fabricated

and measured vertical MOSCAP and the model developed in this study.

The investigative nature of this work can potentially give electrical insight into thin-fiim
materials other than ZnO, including dopant distribution and their nafure, in addition to

predicting CV behavior of thin-films.
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5  TUNNELING JUNCTION TRANSISTOR: A NOVEL
ARCHITECTURE FOR HIGH PERFORMANCE TFTS

5.1 BACKGROUND

5.1.1 UNIPOLAR TRANSPORT LIMITATIONS IN A TRANSISTOR

To enable thin-film flexible electronics to its maximum potential, a high current density thin-
film transistor (TFT) is essential for many applications. The boost converter, for instance, deal
with high current throughput which the switching fransistor must be able to handle. The vast
maijority of modern TFTs however do not meet this requirement compared to traditional

MOSFETs.

TFTs and traditional MOSFETs differ in whether their operations rely on a single carrier or both
carriers. Thin-film field-effect transistor (FET) architectures, including the conventional metal-
oxide semiconductor (MOS) TFT, are dictated by the freatment of a single carrier type, which
in turn solely determines the output electrical characteristics of the device. Majority carriers
are used to form the channel in the active region directly underneath the gate, whereas
the traditional single-crystalline bulk MOSFETs use minority carriers. The bipolar nature of the
traditional MOSFET allows the formation of both the accumulation and inversion region when
extracting its CV characteristics. On the other hand, because the TFT is a monopolar device,
only the accumulation capacitance is formed. This is made demonstrated for the n-MOSFET

and the n-TFT in Figure 5.1.
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Figure 5.1: a) Shows the CV of n-TFT and n-MOSFET; b) the active thin-film of the TFT operated at accumulation
region where the channel is made of majority carriers; and c) the n-MOSFET operates in the inversion region
where the minority carrier doped regions at the source and drain supplies the channel with minority carriers.

For the TFT, majority carriers of the accumulation region are used. In Figure 5.1b, these carriers
are drawn from the body of the thin-film and forms the channel with the source and drain
and the current path does not encounter any pn-junctions. In confrast, for traditional MOSFET
architecture shown in Figure 5.1¢c, the minority carriers of the inversion region formed the
channel and these carriers are supplied by the source and is collected at the drain. Both the
source and drain region are highly-doped and made up of the carrier species opposite of
the lowly-doped semiconductor body. The current sees two pn-junctions as a result. By
controling conduction through minority carriers, traditional MOSFETs can be effectively
scaled with respect to the gate capacitance (Cox) simply by thinning the gate dielectric.
This is because the turn-on voltage Von does not heavily depend on the thickness of the
gate dielectric, but rather the minority charge channel formed at a certain voltage
threshold V. In contrast, TFTs can suffer from undesirable Von if the Cox is not sufficiently
thick, since an insufficiently depleted channel of maijority carriers may exist during OFF-state

voltages causing parasitic conduction.
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As a result, monopolar enhancement devices based on these mechanisms fundamentally
suffer from low current output, and rely heavily on the field-effect mobility u of the active

flm for compensation egn (5.1). The inescapable trade-off which limits unipolar
accumulation-mode devices stems from the pursuit of a desirable turn-on voltage. To
achieve this, either the gate oxide must be sufficiently thick or the active material must
exhibit sufficiently low carrier concentrations to be fully depleted by the gate dielectric
alone. Both of these opfions must be exercised to obtain a well-behaved transistor but

ultimately result in low drain currents Ip due to a low maximum oxide-charge capacitance

Cox [67,68,69].

I}, oc uCoy (5.1)

5.1.2 BIPOLAR TRANSPORT ADVANTAGES

For this reason, several advantages are immediately apparent in the use of bipolar
devices. Electrical characteristics such as off-state behaviour, tfransconductance, cut-off
frequency and current gain are intrinsically superior to the FET, making them generally
preferable in amplifiers, an application which modern TFTs cannot sufficiently fulfill [70].
Furthermore, the mobility metric of the semiconductor is not as crucial in the output of these
devices due to the diffusion based charge transport [71]. Monocrystallinity and reduction of
lattice defects is crucial to minimize current loss to excessive carrier recombination [72,73].
Up to this point, due to the general disordered nature of the crystal lattice in thin-fim
semiconductors, frue bipolar junction TFTs, in contrast fo the ambipolar variant [74,75], have

been largely non-existent.
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5.2 THE THIN-FILM TUNNELING JUNCTION TRANSISTOR (TJT)

What is required for bipolar transport at low temperatures in non-crystalline wide-
bandgap fransistors is a p-type source that supplies holes in the inversion region of the
device. A similar method is used for an asymmetrical TFT architecture, the source-gated field-
effect transistor (SGT). In this device, a Schottky metal source supplies electrons info a
depleted body at voltages corresponding to the accumulation region that forms the
channel within the intrinsically n-type semiconductor [76,77].This method for injecting carriers
from a metal to form an active channel proved successful in building an enhancement-
mode ZnO-based TFT depleted of free carriers [78]. Hence, any material source of holes, for
example, p-type Si at the appropriate bias can inject its majority carriers into an n-type wide-
bandgap semiconductor bringing us a step closer to bipolar action in a ZnO-based

fransistor.

The workings of such a transistor is infroduced here by incorporating the tunneling
emitter bipolar design previously reported within a thin-film medium [79,80,81,82]. Active
thin-flm technologies to date have been limited to low power switching applications
primarily because of low current density exhibited in TFTs. Beginning with a wide-bandgap
oxide semiconductor, in this case zinc oxide (ZnO), we put in conjunction with the p-type
hole source to form a pn-junction. We then combined the principals of the tunneling emitter
and the base-inversion channel to demonstrate a novel thin film bipolar transistor

architecture: the thin-film funneling junction fransistor (TJT).

5.3 HOLE INVERSION LAYER FORMATION

5.3.1 P-SOURCED N-TYPE MOSCAP: DEVELOPING THE REFERRED BASE

A npn BJT requires a p-type base. To achieve a similar bipolar action within a TJT, requires
the same. However, this is especially difficult in thin-films that usually have large bandgaps

are commonly either infrinsically n or p-type. In other words, thin-fiilms are dominated by
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maijority carriers such that minority carriers are nigh undetectable. A consequence of this
arises in CV measurements where inversion capacitances are instead replaced with deeper
depletion capacitance at inverse voltages. It is hypothesized here that the crux of the
problem is the absence of a source of minority carrier. In the case of n-ZnO, a p-type source

is required.

To demonstrate that a p-type source will be able to inject its carriers into an intrinsically n-
type wide-bandgap material and subsequently form an inversion layer, a n-ZnO MOSCAP
built on a (100) p-Si was simulated using Crosslight TCAD with the bias scheme shown in Figure
5.2. A 25 nm ultrathin PEALD n-ZnO mesa was layered on a (100) p-type silicon substrate to
form a pn-junction. Above n-ZnO, a 4 nm HfO2 layer was place and then finished with the

emitter terminal and ground contact made up of aluminum and gold (Al/Au).

Applied Voltage

GND

HfO, (4 nm)

InO (25 nm)

p-Si

Figure 5.2: The MOSCAP structure simulated in Crosslight TCAD consisting of the active layer n-ZnO on top of a
p-Si substrate that behaves as a supply for holes. A 4 nm HfO2 is deposited on fop of n-ZnO to form the barrier
layer. The structure is completed with a base and emitter made of Al/Au.

During the early onset of the ON-state (Vee, Vg > 0 V), holes injected from the p-Si
conglomerate in ZnO directly underneath the HfO2, forming the referred base or the p-type
analogue in an NPN transistor. The accumulation of holes in the 2D inversion layer that serves
as the referred base at the HfO2-ZnO is evident in the simulation results using the classical
Poisson model presented in Figure 5.3a. Furthermore, the simulated results presented

revealed a uniform hole distribution across the region where there is no direct contact with
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the p-Si base. This study also predicted a significant hole gas concentration on the order of

1020 cm?3,
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Figure 5.3: The distribution of holes at the a) HfO2/ZnO region isolated from the p-Si holes source showing lateral
uniformity and reaching hole concentration of up to 1022 cm-3at the 2D referred base; b) the hole distribution
of the full device from the onset of the p-Si confrol base to the edge of collector contact biased at Ves = -5V.

In Figure 5.3b, the full ON-state hole distribution sans the contacts and barrier layer of the
device based on simulation from onset of the p-Si to the edge of the collector contact is
given at Ve, Vge = -5 V. We can observe that the hole inversion uniformity directly
underneath the barrier layer ceases at from the start of the p-n overlap to edge of the
isolatfion layer (SiN) where it ferminates. At the p-n junction itself, a large layer depleted of
holes is formed. While a p-type substrate was used as a proof-of-principle of the TJT, a thin-
film hole source can be be utilized and designed by considering the doping concentration
of the p-type material. In thisinstance, the p-Si substrate was set with a doping concentration
on the order of 10> cm-3 which was then put in infimate contact with a 5 x 10'¢ cm-=2 doped
Nn-ZnO. At Vee = 5V, this resulted in a maximum “active charge region” of 80 nm at the
valence band edge of the ON-state p-Si, the total hole-accumulation width, plus the
additional 25 nm n-ZnO film. The relevance of this metric being that the remaining p-type

carriers in p-Si beyond 80 nm do not participate in the injection of holes into ZnO.
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A direct implication is that the thickness of any given p-type thin film chosen for use in a TJT
can be made thinner if the material features higher acceptor doping or holes
concentration, the ideal being infrinsically hole conducting materials [83]. Further
implications also suggest that the only condition for the n-type fim where the referred base
forms is that its bandgap is sufficiently wide. Conversely, at OFF-state (Vee, Vg <0 V), the pn-
junction becomes reversed biased wherein the n-ZnO film is almost fully depleted and the
p-Si is depleted up to 50 nm, with a small accumulation of the remaining free electron

carriers at the barrier interface.

To experimentally verify that an inversion layer can formed as suggested by simulations, a
MOSCAP with the same structure as the model was fabricated and directly measured (see
Appendix). The CV characteristics are shown in Figure 5.4. The emitter was treated as the
cathode (applied voltage terminal) and the p-substrate as the anode (ground terminal) as
indicated in Figure 5.2. A max capacitance density of 1.9 yF-cm-2 at the HfO2/ZnO interface
was detected at the negative voltages and is attributed to the corresponding holes injected
into n-ZnO. Alongside the capacitance, the conductance density measured at this region
also exhibited more dynamic behavior, indicating that control of the device via the control
base terminal can be exercised at voltage Ve, Vgs < 0 V. In contrast, at OFF-state, a smalll
ZnO electron accumulation capacitance density of 0.05 uF-cm-2is detected, coupled with

a conductance density that allowed almost indiscernible and eventually no control over

charge after Veg, Vg = 2.2 V.
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Figure 5.4: The HfO2/n-ZnO/p-Si MOSCAP showing the (a) measured CV which is consistent with proposed
electrical operations. Furthermore, conductance curve reveals that control over charge is maintained beyond
Ves <0 V before leakage degrades the GV. At Ve > 2V, there is no control of charge during accumulation.

Due to the structure of the MOSCAP, we observed for the CV that below Vee =-0.90 V, the
maximum capacitance decreases at relatively rapid rate. Since the ground terminal was
set on top of p-Si instead of the bottom, as the reverse bias increase, the pn-junction
becomes fully forward bias and the capacitance detected atf the interface begins to
degrade. Much of the charge is lost into the p-Si substrate as it provided an alternative
current path fo the top ground terminal. A similar degradation behavior is also seen with the
conductance when the p-Si/n-ZnO is turned on. This has been reported for Si MOSFETs with

top source contacts, with a correction factor associated to compensate for leakages [84].
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Nonetheless, it remains of interest the CV behavior of the reverse voltage as the p-Si substrate

can be replaced with a viable thin-fim p-type semiconductor film.

5.3.2 TRUE INVERSION CAPACITANCE

To understand the behavior of the emitter MOS interface operating at inversion, the
modified Schroédinger-Poisson method, the CV was modeled to gain a true estimation
capacitance behavior. Although the substrate leakage degraded the capacitance a
beyond -0.95 V, the region from 0 V to the threshold voltage (‘calibration region’) can be
used a guide knowing the general parameters of MOSCAPs prior. It is important to gain
insight into the mechanics of the interface when tunneling at the MOS interface is
investigated. In particular, the surface potential and the effect of the field at the oxide alll

play an important role in determining the funneling current, a key to TJT device operations.

The estimation of the true inversion capacitance is shown in Figure 5.5 to be about 3.1
um-cm2 at 2V. At this voltage, the measured capacitance density was reduced to just 1.5
um-cm-2. To note, the model and measured did not perfectly fit the calibration region,
especially at the voltages about 0 V. A minimum capacitance of about 0.2 pm-cm-2 is
predicted but the experimental results at the same voltage was much lower, even indicating
slight leakage at 0 V. To explain the discrepancy, as stated before, the model makes the
assumption that the active layer is on top of an ohmic contact. In reality, of course, being
that n-ZnO was layered so as to form a junction with p-Si. Therefore, the additional depletion
width contribution came from not just ZnO alone, but also from the p-Si substrate. As a result,
this was detected as a lower minimum capacitance at about 0 V and above, as expected

from a reversed biased pn-junction.
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Figure 5.5: Simulated CV characteristics of the HfO2/n-ZnO/p-Si MOSCAP. Using the modified Schrédinger-
Poisson equation, the model predicted the corrected inversion capacitance to be 3.1 yF-cm-2. The correction
removed the additional junction effects contributing to the degradation of the inversion capacitance.

With the CV characteristics confirming that an inversion layer can be formed in a wide-
bandgap semiconductor which is intrinsically n-type like ZnO, it is found that one of the key

component a TJT, the tunneling emitter, can be realized and further enhanced.

5.4 TJT: TUNNELING EMITTER

Previous transistor designs featuring the tunneling emitter showed promise due to its intrinsic
current gain properties resulting from the ratio of electron carriers versus hole carriers

tunneling through the barrier layer [85,86,87]. However, the design was limited due to
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insufficient volume of carriers participating in the overall current throughput, with the best
reported current gain being 500-800 (A/A) with a low density of 0.07 mA/mm [88]. Most of
these devices, however, used a silicon (Si)/silicon dioxide (SiO2) material system which
exclusively relies on direct tunneling of electrons and holes through a large barrier
determined by the conduction (Ecoftset) and valance band-offsets (Evoftset). Few wide-
bandgap funneling-emitter transistor were also studied, showing slightly better but still
insufficient current output, such as AIAs/GaAs and AIGaAs/GaAs systems, which required
high temperature (>500 °C) growth techniques [89] and are ultimately not flexible nor bio-

or print- compatible.

5.4.1 FABRICATION OF THE TJT

Figure 5.6a and Figure 5.6b shows the layers and cross-section of the TJT. A top-down
achromatic image was taken to highlight each constituent layers of the final device (Figure
5.6c). Key dimensions are also labeled: in this device: the base-, emitter- and collector-width
W was 10 ym, the Si/ZnO pn-junction overlap Lov was 5 um, and the emitter to collector
length Lec was 10 um. On a p-Si substrate, 50 nm of PECVD silicon nitride (SiN) was deposited
as the isolation layer. The plasma-enhanced atomic layer deposition (PEALD) and the
plasma-enhanced ALD (PEALD) processes were performed at 200 °C and 100 °C,
respectively. The first TALD process deposited a 25 nm ZnO blanket film over the entire
substrate and patterned by wet etching with ferric chloride. Following this, the emitter was
fashioned using lift-off with a 4 nm PEALD HfO2 barrier layer on top of ZnO, thus forming the

tunneling emitter. A more detailed fabrication steps is provided in the Appendix.
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Figure 5.6: Overview of the thin funneling junction transistor (TJT) based on p-Si/n-ZnO/HfO2 tri-heterojunction: a)
the fabrication process layers beginning from a bare p-Si substrate to the final metal layer; b) cross-section of a
completed device along with the key terminals including the control base, tunneling emitter and collector; c)
achromatic confocal microscopic top-view of a sample completed device; Lov =5 um, Lec = 10 pm.

5.4.2 TUNNELING CURRENT IN TRUE METAL-INSULATOR-SEMICONDUCTORS

There are numerous literature that have described in detail the tunneling currents observed
in Si-based MOS structures. Unlike the TJT studied here, the exact structure of the Si-based
MOS consisted for Si of either n or p type, followed by a gate oxide and gate electrode
being made of highly degenerate polysilicon [90,91,92,93]. Direct tunneling, as a result, was
simply explained by a flow current resulting from carriers transporfing from band-to-band
through the gate oxide potential barrier. This model was successful in describing this
phenomenon with great precision and is the basis for other funneling emitter transistors. As
these would not be valid for a structure utilizing a true metal instead polysilicon, classical
models developed on the principles outlined by Richardson, O.W. (1912) [94] and
corroborated by Sze, et al (1967) [95]. These works were exclusively based on the Poisson
interpretation of metal-Schottky barriers [96,97,98,99]. After the wider acceptance of the
Bardeen’s (1964) proposed quantum mechanical description of tunneling [100], several MIS
tunneling models combined the Schrédinger description with the classical solution to

produce an approximate analytical or self-consistent solution [101,102].

In this work, the solution was self-consistently solved iteratively through the transfer matrix
method [103,104,105]. The funneling coefficients are determined by the reflection and

fransmission of the wavefunctions as it interacts at the metal-insulator interface and the
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insulator-semiconductor interface. This was then compared with the measured current of
the transistor biased TJT as in Figure 5.7a. The voltage was applied from emitter-to-base and
the current was taken at the collector as revealed in Figure 5.7b. The voltage where the p-
Si/n-ZnO junction is turned on is also indicated in the figure and it corresponded with the
voltage where the CV clearly degraded and deviated from the theoretical CV (Figure 5.5).

The collector was set at Vc = 0 V to ensure that no additional fields were induced at the

emitter.
(a) (b)
10° 4
E ¢ Measured
< 3 Vo fi
E E (_)N or
1 p-Si/n-ZnO
- o 10 3 junction
Ve, Vee $ 3 /
= 7
5 10
E 1077 o
=] b &
Tunneling ‘é’ OO
Emitt 3
. v Collector .E 10 3 E <><>
Control | r .
o S o
c E <&
3 5. <&
= 10
. g
107 — T
-3 -2 -1 0

V., Vee

Figure 5.7: (a) The bias scheme of the TJT to measure the tunneling current at the emitter and, (b) the
corresponding measured tunneling current density. The tunneling emitter was operating at inversion. The

voltage where measured CV deviated from the expected CV is labeled as “Von" and is the point where the
p-Si/n-ZnO junction is turned on.

The IV output of the TJT was consistent with other reported MOS junctions which have shown
the same general IV form for highly degenerate p-type Si semiconductors with ulfra-thin SiO2
barriers for instance in the work of Sze et al. (1967). At the voltage beyond the ‘knee’ voltage
about -0.9 V, the tfunneling current’s dependence on the applied voltage was weakened.

It is worth noting that the knee voltage is a close match to the voltage at which the
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capacitance density began to degrade rapidly as seen in Figure 5.7b. Although this was
observed in MOS with p++ Si substrate, the lower voltage dependencies occurred at higher
potentials where the tunneling probability reaches its peak. This behavior may differ with the
TJT because the interface region of interest was operating at inversion instead of
accumulation. Though the exact nature cannot be known until further investigations. To
determine whether this loss of confrol over current is predicted by the tunneling model or is
caused by other factors, a comparison between model and measurement was made of a

4 nm HfO2 barrier in an n-ZnO MOS structure.

The potential electron barrier height at equilibrium was assumed to be equivalent to the
conduction band offset (Ecoftset) at the HfO2/ZnO interface. The hole barrier height was
determined by the valence band offset. X-ray photoelectron spectroscopy (XPS)
determined Ev.orset TO e only 0.12+0.02 eV and Ec.ofrset Was calculated to be 2.27+0.02 eV.
Similar values have been reported with single crystalline ZnO with HfO2 [106]. The tunneling
current taken beyond the onset of the semiconductor surface. Using the modified
Schrédinger-Poisson, the potential drop over the 4 nm insulator HfO2 was determined and
applied to the funneling model. The initial description of the dynamic behavior of the band
diagrams are given Figure 5.8. As the applied voltage decreases (becoming more

negative), the oxide begins to bend down indicating a negative electric field.
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Figure 5.8: The dynamic band profile of the tunneling emitter as the applied voltage Vesis varied from 0V to 2
V. The barrier bends downward in response fo the negative bias and the ZnO conduction band edge bends
down as it gets further depleted.

In Figure 5.9, the current-voltage (IV) of the measured reverse current at the tunneling
emitter is compared with the model output. The results showed significant disagreements at
both below the knee voltage and above. Differences in current density at higher negative
biases can be attributed both series resistance and loss of electrons via recombination with
the hole inversion layer as the measured current is taken at the collector terminal. On the
other hand, discrepancies at voltages closer to 0 V merited a deeper investigation because
the current measured was greater than the predicted output. Additional leakage paths as
a result of defects within the oxide or the interface may explain it. However, a brief
examination of the tunneling current for n-ZnO which could form an inversion layer showed
that the current was consistent with direct tunneling of HfO2 and n-Si. In Figure 5.9, the PEALD
HfO2 used in this study had leakage performance comparable to the HfO2 used in
production at the same oxide thicknesses [107]. Thus the additional leakages cannot be
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aftributed to poor oxide performance. Another possibility that is eliminated is leakage
current from the pn-junction, which if it were the case, the resulting current density would

rise at a much faster rate than what was measured here.
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Figure 5.9: Tunneling current of the emitter was modeled using a Schrédinger-Poisson transfer matrix method.
There is significant mismatch between measured and model at the calibration region (0V to -0.9 V) when
considering a 4 nm barrier thickness (the physical barrier thickness of HfO2 layer).

5.4.3 WAVE MECHANICS IN TUNNELING BEHAVIOR

Current density is extracted after the tunneling probability is determined using the fransfer

matrix method. For MOS using tfrue metals, the current is determined using equation (4.1).

JT Z%D(Ex’l/bias)'.[[f;} (E)_fN+I (E)] dEdEx (52)

B
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Where A* is the effective Richardson constant and Ex is the energy of the electron whose
tunneling probability, D is evaluated. The tunneling coefficient as calculated from the
connecting momentum eigenfunctions with the general description of the wavefunction as

follows:

y(x)=Ae™ + Be™ ™ (5.3)

¥ The wave vector k of the transmitted electron is calculated with respect to the barrier

profile U simply by:

(E-U) (5.4)

In Equation (5.4), only the transmission waves are of interested and are detected in
measurement. It is then acceptable to ignore the reflected waves about the insulator-

semiconductor interface.

Wy (x) = Ae™ (5.5)

Boundary conditions are set at the metal-insulator interface with A = 1 (source of the
fransmitted electrons) and the insulator-semiconductor interface B = 0 (no wave being
reflected back into the semiconductor). In other words, at both interfaces the continuity of

v and (1/m") (d /dx) must be satisfied.

As there is the tfunneling current is directly proportional to the fransmission probability, the
ratio of the model and measured current is related to the ratio of the probabilities simply as:

86



‘]Tmod - D (56)

The solution of D for a single electron is proportionally related to the fransmitted wave
function by multiplying itself with its conjugate. By combining Equation (5.5) and (5.6), we
arrive at:

e ]kmeas Xmeas

= ejkmodxmod (5.7)

To further simplify this relationship, we investigated the parameters influencing the wave
vector and discuss its effect on the tunneling constant. Much like the measured model, the
goal remains to find plausible method to match the measured data below the region where
the output began to degrade. For the measured current, this region is defined as from about
0 V to the knee voltage of ~-0.9 V. The knee voltage also had a close correspondence to
the voltage at which the capacitance in the CV measurement began to degrade due to

leakage.

Limiting the study to the first order, from equation (5.7), that leaves the effective mass of the
fransmifting electron m* as it traverses HfO2 and enters ZnO and the band profile with which
the electron interacts. Modifying m* = 0.05 as it inferacts with HfO2 yielded a good match
experimental data, but contradicts literature values, even at the lowest range of 0.1 10 0.18
[108,109,110,111]. For the sake of rigour, we maintained that m*wo = 0.15 which is a widely
reported value. Similarly, the effective mass for ZnO was not modified and set at m*z0 =0.15.
The effects focusing on the barrier and the band bending behavior are plotted in Figure
5.10. We considered the case where the conduction band offset to ZnO was halved resulting
in lowered potential barrier in Figure 5.10a. While it showed a better match than the original

parameters, the match to the range of interest was not satisfactory. Increased barrier
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bending shown in Figure 5.10b also did not achieve a strong match. Both of the resultant

tfunneling currents are shown in Figure 5.10c.
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Figure 5.10: Measured vs. simulated tunneling current for parameters affecting the wave vector k. The original
barrier profile (black line) was compared to two cases: (a) Lowering the barrier potential (filled red circles)
showed a better fit but did not satisfactorily match the region of interest. (b) Increasing the amount of barrier
band bending (green filled triangles) still underestimated the tunneling current at the calibration region. (c)
The resultant funneling current generated by the model.

Due to the general failure of achieving an acceptable match by modifying the parameters
affecting k in the first order, the unaccounted for idiosyncrasies with the wave vector was
concluded to be a minor contributor to the mismatch observed between the original model
and measured data. By eliminating k as a factor, and setting kmeas = kmoa We return to
equation (5.7) and aftribute the aberration solely on the distribution of the wave function

which reduces the ratio n to:

e Ax (5.8)



An interesting consequence of this consideration is that the distribution of the wave function
distribution of the metal y, or that of ZnO v, , (or both) either penetrate or is centered
further away from their respective interfaces. Because the modeled current was lower than
the measured above the knee voltage, the latter was not considered a possibility because
it would result in a lower tunneling probability. If we consider that v, , penetrates the barrier,
instead of ceasing af the insulator-semiconductor interface, then only a portion of the onset

of a wave would be able to do so. This portion may not be significant enough to influence

Ax . For the sake of simplicity, the assumption for wave function of ZnO was upheld, thereby
leaving the physical interpretation of Ax solely on the behavior of metal wave function v, .

This will be explored in Section 5.4.4.

To reiterate, the goal of this analysis is to determine if whether there exists a single correction
parameter that resolves the disagreement in the model and the measurement. This
correction is identified through the difference described by 17 and associated with Ax while
the calculated k is unchanged. For simplicity’s sake, the wave vector k is assumed to be true
because the individual components, such as effective mass or barrier potential, etc. that
influenced it did not completely satisfactorily explain the difference. And the intention was

fo keep the degree of freedom of the parameters to a minimum.

The ratio 7 was evaluated at comparable voltages and the wave vector k was simply
extracted from the model results. Higher ratios imply the largest discrepancy and is observed
at -0.1 V with the largest revealed at Ax = 1.6 nm (Table 5.1). As the voltage became more
negative Ax decreased as the model begins to intercept the experimental data,
converging at about 0.9 nm. Nonetheless, because the goal was to match the full voltage
region of interest by minimizing the amount of parameters requiring adjustments, only the

Ax associated with the largest exitraction discrepancy ratio 7 was considered. The largest
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n was associated at the V =-0.1 V, with a ratio of 5589. The dependence of 17 with respect

to the voltage is also a strong indicator of a poor fit at the voltage range not influenced by
structural factors (e.g. before the p-Si/n-ZnO junction is turned on). As demonstrated in Figure
5.10c, the tunneling current for all cases converged around a maximum current on the order
of 104 A-cm2. This suggests that the main influence of the parameters of the barrier and its
interaction with an applied field, is over the behavior prior to reaching the theoretical
maximum tunneling current. Consequently, the rate at which the tunneling current increases
will be different depending on the how the barrier and its field-interaction are characterized.

The 71 -V dependence is then a result of the difference in the rate of change of the

insufficient model versus the measured results, and does not necessarily imply that many
parameterization corrections need to be made. In fact, it is possible that only a single

parameter may need to be adjusted in order o yield better model-measurement fits.

Table 5.1: Wave vector taken from model and ratio between the measured
and model using 4 nm taken at the same voltage and the corresponding

calculated Ax .

Voltage k (m-1) n Ax
-0.1 5.5x10°7 5589 1.6 nm
-0.2 5.9%10°7 1947 1.3 nm
-0.4 6.3x10°7 2336 1.2 nm
-0.6 6.7x10°7 1603 1.1 nm
-0.7 7.1%x10°7 678 0.9 nm
-0.9 7.4x10°7 727 0.9 nm
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As such, the purpose of this technique was to reduce the potential of a multitude of
corrections info a single parameter which can be analytically extracted with ease. Its results

are discussed in the next section.
5.4.4 EFFECTIVE BARRIER THINNING

Further elaboration on the meaning of Ax with its affect on  is illustratively depicted in

2.
IS

Figure 5.11a. In the original case, the probabilistic metal electron distribution |!,ym

portrayed as almost wholly outside the barrier, thus implying that the wave function
penetration is miniscule. In this situation, the barrier thickness which is equivalent to the
electron’s path of least resistance corresponds to the physical thickness of the insulator. Of
course, as already discussed the physical barrier thickness resulted in a much lower current

densities when taken into account in the model. Assuming the ZnO probabilistic distribution

|l//Z”0 * s true as it is, what Ax suggests is the error in the distribution ofy, at the metal-

insulator interface; to correct this the assumption, a revision was required to allow |t//m| to

penetrate into the barrier. Wave function penetration into the barrier have been reported
[112,113,114]. Consequently, the path of least resistance for the emitting metal electron that
is now allowed exist within the barrier is reduced by Ax effectively thinning the barrier the
electron sees (Figure 5.11b). For a Ax = 1.6 nm, the effective barrier foxefrf becomes 2.4 nm,
which was corrected from the physical barrier thickness of 4 nm. In Figure 5.12, with all other

parameters remaining unchanged, the resulting model tunneling current was revealed.
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Figure 5.11: The proposed interpretation Ax and the effective barrier thickness. In (a), the barrier thickness is
equal to the physical thickness of the HfO2 layer. In this model, the wave function of the metal barely
penetrates the barrier such that electrons primarily exist outside the barrier. On the other hand, the
discrepancy in the measured and the initial model is rectified through Ax , it suggests that the metal electron
wave function penetrates the barrier by that difference. As shown in (b), this leads to an effective thinning
of the barrier.
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Figure 5.12: The revised model that compensates Ax by effective thinning of the barrier compared to the
measured data and the previous models. With the compensation, the revised model provided a strong match
with the calibration region. The model also predicts the tunneling current density at voltages below -0.9 V
where the current and capacitance began to degrade. At 3 V, the current density reaches 104 mA-mm-'.

With the correct applied to the model, we see a strong match at the region where other
factors such as pn-junction leakages or series resistance have less impact on the overall
output. More specifically, from ~0 V to ~-0.9 V, the fit is above 99% indicating the validity of
an effective barrier thinning explanation. Furthermore, a potential design parameter is
implied: if current losses can be reduced to nothing, a very high current density can be
achieved. This prediction is parficularly important because high fidelity circuits such as power
converters and amplifiers require higher current throughout from TFTs in order to move past
the switching space. In fact, this work proposes that the effective barrier thinning gives rise

to an enhancement of tunneling current which is central to the gain mechanism of the TJT.
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5.5 DeviICE OPERATIONS

5.5.1 ENERGY BAND PERSPECTIVE

The TJT's complete emitter-base band diagram consists of first the onset of HfO2 at 0 nm (4
nm thick), followed by a 25 nm ZnO film and ending with the p-Si substrate. At equilibrium,
the conduction band offset Ec-oftset Of 2.26+0.05 eV and a valence band offset Ev-orrser Of

0.14%0.05 eV as shown in Figure 5.13a.

When the device is on, ZnO is completely depleted of its majority n-type carriers and is
inverted. The p-Si partially accumulates its majority p-type carriers at the p-n junction, but
most of the holes are injected into the inversion layer. This is depicted in the simulated band

diagram in Figure 5.13b and diagramed in Figure 5.13c.
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Figure 5.13: Band diagram elaborating on the of Al/HfO2/ZnO/p-Si tri-heterojunction during a) Equilibrium
voltage where Vs = 0 V; b) ON-state indicating the active charge region which determines the minimum film

thickness required for a p-type carrier source; and c) the predicted carrier distributions showing the inversion
layer or referred base; d) OFF-state and e) the almost fully depleted majority carriers of both ZnO and p-Si.

94



During OFF-state in Figure 5.13d and Figure 5.13e, both ZnO fim and p-Si surface are
depleted of their majority carriers. This results in a very limited amount of free electrons

available to be collected, resulting in low current throughput at the Vee < Von.

5.5.2 GAIN MECHANISM

A closer demonstration of the tunneling gain mechanism in the TJTis revealed in Figure 5.14a.
When the device is on, the bias at the control base with respect to the emitter terminal Vae
determines the accumulation of injected holes forming the 2D inversion layer at the n-ZnO
valence band edge. Simultaneously, electrons tunnel through the MOS interface beginning
from the metal and are subsequently injected into the collector region. The primary current
gain mechanism arises from the exacerbation of the Columbic forces between metal
electrons and injected holes separated by the barrier layer. In contrast o polysilicon metal
gates, the tunneling holes into frue metals are not known or reported. In gain mechanisms
explored in polysilicon tunneling emitters, it is the effective differential between the electron
and the hole that causes this effect. Here, from the band diagram at Figure 5.14b, the holes

do not tunneling across the barrier info metal. Instead, the wave function of metal electrons
v, is distorted by the ZnO inversion layer and forces the wave to significantly penetrate the

barrier. Owing to this effect, the actual effective barrier experienced by the emitter metal
electrons was shown to be toxefr = 2.4+0.5 nm and not the physical barrier of fox =4 nm. The
incoming electrons in the ZnO conduction are then ideally swept to collector, completing

the fransistor action.

Tunneling enhancement leading to current gain at the emitter was only observed when a
strong inversion layer was simultaneously present. When the hole channel was instead
replaced with a highly depleted ZnO film which was not supplied with a source of holes, like
p-Si, even when considering the degradation of current throughput, the measured tunneling

current was at least two orders lower.
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Figure 5.15 provides a much deeper view of the difference in tunneling currents when there
is inversion layer present (“Holes”) and without (“Depletion only”). The reason that the
depletion-only model did not reveal as dramatic as a correction of current at high voltages
compared to the holes case is because there were no additional current loss paths. In other
words, for the depletion only MOS structure, which followed traditional tunneling behavior,
the ZnO was deposited on top of an insulator and hence the current is primarily lost as series

resistance from the emitter to the collector.

Nevertheless, even when comparing modeled funneling currents in both cases, the
theoretical ideal for the current arising with the presence of an inversion layer still showed a

remarkable gain between 104 and 105.

The difference between the current characteristics for the holes measured and holes
modeled cases below ~-0.9V corresponded to the junction leakage resulting from the
furning-on of the p-Si/n-ZnO junction; this junction leakage also affected the structure’'s CV
characteristics where the capacitance was observed to degrade at <~-0.9 V, hence also
needed a CV correction. In fact, due to the turning-on of the pn-junction, the holes at the
MOS interface are drawn towards pn-junction instead. With respect to the conductance-
voltage curve, we saw this as a loss of charge conftrol. It is for this reason that as the inverted
MOS interface loses its holes to the forward biased pn-junction, we observed that the
resultant current-voltage behavior of the funneling emitter frended towards the shape of
the depletion-only model and away from the holes model. This is consistent with the
proposed mechanism where the presence of holes for a true metal MOS interface played a

crucial role in enhancing the tunneling current from the metal to the semiconductor.
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Figure 5.15: The emitter's tunneling current when n-ZnO is operating at inversion (‘Holes') and when it is
operating without inversion (‘Depletion only’). There is a clear effect difference in both the measured and
modeled case. In the former, the holes structure was almost 102 higher than the depletfion only structure. The
mode predicts a difference of almost 105. The cases with holes, the difference between the measured and the
model is a result of a junction leakage at Ve < ~-0.9V due to the turned-on p-Si/n-ZnO junction. This also
effected the CV characteristics where the measured capacitance decreased rapidly below the same
voltage.

5.5.3 TRANSISTOR CURRENT-VOLTAGE CHARACTERISTICS

Like in a BJT, the funneling electrons noft lost fo recombination are eventually swept to the
collector. These collected electrons resulted in a characteristic transistor current-voltage (V)
family of curves dependent on the emitter voltage with respect to the base as shown in
Figure 5.16a. To further emphasis the influence of the tunneling emitter, the measurement
was taken at the common-base mode and the high potential is taken from the base and
grounded at the emitter (Vee). As the field applied between base-to-emitter voltage was
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strengthened, the collector current increased. The hole-assisted enhanced tunneling current
at the emitter is a key reason why the throughput current density reached as high as ~45
A/mm at 3Vee as have been reported [115]. electrical degradation of the ZnO film was
observed under these power conditions. Consistent with the prior CV results, at >1 V emitter-
to-base voltages, almost no current modulation is present and the device can be
considered to be off. A clear distinction in the OFF-state and ON-state transconductance is
also shown in Figure 5.16b, indicating a furn on base voltage of around -1.5 V where the
device can truly be said to be on. An immediate problem that is discerned is the high
collector saturation voltage Vcesar. Deeper insight into this issue was explored through a
basic TJT compact circuit model and the behavior of the devices were compared at

different values of Lec.
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Figure 5.16: The measured TJT family curves in common-emitter mode from Ve = OV to 3V; (c¢) the
fransconductance of the TJT in the common-emitter mode.

5.5.4 TJT COMPACT MODEL

Due to the complexity involved with the multitude of junctions in the TJT, many of the

parameters were exiracted when applying the Ebers-Moll BJT compact model to the TJT
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[116]. In Figure 5.17, we break down the elements to two tunneling diodes Jor and Jor2
representing the current at the collector Jsc and the emitter Jge, respectively. Two

dependent sources also contribute to the over current and is associate with BJT definition of

gain. For the overall collector current Jc, the forward gain «, is applied to the base-to-

emitter current Jge, and for the overall emitter current Jg, the reverse gain «, is applied to the

base-to-collector current Jsc. Additional parasitics are also identified including contact
resistances at the collector Rc, the emitter Re and most as it will be shown most significantly

from emitter to collector Rce.

Finally, another component, Gieak, Was meant to represent holistically the loss in various
junction currents related to the base. Because of the difficulty in capturing the full effects of
Gieak, the motivation for the model was to elucidate the behavior of the TJT in its absence.
In its entirety, Geak is meant fo represent the current lost between the base and collector
through the silicon nitride substrate, the recombination current between the base and
emitter and also the recombination current between the referred base and the collector.
Many of these issues primarily arose from using a p-3i substrate and a silicon nitride layer at
regions where isolation from ZnO to p-substrate were required. The emitter current was
closely investigated because relatively speaking, its characteristics was least influenced by
Gieak. Nevertheless, there were some effects that remained and could not be deconvoluted
during measurements. As such, this served as the driving force behind the compact model

analysis.

As we are most interested in the emitter current, from the Ebers-Moll's description of the TJT,

we arrive at the full description of the emitter-to-collector current Jec as follows:
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jEC = aF(VBE)JES e Vs )kl _q —aR(VBE)JCS em -1 for V., <V, V (5.9)
_ Ve Ve
jEC = aF(VBE)JES eng(VBE)kBT —1 _aR(VBE)JCS enngT _1 (1_’_2/) fOI‘ I/CE > VBE V (5]0)

In this compact model, the ideality factor between the base-emitter ne was adjusted with
respect to the base-emitter voltage to capture the combined effects of emitter tunneling
and the junction leakages. Similarly, at Vce £ Vee, the ideality factor of the collector-emitter

nc junction was also adjusted with respect to the collector-emitter voltage.

GIeak RC
D+, Je Collector
IVANERG} '
Jec =Jpy, JpE OF
Base R
CE
. Jee =1 D1 DT1

vaRd! R

e oy Re

Emitter

\\N\N—0

Figure 5.17: The TJT circuit model based on Ebers-Moll highlighting the major sources of non-idealities to be
corrected. This includes Greak Which represents junction leakages atf the base which are eventually collected at
the collector. Ree is the parasitic resistance between the emitter and collector. The diodes Dr; and D2 represent
the tunneling emitter and the referred-base-collector junctions, respectively.
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For Vce > Ve V, an exiracted parameter 4 was applied to the overall output, which
captures the voltage dependence on Igsar . Vmob,sat must be selected such that the current
does not explode in magnitude. The contact resistance are ignored as it is considered minor
compared to the Rce. In this compact description, D1 and Dr2 have both their anodes tied
to the base dictated by the confrol base terminal, with the Dn being simply tied to the
tfunneling emitter as the low potential (cathode), and the latter having the electron current
at the tunneling emitter further dictated by the potential at the collector. Since the exact
nature of the tunneling diodes are not fully understood, Dm1 and Dr2 were modeled using a
general junction expression, with varying saturation current density (Jes and Jcs) determined
by the current at a particular base voltage. Furthermore, ideality factors ne and nc are
modeled as showing dependence on their respective voltages Ve and Vc up to the ideal

safuration knee voltage (Vcesar = Vee).

It can be seen from Equation (5.9) and (5.10) that there are many dependencies on Ves and

Vce. To capture some tangible parameters, we took the reverse differential emitter gain ﬂR

which we say is about equivalent ,BF and it corresponds fo &, as follows:

To extract the reverse emitter current gain, the base current was taken at the low collector
voltages and for each Vee before it could be lost through Gieak. The differential gain was than

extracted by taking the slope at the corresponding base-to-emitter voltages.

The true saturation emitter current Jgsar was extracted through extrapolating the current at
0V by tracing the emitter current that was measured. This value was estimation of the current

with the effects of Geak, at collector voltages before base-collector leakages took effect.

Both extracted [, and Jesar are provided in Figure 5.18a and Figure 5.18b, respectively.
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Figure 5.18: The TJT's (a) differential emitter gain for the TJT used to calculate ¢, for the compact model and

(b) the estimated saturation current independent of junction leakages exirapolated from the slope of the
measured current to when Ve =0 V.
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Several other simplifications were made to reduce the complexity of the compact model.
For VCE > VBE, nC = 1 and JES = JCS, since both components would have a similar
dependence on the funneling emitter. For all other regions, the parameters were adjusted
to achieve a reasonable fit up to VCE = VBE. The goal of this model was to simulate the
family of emitter current curves for the condition that VCE,SAT = VBE is true. The simulated

curves are given in Figure 5.19 and compared with the measured family of curves.
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Figure 5.19: The simulated emitter family of curves based on the compact model compared to the Lec = 10 um
TJT measured results. The goal of the compact model was understand the behaviour of the TJT without the

affects of recombination affects of Gieak such that Ve sar = Vee.
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At simulated voltages below the simulated saturation voltage Vcesar = Vee, the current

behaved as expected for a BJT that is biased via voltage rather than current biasing, as is

the convention. Unlike the measured data, the current at the friode region do not converge,

suggesting that referred base does affect the emitter current at Ve < Vcesar

We also considered that reducing Lec would lead to an improvement to the experimental

safuration voltage behavior because the recombination region would also by physically

reduced. To verify this, a Lec = 2 ym device was measured and compared with the same

compact model (Figure 5.20).
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Figure 5.20: The measured results for a Lec = 2 ym TJT with the compact model. Reducing the emitter to collector
distance reduced both Rec and the current lost due to recombination. As Ve increases, the measured data
revealed a lower fransconductance than the predictions of the compact model, indicating that additional
some degradation in current at higher base-emitter voltages.
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The decreased Lec diminished the electrons lost to recombination and the magnitude Rec
both which resulted in an extending linear region. Simulation of the hole and electron
distribution for various lengths of Lec starting from the onset of the emitter to the collector
onset were also performed. In this simulation, Lec (see Figure 5.6b) was varied from 0.25 um
to 8 um. Both the hole (green) and electron (purple) concentration was measured under
the entire emitter region to the entire collector region. It is seen clearly in Figure 5.21a (holes)
and Figure 5.21b (electrons) that the potential recombination path decreased in the high
hole concentration area, which begins at emitter-edge facing the collector and terminates
at the collector onset. This was especially critical because the concentration of both carrier

species remain similarly high between Lec with minimal tapering for longer emitter-to-

collector distances.
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Figure 5.21: Simulated distribution of (a) holes and (b) electrons from the on-set of the emitter where the
inversion channel is formed to the on-set of the collector for various emitter-collector distances Lec. Some of the
advantages of a scaled Lec is a smaller recombination region and shorter resistance path.
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While indeed the safuration voltage did improve, it observed that beyond 2 V, the
fransconductance of the measured device reduced as the matfching base-to-emitter
voltage Vee was off about by about 0.5 V. This effect is similarly seen in the tunneling current
analysis where, after a certain voltage (-0.9 V), the rate at which the tunneling current
density increase was slowed. So in reducing the emitter-collector distance the
recombination current between the referred base and the collector region is attenuated
resulting in improved Vcesar. On the other hand, the control over the transfer current with
respect to Vee either lessened due to loses in the base-to-emitter junction or additional
current is gained beyond measured saturation voltages through silicon nitride isolation layer

where the collector voltages are relatively high.

From results shown in Figure 5.22, the isolation material of higher reliability was utilized to
understand the effects of leakages at this isolation region where silicon nitride (SixNy) was
used. In these set of devices, an additional 5 nm of high quality ALD SixNy on top of a 45 nm
low pressure chemically vapor deposited (LPCVD) SixNy was used between ZnO and p-Si at
the non-overlapping regions. Since the current density reduced as the Lec increased with an
improved isolation material, we conclude that inadequate isolation of p-SI by the silicon

isolation layer does increase the emitter current at higher collector voltages.
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Figure 5.22: Measured family of emitter curves with improved isolation layer between n-ZnO and p-Si at non-
overlapping region. The devices varied only in emitter-to-collector distances where (a) Lec =2 um, (b) Lec = 4 um
and (¢) Lec = 8 um. Ve was taken from OV to 5 V.

Figure 5.23 also suggests that scaling of Lec will increase current density which is important

for applications requiring high current transistors while simultaneously minimizing many of the

shortcomings for longer dimensions.
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Figure 5.23: With an improved silicon nitride layer, current leakage from of the p-Si substrate to the collector
electrode was minimized revealing increasing current densities as Lec is shortened, suggesting that the device
can improve its performance at scaled dimensions.
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5.6 DIsCUSSIONS & CONCLUSIONS

The TJTis a novel and very promising device that takes advantage of the tunneling emitter
phenomena. By forming an inversion layer at MOS junction emitter, the TJT takes advantage
of the enhancement of current from emitter as a result of effective barrier thinning. This
thinning is explained by the penetration of the metal wave function into the barrier oxide
and is increased due to the metal electrons attraction to the hole gas layer at the insulator-

semiconductor interface. Such an effect is not observed in ZnO that is unable to invert.

The interpretation of Ax also has more than one valid manifestation. Some of additional

interpretations of Ax are given in Figure 5.24 all of which are mathematically equivalent. For

instance, instead of only being accounted forin |l//M |2 ., the wave function distribution of ZnO

2

|WZ”0|2 can also be the solely adjusted by Ax . Another case is that both |l,//M|2 and |l//Z"0

share parts of the sum that total Ax as illustrated in Figure 5.24b. In this instance, Ax, is

® The total Ax is

associated with the distribution of |y, and Ax, is associated with |,

simply Ax, + Ax, .

All the proposed physical interpretations are mathematically equivalent according to the
model used in this study and result in the same effective barrier thickness with respect to

what is seen by the tunneling electron.

109



. Ax
, i Effective 5
v,.| IéBcrrier thickness : W 2o
Available

Metal HfO,

(b) Ax = Ax, + Ax,

Effective :

: : 2 1 2
i Barrier thickness |¥,Zn0

|2

v,

I: 1
.
. :
.

-
.
-

vailable

Metal = HiO, o

Figure 5.24: Alternative proposed interpretation of Ax and the effective barrier thickness. In (a) the ZnO
electron wave function penetrates the barrier; and, (b) both the metal and the ZnO distribution penetrate the

barrier by Axl and sz. The sum of which gives Ax . These cases also lead to an effective thinning of the
barrier.
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It is important to state that what is proposed here is not that the physical barrier thickness is
actually thinner due to the presence of holes. Further to that, the effects of oxide defects
were also considered to be miniscule. The reasons for this are two-fold: 1) the measured
hysteresis of the CV curve was miniscule <50 meV, and 2) because we compared with the
measured results of the MOSCAP without a hole supply (depletion only), we observed a
higher current with the hole supplied MOSCAP, despite having the same ZnO and HfO:2

recipe and thicknesses. The conclusion that can be made are that:

Effective barrier thinning is able to account for the enhanced tunneling observed for
a true metal MOS with a n-type wide-bandgap semiconductor supplied with holes
at the interface operating at inversion

Il. Effective barrier thinning is one physical explanation to the penetfration of the

probabilistic distribution by a total Axinto the barrier of either the metal electrons

? or a combination of both.

|WM |2 . the ZnO available states |(//Zn0

Il Mathematically, these interpretations are indistinguishable and the effective thinning
cannot be explained solely due to defects in the oxide barrier.
IV.  This modelis effective af predicting the funneling current if the charge is not lost due

a forwarded biased pn-junction.

What this analysis provided was the high potential of the TJT's performance as predicted by
the tunneling current with shortfcomings of the prototype improved or entirely removed. As
Through design improvements, the TJT can reach current densities as high as 105 A-cm2 at

| Vee| =3 V opening up RF applications for flexible electronics.

There several methods to improve the current form TJT but two of particular importance are:
1) to replace a p-type substrate with a p-type mesa so as to eliminate the need for a high
quality isolation layer; and, 2) to scale the traversing dimensions to reduce unwanted effects.

Both of these solutions are aimed at minimizing and diminishing the undesirable affects of
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recombination and leakages which ultimately degrade the performance of the TJT. Unlike
in longer devices, widening the width of the devices did not suffer the same affects, as we
expect. This can be inferred because all experimentally obtained raw currents were
normalized to the widths of the emitter contacts varying from 10 um to 50 um, yet the

extracted current densities showed consistency among the prototype design.
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6 CONCLUSIONS & FUTURE WORK

6.1 BOOST CONVERTER REQUIREMENTS

We began by conceiving a self-oscillating boosting circuit. A circuit which was meant to
fulfill the very real demand of energy harvesting electronics that is low in cost and is directly
integrateable for immediate utilization. This boosting circuit had itself had demands from its
constituent elements. What was attempted to build those elements with low cost materials
from scratch. For instance, of the several elements that makes the circuit whole, we focused

on those which are arguably the biggest problems in the field of electronics.

For instance, the first problem we approached is the matter of area and inductance. The
inductor needed an inductance of at least 50 nH while sfill using a single-layer and should
not consume an unreasonably large area. The solution was a fractal loop inductor which
achieved an inductance ration of 44 nH with the third order iteration, a 9.9 times increase

from its base/zeroth order iteration which consumed the same area.

The second problem was realizing a fransistor which required a current density higher than
what can be achieved by modern TFTs. Because of the monopolar nature of these thin-film
FETs, there is a fundamental limitation in current output for this architecture. As such they
cannoft fulfill some of the power requirements of the boosting circuit. The TJT at its current
form cannot fulfill the full current demands of a boost converter. The switching transistor
Mswircn posses a particular challenge because its current density requirements are well into
the power level on the order of 104 A-cm-2, On the other hand, at 3 V the TJT reached a
current density 2250 A-cm-2 which meets the requirements of Mosc, the oscillating transistor

of the self-oscillating power converter.
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The TJT does nonetheless vastly outperform other TFTs (Figure 6.1), and shows promise

converters and amplifying circuits requiring high performance thin-film transistors.
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Figure 6.1: The TJT power rating density and current density performance comparison to other devices
normalized to the gate/base width. The power rating was determined by extracting the highest
drain/collector current density at the highest drain/collector voltage provided by the IV family curves of the
corresponding literature. The ZnO/p-Si TJT is shown to have a power rating of 3.81 VA‘-mm-' and a current
density of 63.5 mA-mm-!, which is the highest for any TFT to date.
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6.2 FUTURE WORK

Simple power boost converters utilizing the TJT have been designed to be experimentally
tested. The voltage applied at the base of the switching TJT can be controlled by an external
signal generator. To increase the current throughput of the TJT, the base voltage could be
further increased. At 10 Vge the current density reached as high as 115 mA-mm-! with a

collector bias of 80 V without breakdown of the device (see Figure 6.2).
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Figure 6.2: The TJT's current density can reach as high as 115 mA-mm-!' when biased at a higher base voltage.
In this case, the high density was reached at a bias of 10 Vee and 80 Vce. The TJT did not exhibit breakdown at
these operating values and thus can be used for applications requiring power tolerances.

A simple boost converter layout is given in Figure 6.3. A very large TJT with a width of T mm
and a length of 2 um is used in order to reach high currents required for the boost converter.
Due to limitations of the speed of the switch, alarge spiral inductor was designed to achieve
an inductance of ~450 nF. With future improvements of the TJT cut-off frequency, fractal
inductors can be utilized instead of large spiral inductors. An alternate layout replaced the
spiral inductor with two electrodes to accommodate 2 mm by 2.8 mm surface mount

inductor with larger inductance ratings to ensure contfinuous current.
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GND SUP

Figure 6.3: Simply single-TJT boost converter layout. The TJThasa W =1 mm and a Lec = 2 um. In this design, the
TJT acts as a switch to control the current through the inductor. An external signal generator must be used to
apply a pulse signal to the base at “SIG". The spiral inductor was designed to provide an inductance of 0.4 uH,
with 40 turns with 10 yum wide electrodes spaced apart by 5 um. A ZnO Schottky diode and MOSCAP are used
as the rectifier and the ripple-reduction capacitor.

Finally, it is crucial that a high p-type semiconductor that can self-align replaces a p-type
silicon substrate used in this work. According to simulations, an 80 nm p-type doped at 107
cm-3 is sufficient to form a highly doped base at the barrier-semiconductor interface of ZnO.
What is shown in this work is the prototype of a high performing thin-film transistor which has
the potential to reach densities rivaling devices used in high fidelity circuits usually saved of
bulk semiconductor based transistors. This opens up fields where the current manifestations
of TFTs have been largely unable to break due to the high electrical demands complex
circuits such as power converters and complex amplifiers. With further boosting of the
performance, the TJT can reach current densities that enable RF frequency operations as
required in RFID circuits. For low temperature and biocompatible materials such as ZnO, the
prospects for accelerating the fast growing market of additive electronics for applications

in the internet of thin (IoT) are significant. Overall, the realization of the TJT's full potential will
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ulfimately substantial impact a rapidly expanding thin-film electronics industry and give rise

fo new renaissance of electronics in a largely unexplored space.
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APPENDIX

FABRICATION STEPS: MOSCAP AND TJT

Below, the general fabrication steps for the maijority of both the MOSCAP and the TJT are

described sequentially.

1.

Prime p-Si substrate was piranha cleaned. The mobility of the p-type Si substrate was
measured at about 250 cm-V-s2. The substrate was then dipped into a HF bath for a
total of 10 s to remove any native oxide.

PECVD silicon nitride (SiN) was deposited direct on top of the substrate at a
temperature of 300 °C for 125 s. The target thickness was 505 nm.

The SiN was then patterned using HPR 504 positive photoresist (PR) was exposed
forbaked for 115 s after spin-coating at 10 s spread at 500 rpm and 50 s spin at 4000
rom. The patterned SiN was etched using reaction ion etch for 25 s.

A 25 nm plasma-enhanced ALD (PEALD) ZnO processed at 200 °C was blanket
deposited onto the pattern SiN/p-Si substrate. Because the HPR504 developer, MF-
354 was shown to etch ZnO, the PR AZ5214 was used. Here, AZ5214 was not
converted info a negative resist by eliminating the second bake and exposure step.
The PR was stripped using the MF-319 developer.

The ZnO mesa was formed by immersing the wafer into a ferric chloride bath for no
greater than 3 s and immediately bathe in water. This was necessary to the rapid
etching rate of ferric chloride with ZnO.

In order to prepare the substrate for dielectric lift-off the following HfO2, AZ5214 was
converted info negative resist and patterned. PEALD HfO2 was deposited at

temperature of 100 °C and a lifted off by sonication.
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7. The final metalization layer was deposited using magnetron sputtering using 50 nm
of Aland 5 nm Au. The 5 nm of Au was used as a capping layer to prevent oxidization

of Al. The metal was also patterned via lift-off.
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