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Abstract

Recently ZnO has drawn a lot of attention in semiconductor industry due to its interesting
features. High exciton binding energy, high resistivity against radiation, high breakdown
voltage, insensitivity to visible light, and easy wet chemical etching are some of the
interesting features of this material. ZnO materials can be deposited using two ways:
vacuum deposition and solution processing methods. The ZnO thin films deposited using
vacuum deposition offer better crsytallinity and hence electrical performance. The main
drawback of vacuum deposition is the requirement of expensive vacuum pumps.
Additionally the throughput of this method is less compared to solution-processed

methods. Solution processing offers a cheap easy method of ZnO thin film deposition.

Currently two solution processing methods are used: pyrolysis of a coated film of a
solution-based ZnO precursor (usually zinc acetate) and the spin-coating of a colloidal
dispersion of ZnO nanoparticles, subsequently subjected to sintering. In both these
methods, it is difficult to control the electrical parameters of the films such as the doping
density and defect concentration from run to run, and p-type ZnO is not yet reproducibly
obtainable. Therefore, better methods to control the electrical characteristics of the FETs
incorporating ZnO films are much needed. The properties of the semiconductor film have
a huge impact on the electrical performance of the ZnO TFTs. Hence by reducing the
number of defects high performance ZnO TFTs will be obtained. Another method of
improving the TFT performance is by modifying the transistor structure. One method of
modifying the transistor structure is through schottky barrier thin film transistor (SB-

TFT) or the source gated transistor (SGT). In the first part of the thesis we will study the
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effect of Schottky source contact on the enhancement of the electrical properties of thin

film transistors.

The sol stabilizer used in the solution processing of ZnO functions variously as a sol
homogenizer, chelating agent, wettability improver and capping agent. In spite of its
obvious importance to influencing ZnO film properties, the effect of the sol stabilizer has
not been systematically studied and is generally unknown. Although there are a few
papers examining different stabilizers, these studies have been mainly restricted to
alkaline short chain ligand bearing species such as ethanolamine, diethanolamine,
triethanolamine, etc. Furthermore, these prior reports did not examine the effect of the
stabilizers on the performance of the resulting ZnO thin films in optoelectronic devices.
Our study also examines longer chain and acidic stabilizers such as oleic acid, oleylamine
and octadecene, which are used extensively in the synthesis of colloidal II-VI quantum
dots, but have not been used to form ZnO thin films. We examined the effect of six
different sol stabilizers -triethylamine, oleylamine, oleic acid, octadecene,
triethanolamine and ethanolamine (along with a sol without any stabilizer), on the grain
size, crystallographic texture, and resistivity of solution processed ZnO films on thermal
oxide-coated silicon substrates, and found large variations in the structural and electrical
properties as a consequence of the choice of sol stabilizer. We synthesized ZnO films
using various sol stabilizers and studied the effect of the stabilizing agent on the
morphology, orientation, optical, and electrical characteristics of the deposited films. The
effect of different sol stabilizers on the crystal texture of the films was investigated by
studying the XRD results of the films. Raman studies were preformed on the solutions

and the films to understand the nucleation and growth of the ZnO films. Four point probe
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measurements were performed to compare the resistivity of the films. The ratio of the
photocurrent to dark current was measured in steady state photoconductivity
measurements. By measuring the transient photoconductivity, mobility—lifetime product
for photogenerated charge carriers was measured for each film. By performing C-V
measurements using impedance spectroscopy, the doping value of each of the films
deposited with different stabilizers was measured. Thin film transistors were fabricated
and the effect of different stabilizers on their parameters like mobility and threshold
voltage was studied. Using the doping values extracted from C-V measurements and the
field effect mobility of the TFTs the barrier height of the grain boundaries and the

trapped charge density at grain boundaries was calculated.
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1 Thin Film Transistors: History and Applications

1.1 Definition of Thin Film Transistor

The Thin Film Transistor (TFT) is a three terminal device. The drain, source, and gate are
the three terminals of this device. The main idea behind the TFT is similar to the metal
oxide semiconductor field effect transistor (MOSFET) in which the current from the
source to drain is controlled by the voltage applied to the gate. TFTs have a lot in
common with other field effect devices like MOSFETs. However, some important
differences can also be observed between the two structures. Unlike MOSFETs that use
single crystal silicon wafers as substrates, TFTs use polycrystalline or amorphous films
deposited on insulating substrates such as glass.” The active layer in TFT has more
defects compared to their single crystal counterparts, which degrades the performance of
the TFTs. For instance TFTs generally exhibit lower mobility and higher leakage current
compared to the single crystal MOSFETs. A general way of improving the performance
of the TFTs is by reducing the bulk and interface trap densities.” The processing
temperatures for the TFTs (600-650 °C) are also lower compared to the MOSFETSs (1000
°C). Unlike TFTs, MOSFETSs have p—n junctions at source drain regions. TFTs modulate
the conductance of the semiconductor at the interface with the dielectric by forming an
accumulation layer while in the MOSFETS, an inversion layer must be formed.” TFTs are
useful to design circuits on large area or flexible substrates where the conventional
semiconductor technology is too expensive. For instance in display technologies, where
an array of transistors is expected to control the lighting elements, device performance

requirements are less stringent compared to the MOSFET applications.’

1.2 History

Thin film transistors (TFT) were invented in 1925 and patented in 1930 by J. E.
Lilienfeld and O. Heil.* However, due to the limited knowledge about semiconductor
materials and vacuum deposition techniques, the first TFT was fabricated in RCA
laboratories in 1962 by Weimer.” The active layer in this top gate TFT was poly-
crystalline n-type CdS deposited on silicon dioxide insulator with gold source and drain

electrodes.’ In 1964, Klasens and Koelmans fabricated the first transparent TFT using



SnO; as the active layer, anodized Al,Os as the gate dielectric and aluminum source and
drain electrodes.’” Boesen and Jacobs reported a lithium doped ZnO TFT with evaporated
SiOx gate dielectric and aluminum drain and source electrodes.® However, this TFT
suffered from low gate voltage effect and did not show saturation behavior.” Similarly,
Aoki and Sasakura fabricated a transparent SnO, TFT with poor electrical performance.’
In 1996 Prins and Seager fabricated SnO,:Sb and In,Os ferroelectric TFTs, respectively
which were used to demonstrate hysteresis behavior in ferroelectric materials.'®!! The
first high performance transparent TFTs with performances comparable with a-Si:H TFTs
were reported in 2003. The drawback of these works was that the processing temperature

°C.”2 " In order to circumvent this problem, RF

required was in the range of 450-600
magnetron sputtering was used which resulted in the same electrical performance by

.14
room temperature processing.

In addition to binary oxides, complex semiconductor materials were also utilized in the
active layer of the TFTs. Nomura grew an epitaxial layer of InGaO3;(ZnO)s (GIZO) on
yttria-stabilized zirconia (YSZ) substrate. This device exhibited an exceptional mobility
of 80 cm®V™'s™, an on-off ratio of 10°, and a turn on voltage of —0.5V." In spite of using
high temperatures for fabrication of this TFT, this work provided proof that oxide
semiconductors were capable of high performance.” A year later, Nomura used pulsed
laser deposition (PLD) at room temperature to fabricate amorphous GIZO. This device
exhibited a mobility of 9 cm*V's™, a threshold voltage of 1-2 V, and an on-off ratio of
10°.'° This was the beginning of applying multicomponent oxide semiconductors as the
active layers of TFTs. ZTO'"'® 120", and GIZO*'** are some of the examples of
these multicomponent materials. Figure 1.1 shows the major breakthroughs in the
development of oxide thin film transistors. Hence it can be concluded that oxide

semiconductors are an attractive alternative for the active layer of the TFTs.
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Figure 1-1 The development of thin film transistors in time. (Adapted with permission from Ref’; Copyright
John Wiley & Sons, Inc.)

1.3 Operation of Thin Film Transistors

Thin Film Transistors (TFTs) are three terminal devices. The basic idea behind these
devices is variation of the current between the source and drain electrodes through a
potential applied at a third electrode known as the gate.” Figure 1-2 shows the different
structures of the TFTs:

Insulator
Insulator

Insulator Insulator

(c)

Figure 1-2 Structure of staggered a) bottom gate b) top gate, and coplanar c) top gate d) bottom gate TFTs.

When a gate voltage higher than a threshold voltage is applied to the gate, a sheet of

charges with opposite sign is generated at the insulator-semiconductor interface. Hence



the conduction channel is formed. When no voltage is applied to the drain, the charge
distribution will be uniform along the channel. Applying a voltage of Vp to the drain
causes the potential of point X in the drain to become V(x) which varies continuously
from the source electrode (x=0, V(x)=0) to the drain electrode (x=L, V(x)= Vp) where L is
the channel length. As long as Vg-V7m>Vp, the charge will be present throughout the
length of the channel. In this regime, which is called the linear region of the operating
characteristic, the drain current varies linearly with the drain voltage. When the drain
voltage is equal to V-V the potential, and as a result the charge at the drain region, will
be zero. Hence the channel is pinched off and the drain current is saturated. This regime
of operation is called the saturation region.”* Equation of the drain current in linear region

1s as follows:

w 1
ID zluncoxf((VGS_VTH)VDS_EVDZS] (1-1)

As for the saturation region, the drain current equation is as follows:

1 w 2
]D :Eﬂncoxf(VGS_VTH) (1-2)

Where W is the channel width, L the channel length, and C,, is the capacitance per unit

area.24

The structure of different thin film transistors can be seen in figure 1-2. Self-alignment of
source and drain contacts with respect to the channel region is the main advantage of the
coplanar structure. This will reduce the parasitic capacitance of the TFT. In addition to
reduction of parasitic capacitance, the self-alignment enables scaling down the channel
dimensions, which improves the pixel to aperture ratio. This is a desirable feature in
imaging or display applications. In the staggered structures the source-drain contacts are
made on opposite sides of the channel layer with respect to gate, which makes the electric

field smaller in the drain region compared to coplanar structure. This results in the



reduction of field dependent leakage current. The performance of top gate and bottom
gate TFTs are quite different. The surface of the thin film forms the channel layer in the
top gate TFTs. Since in thin films the top layer has larger grain size compared to the
bottom layers therefore the top gate TFTs have higher mobility compared to bottom
gates. The drawback of the top gate TFTs is surface roughness due to the lateral grain
growth, which causes non-uniform device performance for top gate TFT. In the bottom
gate TFTs there will be no problem of surface roughness. However, due to the large
number of defects at the bottom layer of the thin films the mobility is lower compared to

the top gate TFT.*

Each of these structures have specific applications. For instance, the staggered bottom
gate TFT is useful for fabricating a-Si:H TFTs due to easier processing and enhanced
electrical properties. a-Si:H is a light sensitive material. In this configuration, the metal of
the gate electrode covers the semiconductor, protecting it from the back light effect. The
coplanar top gate structure is used for poly-Si TFTs. Generally, the crystallization of
semiconductors requires high temperatures that could degrade other materials that are
deposited earlier. In the bottom gate structure, the semiconductor surface is exposed to
air, which could cause stability issues for the TFT. However, it is easier to modify the
electrical properties of bottom gate TFTs by adsorption of impurities during annealing or

plasma treatment.”

TFTs are characterized by a set of important electrical parameters that are useful in
comparing their performance with other TFTs. These parameters are extracted from the
output and transfer characteristics as shown in figure 2-2 (a) and (b). Some of these

characteristics are: mobility (x), on/off ratio and the threshold voltage (Vrx).
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Figure 1-3 a) Output b) transfer charactersitics of n-type TFT. (Adapted with permission from ref’; Copyright
John Wiley&Sons Inc)

The On/off current ratio is the ratio of the maximum to minimum drain current. The noise
level of the equipment or the gate leakage current (/) determines the minimum drain
current. The maximum drain current depends on the semiconductor material and the
effectiveness of capacitive injection by the field effect. Typical on/off ratio obtained in

TFTs is 10°.2

Mobility () is another parameter, which describes how efficient charge transport is in a
material. Mobility is affected by scattering centers in the semiconductor. Impurity
scattering is one of the main causes of scattering. Impurity scattering centers can also be
charged. For instance, ionized donors and acceptors are examples of charged scattering
centers. In the ionized scattering centers, in addition to physical collision, the electrostatic

forces also cause scattering in the semiconductor. The amount of this electrostatic
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scattering depends on the interaction time and number of impurities. Increasing the
impurity concentration increases the number of scattering centers, which degrades the
mobility of the semiconductor. The interaction time is related to the relative velocity of
the carrier and impurity. Hence the thermal velocity of the carrier immensely impacts the
interaction time. This explains the dependence of mobility on temperature. By increasing
the temperature the thermal velocity of the carriers increases resulting in the reduction of
interaction time. Due to the reduction of interaction time, scattering is decreased which
enhances the mobility of semiconductor.’® As a result carriers with higher thermal
velocity are less deflected by Coulomb scattering. The mobility from ionized impurities

is proportional to T*.*’

Scattering can also occur by lattice vibrations (phonons). Phonons are mechanical waves
that travel through the semiconductor crystal. Scattering by phonons involves absorption
or emission of optical or acoustic phonons. Increases in temperature increase both the
phonon density and scattering resulting in lower mobility.?® In non-polar semiconductors
like Si and Ge, the acoustic phonons and ionized impurities are the main source of
scattering and reduced the mobility. The mobility due to interaction with acoustic phonon
is proportional to 1/7°*.*® Hence ionized impurity scattering and phonon scattering show
different dependence on temperature. The combined mobility which is given by

Matthiessen rule is:

u=[i+i] (1-3)
o

where x; and y; are the phonon mobility and ionized impurity mobility, respectively.’

The charge carrier mobility is reduced by several other scattering mechanisms such as
bulk and interface traps, and grain boundaries. However, in TFTs, since the charge
transport occurs at the dielectric-semiconductor interface, other physical phenomena can
cause charge carrier scattering as well. Coulomb forces being exerted on the carriers from

the charges trapped in the dielectric or in interface states is another scattering mechanism



in TFTs. Surface roughness scattering is another source of scattering that could affect the
mobility.? Hence it is important to measure the mobility at the interface. There are three
methods of calculating the interface mobility: 1- effective mobility (u.y) 2- field effect
mobility (urg) 3- saturation mobility (i)

Effective mobility is measured in the linear region of the /p-Vps curves in the Vps<<Vgs-

Vru range, which gives:

/4
]sz

Colel (VGS - VTH ) VDS (1 ‘4)

The output conductance for a constant Vg is given by:

aID w ou
= =—C (V..—V, +—V 1-5
84 aVDS 17 ux( G TH)[:U aVDS DS ] (1-5)

By neglecting the term involving the variation of mobility with respect to drain-source

voltage, the effective mobility is measured as:

Hoy = (1-6)
f oX(VG _VTH)

Neglecting the variation of effective mobility (u.;) with respect to drain-source voltage
for long channel transistors in which velocity saturation is not relevant is an acceptable
assumption. Using effective mobility (u.) to describe the performance of a TFT has
some advantages compared to other mobility measurement methods: 1- the effective
mobility (ue) is measured in the linear region. In the linear region the charge distribution
is uniform along the channel. Hence the concept of mobility being a proportionality
constant between the electric field and carrier velocity fits this situation accurately. 2- the
term neglected in calculation of effective mobility (u.;) is indeed negligible for long

channel devices. However, effective mobility has some drawbacks. The first drawback is
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that in order to calculate the effective mobility (u.;) the threshold voltage value must be
known. Inaccuracies in measuring the threshold voltage will lead to errors in calculation
of the effective mobility. The second drawback is that the effective mobility (u.y) value is
undefined for the Vgs=Vry case. The third drawback is that the effective mobility (uep)

. .. . . 29
value is sensitive to the drain-source resistance.

In a manner similar to the calculation of effective mobility, field effect mobility (urr) is
also evaluated in the linear regime. However, in measuring field mobility (urg) instead of

output conductance, transconductance is used as shown below (Vps constant):

g =o W iy, |14 Tos=Vm) oM (1-7)
aVGS L oy aVGS

By neglecting the variation of mobility with respect to gate voltage we obtain:

gm
Hpp =3 (1-8)

T Cox VDS

L Vps—0

The main drawback of the field effect mobility (urg) is neglecting the variation of
mobility with respect to the gate voltage. This leads to inaccuracies in calculation of (urr)
which could be enhanced or degraded by applying gate voltage. Another drawback of
field effect mobility (urg) is that similar to the effective mobility, it is sensitive to the
drain-source resistance. Field effect mobility offers some advantages: 1- Similar to the
effective mobility it is calculated in the linear regime which means the charge distribution
along the channel is uniform. Hence the concept of mobility being a proportionality
constant between the velocity of carriers and electric field is appropriate. 2- Calculation
of field effect mobility requires no knowledge about the threshold voltage. 3- the field
effect mobility is not undefined like effective mobility at V=V This method is the

most popular method for channel mobility estimation.”’



The difference between the saturation mobility and the effective and field effect
mobilities is that saturation mobility is calculated in the saturation region. Saturation
mobility is calculated by taking square root of the post pinch-off expression for /p, then
differentiating with respect to Vs to obtain:
1, \
Vs

My = (1-9)
ik

ox

2L

Vps>Vas =Viu

The condition of Vps>Vgs-Vru is a condition required for the operation of the transistor in
the saturation region. Among all the mobility evaluation methods, saturation mobility is
the least used method. The main drawback is that it is calculated in the saturation region
where the charge distribution and electric field are highly non-uniform. Hence the
concept of mobility being a proportionality constant between the velocity of carriers and
electric field is not applicable. In spite of this fact, saturation mobility has some
advantages: 1- For evaluation of saturation mobility the threshold voltage is not required.
2- At Vgs=Vru the saturation mobility is not undefined 3- It is relatively insensitive to the

. . 29
drain-source resistance.

As mentioned previously, TFTs are suitable for large area, low cost and flexible device
applications. Large area flexible displays and low cost low-end electronic devices like
RFID tags are some of the applications for TFTs. Both organic and inorganic
semiconductors can be used in the active layer of the TFTs with each of them having
their own advantages and disadvantages.®® Organic materials suffer from lower mobility
compared to their inorganic counterparts. In addition to that, only a limited number of
stable n-type organic semiconductors are known.”' On the other hand, most inorganic
materials require high temperature processing steps and are not flexible. In the next
section, we will describe some important characteristics required for TFTs in circuit

applications.
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1.4 Applications

Active matrix liquid crystal displays (AMLCDs), active matrix organic light emitting
diodes (AMOLEDs), and radio-frequency identification tags (RFIDs) are some of the

applications of thin film transistors.

1.4.1 Active Matrix Liquid Crystal Display (AMLCD):
The active matrix display has a semitransparent grid, which provides the required charge
to the liquid crystal. In each pixel a thin film transistor is built in, which by acting as a

switch, controls the voltage received by each pixel. Figure 1.4 shows the circuit of these

LCD:s.

Data Line

Scan Line

Address TFI_l_
I_l
J_ J_

Cs -l——l_-l— Cic

Figure 1-4 Circuit of the active matrix display.

As can be seen from figure 1.4, the conductive grid is connected via a TFT to each pixel.
As can be seen from the figure 1.4, the gate and drain electrodes of the TFT are
connected to the row and column electrodes, respectively. The source is connected to the
liquid crystal. By applying the voltage to the rows line by line, the panel is activated.
When the voltage is applied to the gate of TFT, the transistor is turned on. Hence the
charge will flow from drain to source. These charges will be stored on the capacitor to

preserve the voltage applied to the liquid crystal until the next refreshment cycle.*?

1.4.2  Active Matrix Organic Light Emitting Diode Display (AMOLED):
Figure 1.5 shows the structure of the AMOLED.

11
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Figure 1-5 Circuit of AMOLED displays.

In this structure, two TFTs control the current directed to each pixel. By turning on one
transistor, the capacitor connected to the gate of the other transistor is charged. Hence,
the second transistor is turned on. The second transistor acts as the current source for the

OLED which illuminates the pixel.*”

1.4.3 Radio Frequency Identification Tags (RFIDs):

Figure 1-6 shows the structure of the RFID chip structure. RFID contains two parts: 1-
RF circuits 2- logic circuits. Half-wave rectifier, shunt regulator, load modulator, and
reset circuit are the RF circuit parts. Logic circuits consist of a ring oscillator, a read only

memory (ROM), memory driver, and encoder.

RFID chip

RF circuits Logic circuits ROM

DC suppl /
power

Antenng

Shunt
regulator

Half-wave
rectifier

Clock (ring osc.)

| Reset
signal

» Load modulator [«

Figure 1-6 RFID chip architecture.

When the input antenna receives the RF input, the half-wave rectifier generates a DC

voltage. The shunt regulator prevents excessive DC voltage being applied to the logic
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circuit by dumping unnecessary current behind the rectifier. The reset off signal starts the
operation of the logic circuits. The ring oscillator consists of a number of cascaded
inverters and is responsible for producing clock signals. In response to the clock signal,

the encoder generates the tag response.

TFTs can be utilized in low cost RFID applications. RFIDs operate in four main bands:
low frequency band up to 135 kHz, a band at 13.56 MHz, a band at 900 MHz, and a band
at 2.4 GHz. The low frequency range and the band at 13.56 MHz are the frequency bands
that can be covered with certain types of TFTs. TFTs are used to fabricate different parts
of the RFID circuits.

Sun fabricated a ring oscillator with 31 ns propagation delay using ZnO thin film
transistors deposited using spatial ALD at atmospheric pressure and 200 °C. The gate
dielectric was Al,O;, which was deposited using a similar process. The mobility
measured for these TFTs was 15 cm®V™'s. These TFTs were utilized in fabricating seven
stage ring oscillators with signal propagation delay of 31 ns/stage (> 2MHz oscillation
frequency) at supply voltage of 25 V. These circuits have propagation delay of 100
ns/stage for supply voltage of 15 V.*

In addition to the oscillator, the rectifier can be fabricated using TFTs as well. Kawamura
fabricated a full-wave rectifier using amorphous IGZO TFT.** The rectifier is composed
of four TFTs with two of them in the diode configuration. This avoids the additional
fabrication steps. The fabricated rectifier rectifies the wired input up to 25 MHz. A DC
output voltage of larger than 5 V was obtained by rectifying a wireless input of 13.56
MHz from a 200 mW commercial reader/writer from a distance up to 65 mm. The
authors derived the equations for maximum operating frequency of the bottom-gate top-
contact TFTs and estimated a maximum operation frequency of 3 GHz for the non-quasi
static operation and 240 MHz for quasi-static operation.”* Ozaki fabricated an RFID chip
for 13.56 MHz using IGZO TFTs on glass substrate. The TFT was used in the half-wave
rectifier, load modulator, and ring oscillator. The RFID provided tag response with the

minimum power supply of 5 V. The RFID tag was driven by an input power of 40 mW at
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the distance of 70 mm.” Cho developed the oscillator and rectifier circuit using oxide
TFTs. The rectifier converted the RF signal to DC voltage with an efficiency that was
dependent on the RF input frequency. The maximum output DC voltage was obtained at
an input frequency of 2.7 MHz. With the power supply voltage of 15 V, the oscillator
operated at 813 kHz. With the DC voltage obtained from the rectifier, the oscillation
frequency was 24 kHz.*

Organic materials are also used to fabricate RFID tags. Fiore built the first integrated
organic 13.56 MHz RFID tag on flexible substrate.”” In this method a planar near-field
antenna was bonded to an RFID tag printed using complementary organic TFTs. Using
an active envelope detector, which made the usage of ASK modulation with modulation
depth as low as 20% possible, increased the input power of the rectifier. The RFID
operated with an internally generated supply voltage of 24 V with the reading range of 2-
5 ¢m and bit-rate of up to 50 bits/s.*’

1.5 TFT Requirements for Circuit Applications

High mobility, high on/off current ratio, minimum threshold voltage shift, low leakage
current, and low subthreshold slope are some of the required characteristics for TFTs in
circuit applications. In specific applications, the requirements for some of the mentioned
characteristics might become more important. The table below shows the important
parameters in each application. (*) sign shows the most important characteristic for each

application.
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Table 1-1 Requirements for TFTs for different applications. (Adapted with permission from Ref*’; Copyright
John Wiley & Sons, Inc.)

TFT parameter AMLCD (TFT as | AMOLED (TFT as | RFID tags
switch) active driver)
Speed Not important Not important High
Leakage current Low(*) Low(*) Low
Current drive Not as critical Large(*) Large
Threshold voltage Low Low Low
On/off current ratio Large Large Large
stability High High High

In active matrix liquid crystal displays, the TFT behaves as a switch. Hence, emphasis is
placed on reducing the leakage current of these TFTs. In the active matrix organic light
emitting diodes, the TFT must supply enough drive current to turn on the OLED. Hence
the on/off current ratio and current drive are the most important characteristics in an
AMOLED. Speed is the most important parameter in the RFID tags due to the high
frequencies used in these devices. Low threshold voltage is important in all applications
for two reasons: 1- large dynamic range and 2- low voltage operation. High stability is
required in all the applications. To obtain these requirements different approaches such as
choosing the right material, device structure, and fabrication method might be used.*® We

will discuss each requirement for the TFTs in the next few sections.

1.5.1 Speed
In order to provide the required data rates, speed is an important requirement for RFID
devices. The maximum operating speed of transistor is determined by the transit time (z,),

which is defined as the time it takes the charge carriers to travel from source to drain.
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Transit time can be defined by the maximum switching speed of the transistor as

follows™":

1 14

= f = “Lzus (1-10)
Due to non-idealities the maximum operation frequency is even lower than that predicted
above. For a soluble organic semiconductor, with ¢ = 0.1 csz'ls'l, Vps= 10V and L =
10 pm, the maximum frequency according to the above equation will be f,, = 10 MHz.
Hence, mobility, channel length, and patterning method are some important parameters

that determine this maximum operating frequency for this transistor.

Mobility has an immense effect on the speed and current driving capability of the TFT.
The mobility of TFTs has shown great improvement during recent years. The use of new
gate insulators, thermal annealing, and optimizing the microstructure are some of the
common ways used to improve the mobility in TFTs.*® The effort is still ongoing to
improve the mobility of these devices. By using high & dielectrics, the capacitive
coupling between the channel and active layer increases.” Increased capacitive coupling
results in higher charge concentration in the accumulation layer which will be useful in

filling the traps and defects. This can enhance the mobility of the TFT.*®

Inorganic can operate at frequencies much higher than organic materials due to their
higher mobility. In flat panel displays, the refresh rate is in the 40-85 Hz range. Hence
both organic and inorganic TFTs can be used for this application. The logic circuits for
RFID tags operate at 100 kHz. Therefore, both organic and inorganic TFTs can be used.
High mobility and small channel length are required to obtain high speed transistors. The
mobility is generally affected by the crystal structure and defects in the case of ZnO. In
organic materials, higher molecular ordering correlates with higher mobility. In the later
sections we will survey some of the papers in both ZnO and organic TFT research that

have reported high mobilities.
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Reducing the channel length also has an important effect on f,,,. The minimum channel
length achievable is determined by the processing technology. As mentioned previously,
the above equation only gives the upper limit of the operating frequency. In practice, the
charging and discharging of parasitic capacitances during turn on and turn off reduce the
maximum operating frequency. Hence minimization of parasitic capacitances is crucial.
Choosing the right sizes for TFTs, improving the patterning techniques, and choosing the
appropriate material are some useful techniques to reduce parasitic capacitances. In
addition to small parasitic capacitances, low off current to reduce the power consumption

and stability for analog circuits are the other important requirements for REID TFTs.*

1.5.2 Leakage

In active matrix displays, low off current, low gate leakage current, sufficient drive
current, small parasitic capacitance, and device uniformity are some of the desirable
features of TFTs. Among these features, the minimum leakage current is the most
important. This is because the charge in the TFT must be sustained during the off-state of
the transistor. Improving the quality of the gate dielectric, minimizing the interface states,
and reducing the interfacial stress are the main methods of leakage reduction. By
isolating the transistors on the same substrate using patterning, parasitic leakage and

cross talk can be reduced.*®

1.5.3 Current Drive

In AMOLED:s, the TFT drives the OLED. So it is important that the amount of current be
high enough to provide enough brightness by the OLED. To obtain high drive current, the
transconductance of the TFT must be very large. Transconductance can be calculated as

follows:

dl, W
= —= =—ucCly 1-11
gm [dVG l o L ltln ox" D ( )

As can be seen from the above equation, increasing the W/L and u are the two primary
ways to increase the transconductance and hence the drive current. In addition to that,

choosing a dielectric with higher dielectric constant k£ and reducing the thickness of the
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dielectric results in increase of C,. and hence higher transconductance and drive

current.3 0

1.5.4 Stability
Device stability is an important factor in all the applications of TFTs. The stability of the
TFT is mainly dependent on the type of the material used in the active layer. Metal oxide

and organic materials are some of the examples used as active layers in TFTs.

Most organic materials suffer from sensitivity to environmental parameters such as air,
humidity, oxygen, and light. Changing the chemical structure of the material to make it
more robust is one way to overcome this problem. Encapsulation is another method to
improve the stability of the TFTs. Another issue in TFTs is the variation of the threshold
voltage, which is caused by application of the gate bias for a long duration. The shift in
threshold voltage is due to the charge trapping in the gate and dielectric. The quality of
the dielectric and the dielectric-semiconductor interface are the main factors affecting the

amount of trapped charge.*

Bias thermal instability is another important issue which needs to be taken into account in
ZnO based TFTs. The pixel circuit of AMOLED contains two transistors: switching and
driving transistors. The effect of mobility and threshold voltage variation can be
alleviated by choosing the appropriate on and off voltage conditions. As for the driving
transistor, the drain current determines the brightness of the OLED. Hence the time and
temperature variation of mobility and threshold voltage must be limited. For example, if
the threshold voltage changes by just 0.1 V, the illumination of the OLED changes by
20%. Hence the bias thermal instability of ZnO based TFTs must be minimized. Thus the
bias instability of ZnO based TFTs under positive gate bias must be studied.*® This issue

will be discussed in more detail in the next sections.

Having a large bandgap makes ZnO a suitable candidate for transparent electronics. One
of the obstacles hindering the usage of these devices in high-end TFT LCD panels, is
light induced instability. Therefore the stability of the TFT devices against back light

- 38
exposure has to be improved.
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1.6 Active Layers in Thin Film Transistors

1.6.1 Amorphous Silicon TFT
Amorphous silicon was the first material used in the active layer of TFTs. Uniformity and
adaptability to low temperature processes are some of the advantages of amorphous

% By passivation of silicon dangling bonds using hydrogen atoms, the

silicon.
performance of amorphous silicon TFT is improved.*® Amorphous silicon TFTs exhibit a
mobility in the range of 0.5-1 cm?V™'s™, on/off current ratio of 10°, and turn on voltage in
the range of 5-8 V.*! These characteristics make these devices a suitable candidate for use
in LCD panels. The structure used is a bottom gate structure in which the drain and

source are located on the top of the device.*'

Amorphous silicon mobility is insufficient for newer technologies that have emerged
such as 3D TVs. In addition to low mobility, amorphous silicon is incompatible with
flexible polymeric substrates.*” Electrical instability is another drawback of amorphous
silicon TFTs. Applying the gate voltage for a long duration shifts the threshold voltage.
By designing the TFT to allow a shift in threshold voltage and by minimizing the
duration of voltage being applied to the gate, the problem is alleviated for LCD TFTs.
However, in OLED displays, the TFT is required to produce a specific current to drive
the LED. Variations in threshold voltage will result in variation of current which will in

turn affect the brightness of pixel.*!

1.6.2 Low Temperature Poly-Silicon (LTPS) TFT

The low mobility of a-Si:H TFTs is the main motivation for investigating the low
temperature polysilicon (LTPS) technology. The high mobility of polysilicon enables the
integration of the polysilicon TFT with the organic light emitting diode.*® As for
AMLCD, polysilicon TFTs can be used both as the switch for pixels and the integrated
driving circuitry.** Polysilicon active layers are generally deposited using LPCVD. The
deposition is done in the pressure of P=100-200 mT and a temperature range of 7=580-
630 °C. Thicker deposited films have a larger grain size. Hence by increasing the film
thickness the performance of the TFT from a mobility point of view is improved.*

However, increasing the film thickness also increases the off current of the TFTs.* For
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instance the mobility of films thinner than 1 pm is in the range of 5-10 cm*V's™".*® This
low mobility can be attributed to dangling and distorted bonds.** In addition to increasing
film thickness, plasma hydrogenation can also be useful in passivation of the dangling

bonds hence enhancing the electrical properties.**

One way to reduce the grain boundaries is by solid phase crystallization (SPC) of a-Si
films deposited by LPCVD. In this method, the a-Si films deposited by LPCVD can be
converted into polysilicon by 10-100 hr of annealing at 530-600 °C.** The drawback of

this method is the long time required for annealing of the films.

Another method of making polysilicon TFTs, is by using excimer lasers which crystallize
amorphous silicon. This technique results in polysilicon films with field effect mobilities
higher than 100 cm®V™'s™.* Excimer lasers are lasers that emit in the UV region. The
duration of these pulses is in the range of 10-30 ns. Si has two important characteristics,
which makes excimer lasers suitable: With the bandgap of 1.1 eV, Si has a strong
absorption in the UV region. Additionally, the small heat diffusion length (of
approximately 100 nm) ensures obtaining high temperatures and melting at the surface
without considerable heating of substrate. Hence this method offers two main advantages:
since the temperature of the substrate does not increase significantly, this method is
compatible with glass® and plastic® substrates; due to the melting and regrowing, the
films also have very good crystallinity.** In this method the amorphous Si film is partially
melted. The amount of melting depends on the energy of the laser. Hence the film has
two layers: An upper layer, which consists of large grains and lower layer with small
grains, which undergoes rapid crystallization.”® By increasing the energy of the laser, the
size of the grains increases as well. The boundary level is the case where the whole film
excluding some small crystalline clusters is melted. This is called the super lateral growth
(SLG).* Using the SLG polycrystalline growth in the TFTs results in high field effect
mobility of 300-400 cm”*V™'s™>! The drawback of this method is the non-uniformity of

the grain sizes, which results in non-uniformity in TFT performances.*
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Combination of the SPC and ELC also introduces an effective method to grow
polycrystalline films.”* Based on this method, the large highly defective grains obtained
with SPC are melted by an excimer laser. In this method, the bottom unmelted layers are
the seed layers for the melted layers. Hence the grain size will remain unchanged while

the in grain defects will be filled.**

In spite of the superior performance of LTPS compared to amorphous silicon, one major
drawback hinders its wide usage: multiple process steps and lithography masks result in
high manufacturing costs. However, there are some applications where the LTPS TFTs
could be used. The first application is for the integration of the driver circuits on the glass
substrates. Unfortunately, a-Si TFT is not fast enough for the driver circuit applications.
Due to the higher mobility of LTPS TFTs, they can be used for the driver circuits.
Another potential application of the LTPS TFT is for the OLED display. Generally, in the
OLED display systems, obtaining high drive current is crucial. The higher mobility of the
LTPS TFTs makes them capable of providing the required current.*'

To conclude, the low mobility of a-Si:H motivates the usage of LTPS thin films. In spite
of obtaining high mobility values for LTPS films using different methods, multiple
process steps and lithography masks make this method an expensive method hence
limiting the application to specific cases such as driver circuits and OLED displays.
Alternative active layers such as metal oxide and organic semiconductors can be used for

lower cost applications.

1.6.3 Metal Oxide Semiconductor TFT

Metal oxide semiconductors are another group of semiconductors which can be used in
the fabrication of TFTs. Metal oxide semiconductors are inherently highly doped n-type
materials. This high doping value is attributed to the oxygen vacancies." Metal oxide
semiconductors can be fabricated using binary oxides like ZnO>'****°  SnO," °,
In,05°% or multiple component oxides such as indium gallium zinc oxide
(IGZ0)*****%° " indium zinc oxide (1Z0)*'*°, hafnium indium zinc oxide (HIZO)**®.
The most common method of deposition for these films is sputtering although other

54, 64,60

methods of deposition such as solution processing also exist. The oxygen

stoichiometry can be controlled by either controlling the oxygen pressure in the chamber
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during deposition or by annealing the thin films after deposition. The majority of these
materials are poly-crystalline, which based on the deposition conditions and annealing

temperatures, could exhibit mobility values in the 1-100 cm?V~'s™ range.*!

In the case of binary compounds, large differences are observed for the performance of
TFTs. SnO, is one of the binary oxides used as the active layer of the TFT.”"*>%® The
main drawback in using SnO; as the active of the TFT is the depletion mode behavior of
the device which means a voltage must be applied to the gate to turn the device off.
Various ways have been proposed to overcome this issue. One way is by decreasing the
film thickness to reduce the current value from the bulk of the films. Presley used this
method to obtain enhancement mode operation for SnO, TFTs. SnO, was deposited using
RF magnetron sputtering with varying thickness values of 10-20 nm. Field effect

s 2vs-1 -1 2vs-1 -1
mobilities of 0.8 cm™V™'s™ and 2 cm“V™'s” were measured for enhancement mode and

depletion mode devices, respectively.”’

SnO, films have also been deposited using solution processing methods. Huang also
fabricated an enhancement mode solution processed SnO, TFTs with Al,Os; gate
dielectric. The solution processed Al,Os gate dielectric creates a coherent interface with
SnO; resulting in the device performance improvement. Average mobility of 96.4 cm*V"
1 -1

s, current on to off ratio of 2.2x10° and threshold voltage of 1.72 V were measured for

these TFTs.®

Similar to SnO,, In,O3 TFTs also suffer from depletion mode behavior due to high carrier
concentration. Wang used the hybrid approach taking advantage of the interesting
properties of In,O; like wide bandgap, high mobility, high transparency as the active
layer with nanoscopic dielectric materials. Hence, advantages of high mobility inorganic
semiconductor is combined with ultrathin high capacitance-low leakage current organic
dielectric. The fabricated TFT exhibit mobility values of 120 cm*V™'s™, on-off current
ratio of 10°, and near zero threshold voltage.”” Liu also fabricated a fully solution
processed enhancement mode In,O; TFT using ultrathin ZrOx gate dielectric. The ZrOy

gate dielectric showed an amorphous structure with a leakage current density of 107
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Acm™ at 2 MVem'! and high breakdown field electric field (7.2 Mch'l). In,O3 TFTs
with annealed ZrO, layer at 250 °C showed field effect mobility values of 23.6 cm*V's™,
on/off current ratio of 107, and threshold voltage of 0.13 V. Zou controlled the electrical
properties of In,O; NW FETs by doping the film with various metals (Mg, Al, and Ga)
thus converting depletion mode devices to enhancement mode devices. By changing the
metal content the threshold voltage value can be changed. Mg doped In,O; NW FETs
exhibited high saturation current (0.5 mA), on/off current ratio (>10%), and field effect
mobility (110 cm’V's ™).

Ga,0s3 is another active layer used in the active layer of the TFTs. Matsuzaki fabricated

Ga,O3; TFTs using epitaxial deep ultraviolet Ga,Os active layer deposited on ALO;

(0001) substrate by pulsed laser deposition. The channel filed effect mobility of this

device was only 5x102 ¢cm®V™'s”'. Thomas fabricated Ga,O; TFTs using atmospheric

ultrasonic spray pyrolysis at low temperatures. The deposited n-type Ga,Oj; thin films
172

exhibit maximum mobility values of 2 ecm*V™'s-'.”* It can be seen that due to the large

number of traps Ga,Oj3 has a lower mobility compared to other oxides.

Among the oxides ZnO shows the most reasonable behavior which can be deposited

using different techniques like pulsed laser deposition (PLD)***™

, atomic layer
deposition (ALD)”**"® RF sputtering'*’"", and solution processing'”*”’. Hoffman
fabricated the first transparent ZnO thin film transistor using ITO substrates. The gate
dielectric of this TFT was ATO and the ZnO active layer was deposited using ion beam
sputtering in 10™ Torr Ar/O, pressure. Threshold voltage and mobility of the fabricated
devices changed in the range of 10-20 V and 0.3-2.5 cm”*V''s™, respectively with on/off
current ratio of 10”. Visible light has negligible influence on the performance of the TFT.
However, exposing the TFT to UV light results in large photoconductive currents.'?
Masuda fabricated ZnO thin film transistors using the PLD method at 450 °C and oxygen
pressure of 3 mTorr. Additionally a double gate layer of SiO,-SiNy was used to suppress
the leakage current hence obtaining on/off current ratio of 10°."* The drawback of

Masuda's TFT is the high temperature used for ZnO thin film deposition, which makes it

incompatible with plastic substrates. Fortunato fabricated ZnO thin film transistor using
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RF magnetron sputtering at room temperature. The fabricated TFT exhibited a mobility
of 27 csz'ls'l, threshold voltage of 19 V, and on/off current ratio of 3%10°. In the
visible range of the spectrum this film showed 80% optical transmission.** Carcia used
RF magnetron sputtering to fabricated ZnO TFTs. The highest observed mobility was 2
em’V's? with on/off current ratio of 10°. The measured resistivity value for the
deposited films was 10° Qcm and the optical transparency for wavelengths higher than
400 nm was higher than 80%.'* Carcia investigated the effect of ALD deposited gate
dielectric layer on the performance of RF sputtered ZnO TFTs. HfO,, HfSiOy, and ALOs
were the gate dielectrics tested. Devices with HfO, dielectric had a mobility of 12.2
ecm?V's! and threshold voltage of 2.6 V. The Al,O; devices showed a temperature
dependent behavior. For instance the Al,O; devices fabricated at 200 °C, had a mobility
of 17.6 cm*V™'s" and threshold voltage of 6 V. In general HfO, devices had lower

threshold voltage and the Al,O5 devices had a lower gate leakage current.”®

Atomic layer deposition is another method for depositing ZnO thin film transistors. Levy
reported ZnO thin film transistors fabricated using the atmospheric atomic layer
deposition with alumina gate dielectric. All the deposition steps are done at temperatures
below 200 °C. The devices show mobility values higher than 10 cm*V™'s™, near zero turn-
on voltage, and on/off current ratios of 10%.*' Lim reduced the deposition temperature to
150 °C using nitrogen doped ZnO ALD. By varying the nitrogen doping of the ZnO, the
electrical properties were controlled. The TFTs were inverted staggered type with ALLO;
gate dielectric, which was also deposited using ALD. This device showed saturation

mobility value of 6.7 cm*V™'s™, on/off current ratio of 9.46x10".7>

Lim compared the ZnO TFTs deposited using ALD and RF sputtering. The deposition
temperatures of ALD ZnO varied in the range of 100-250 °C. XRD results revealed that
both ALD and RF sputtered films have (002) orientation. At 7<125 °C, ALD ZnO films
have high resistivity (>10 Q cm) and low mobility (<3 cm’V~'s-1). The ALD ZnO films
deposited at higher temperature have lower resistivty (<0.02 Q cm) and higher mobility
(> 15 em®V''s™). Sputtered ZnO films have higher resistivity compared to ALD at most

of the growth conditions.*
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Pulsed laser deposition is another method of depositing ZnO thin films. Zhao studied the
structural, optical, and electrical properties of ZnO thin films deposited using PLD. The
deposited ZnO films were grown on single crystal Si (100) and quartz glass substrates
using KrF excimer laser with the wavelength of 248 nm. Even at low temperature
deposition of 200 °C the films show the c-axis orientation. Increasing the substrate
temperature and oxygen pressure, the crystallinity improves. Hall measurement showed
that the resistivity of the films increases with temperature and oxygen pressure.” Shin
fabricated ZnO TFT with PLD method and investigated the effect of deposition condition
(oxygen pressure and substrate temperature) on the performance of TFT. The mobility of
the TFTs showed a variation in the range of 2.4 to 12.85 ecm*V’'s™ based on the
deposition parameters. The on/off current ratio changed in the 10°-10° range. The best
performance (urz=12.85 cm?V™'s™") was obtained for oxygen pressure of 26.68 Pa and

substrate temperature of around 400 °C.”

Solution processing technique is another method for depositing ZnO thin films. Ohyama
studied the effect of heat treatment, withdrawal speed of substrate, and film thickness on
the orientation of the crystal growth. The highest (002) orientation was obtained for
samples preheated at 300 °C for 10 minutes and post-heated at 600-800 °C for an hour.
Reducing the withdrawal speed of the substrate increased the density of the films and
preferred orientation. Thinner films also had less crystal orientation, which proves that

there is a critical thickness for obtaining highly oriented crystals.*

Ghosh studied the influence of annealing temperature on the electrical and optical
properties of ZnO thin films deposited using dip coating technique. The films were
annealed in nitrogen, air, and vacuum in the temperature range of 400-650 °C. Among all
the films, the films annealed in air at 650 °C is the only film that shows the slight
orientation of (002). Two opposite trends are observed for the crystallite size, carrier
concentration, and resistivity around a temperature close to the decomposition
temperature. The film annealed at 500 °C in vacuum had the highest carrier concentration

of 8x10"™ cm™ (equivalent resistivity of 2.25x10" Q cm). All the films are highly
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transparent in visible region and show a sharp absorption edge in the UV region. The
optical bandgap shows negligible change for the films annealed at temperatures below
500 °C.* Lee studied the effect of drying conditions on electrical and optical properties
of ZnO films deposited by spin coating. The films dried at 350 °C and annealed at 600 °C
showed the (002) orientation with less resistivity compared to other films. The second
heat treatment at 500 °C reduced the resistivity value of the films to 9.9x10 Q cm.* The

solution processed ZnO thin films will be studied in greater detail in the next chapter.

Multicomponent oxides combine the interesting features of each of the oxides hence
improving the device performance. Indium zinc oxide (IZO) is one of the complex oxides
with interesting features such as a high field effect mobility (20-50 cm*V™'s™). Yaglioglu
fabricated depletion IZO TFT using DC sputtering deposition at room temperature. The
source, drain, and channel were all formed from IZO. By controlling the oxygen content
in the chamber during deposition, carrier concentration was controlled. Amorphous high

3

concentration IZO with concentration of 3.3x10%° cm™ was used for source-drain contacts

where as the IZO used in the channel had charge carrier concentration of 2.1x10'7 cm™.

I and on/off current ratio of

The fabricated devices exhibited mobility of 20 cm®V's
10%*7 Paine fabricated the same device with the conditions that were compatible with
plastic substrates. The optically transparent devices showed a depletion mode behavior
with saturation mobility of 15 cm*V™'s™', on/off ratio of 10°, and threshold voltage of -5
V.# Choi fabricated solution processed IZO TFTs by annealing at 500 °C. The TFTs
exhibit mobility values of 7.3 cm*V's, threshold voltage of 2.5 V, and current on/off
ratio of 10”. The turn on voltage of this transistor is -20 V, which shows it is a depletion

.19
mode device.

IZO thin films can be deposited using the solution processing method. Cheng fabricated
IZO TFTs with cross-linked poly-4-vinylphenol (PVP) on polyimide (PI) substrates.
These TFTs were fabricated using solution processing and microwave annealing. The
depletion mode device had a field effect mobility of 6.9 cm*V™'s™, a threshold voltage of
0.8

2 V, and on/off current ratio of 1 Koo optimized the composition and film thickness

for high performance solution processed IZO thin films. With the composition of In/Zn
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equal to 50/50 and film thickness of 10 nm best operating conditions are obtained. Field
effect mobility of 0.54 cm”V™'s™, on/off ratio of larger than 107, and threshold voltage of
1.9 V.

The main drawback of the IZO devices is depletion mode behavior due to high charge
carrier concentration. Doping IZO films with dopants like hafnium (Hf) and gallium (Ga)
suppresses the carrier concentration hence contributing to enhancement operation. Kim
fabricated amorphous HIZO thin films and showed adding Hf element suppresses the
growth of columnar structure and reduces Hall mobility and carrier concentration. The
fabricated TFTs had a mobility of 10 cm*V's™', subthreshold swing of 0.23 V/decade,

and on/off current ratio of 10%. The Hf ions also result in more stability of the TFTs.”

IGO is another amorphous complex oxide used in TFT fabrication. As mentioned before
In,O3 TFTs suffer from depletion mode behavior due to high number of charge carrier
concentrations. By doping the In,Os with Ga’*, which makes strong bonds with oxygen,
the oxygen deficiency is controlled. Ebata fabricated enhancement mode polycrystalline
IGO TFT by DC sputtering. The TFT showed field effect mobility of 39 cm’V''s™, a
threshold voltage of 1.4 V, and subthreshold slope of 0.12 V/decade. The high mobility
value can be attributed to the large grain size of the deposited films (10 um).”" Goncalves
studied the effect of oxygen pressure on the IGO films deposited with sputtering. In the
absence of oxygen the films were rough and polycrystalline. XRD results show these
films have strong (002) orientation. However, when oxygen was introduced to the
chamber the films structure was amorphous and films were much more smooth. By
changing oxygen pressure by one order of magnitude, the resistivity changes in the
1.8x107 to 10* Q cm. The work function variation range was from 4.53 to 4.84 ¢V. The
maximum Hall mobility of 25.5 cm*V™'s™ with oxygen pressure of 2.5x107 Pa. The films
deposited in the presence of oxygen are all transparent and the transparency value is
independent of oxygen pressure. The films deposited in the absence of oxygen are
opaque. The TFTs fabricated at room temperature showed mobility values of 43 cm?V™'s”

! on/off current ratio of 108, threshold voltage of 3 V.2
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Park fabricated IGO TFTs using solution processing methods and optimized the
crystallinity and electrical and optical properties based on the gallium content. XRD
results show that by replacement of indium with gallium, the lattice shrinks. The
optimum Ga/In ratio was 0.35. TFTs using this ratio showed a mobility value of 3.59
csz'ls'l, a threshold voltage of 0.1 V, on/of current ratio 8.2x107, and subthreshold
slope of 0.9 V/decade.” Jeong studied the metal salt precursor effect on the electrical
characteristics of low temperature sol gel deposited IGO films. Using indium chloride
and gallium nitrate as metal precursors and annealing the deposited films at 300 °C, TFTs
with mobility values of 8<10~ ¢cm?V™'s™ and subthreshold swing of 16.8 V/decade were
fabricated. The IGO films deposited using these precursors and annealed at 250 °C were
inactive. TFTs with IGO thin films deposited with indium nitrate and gallium nitrate and
annealed at 300 °C, showed field effect mobility of 1 cm*V™'s™ and subthreshold swing of
4.2 V/decade and the IGO films annealed at 250 °C were still active. The difference in the
electrical properties of the two TFTs was attributed to the remaining impurities. Hence it
was concluded that the precursors with low decomposition temperatures must be

chosen.’*

AC/DC converters and ring oscillators are two of the sample applications of IGO TFTs.
Mcfarlane used IGO TFTs for implementing AC/DC converter. The fabricated rectifiers
operate till 20 MHz.” Presley implemented highly transparent ring oscillators using IGO
TFTs. The utilized TFTs exhibited a mobility of 7 cm*V™'s™ and turn on voltage of 2 V.
The five stage oscillator fabricated with these TFTs oscillates with the frequency of 2.2
kHz with the gate and drain of the load transistor biased at 30 V. The maximum observed

oscillation frequency (9.5 kHz) was observed at 80 V bias.”

Zinc tin oxide is another amorphous complex oxide used in TFT fabrication. Zinc tin
oxide (ZTO) main application is for transparent conductive applications.””,”® %
Chemical stability against etching and oxidation’’, physical robustness'’', and having a
smooth surface'”' are some of the interesting features of this material. Chiang fabricated
transparent TFTs using ZTO amorphous oxide. The devices annealed at 300 °C after

deposition showed a mobility behavior of 5-15 cm”V™'s™. Annealing at 600 °C improved
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the crystallinity of the films and field effect mobility values were in the 20-50 cm*V's™
range. The turn on voltage for the devices with films annealed at 300 °C was 0-15 V
whereas devices with films annealed at 600 °C was -5 to 5 V. In both cases the on/off
current ratio was higher than 10”. This shows that even at relatively low temperatures
(300 °C) the performance shows slight degradation.'” Jackson fabricated ZTO TFTs using
sputtering with silicon oxynitride (SiON) gate dielectric on flexible polyimide substrates.
The gate dielectric was deposited using PECVD at 300 °C. The fabricated TFTs showed
mobility of 14 ecm®V™'s™, turn-on voltages of -17 V, and on/off current ratios of 10°.'*
Hong fabricated ZTO TFTs with reactive sputtering using metal target. The oxygen
pressure and the total pressure were changed to obtain optimum performance. The
oxygen pressure of 0.8 mTorr and total pressure of 30 mTorr result in the optimum
outcome. The devices fabricated at 500 °C give mobility values of 32 cm*V™'s™, turn on
voltage of -4 V and on/off current ratio of 10’. DC sputtering and RF magnetron

sputtering showed similar results.'®

ZTO Seo fabricated solution processed ZTO TFTs by spin coating method. The
amorphous transparent films were annealed at 400 °C and 500 °C. The fabricated TFTs
showed enhancement mode behavior. The TFT annealed had saturation mobility of 2.49
cm®V's and threshold voltage of 5.93 V where as TFTs annealed at 500 °C had a
saturation mobility of 14.11 em*V™'-s™ and threshold voltage of 1.7 V. The on/off current
ratio for both devices was higher than 10%.'® Similarly Chang used spin coating method
for the deposition of ZTO. The deposited films are highly uniform, amorphous (proven
by XRD) and transparent (95% in the visible part of the spectrum). Enhancement mode
MISFETs were fabricated by this spin coated ZTO layer. The MISFET showed a
mobility value of 16 cm*V™'s™!, turn on voltage of 2 V, and on/off current ratio of 10°.'**
Jeong investigated the thermal behavior of ZTO precursors and effect of annealing
temperature on the performance of ZTO TFTs. By annealing of up to 500 °C, the thermal
decomposition of organic residues is complete. The ZTO TFT (with 30 mol% Sn)

annealed at 500 °C shows a field effect mobility of 1.1 cm*V™'s™, on/off current ratio of

10%, and threshold voltage of 1.9 V. Reducing the Sn content to 20 mol% and 0 mol%
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degraded mobility values to 0.3 and 0.002 cm’V''s”, respectively. Hence it was

confirmed that 30 mol% Sn content results in the optimum performance.'®

Jeong studied the stability of the solution processed ZTO under gate bias stress. While
applying a positive bias stress shifts the transfer curve in the positive direction without
mobility or subthreshold swing changes, negative bias stress has no effect on the transfer
curves. However, after 10 min relaxation at room temperature the devices restored their
original characteristics. The authors attributed the charge trapping to the charge trapped
at the interface and also active layer of ZTO TFT. The oxygen vacancies could be the
possible source of traps. The solution processing method also affected the instability
behavior of the TFT. For instance ink-jet printed TFT has a larger threshold voltage shift
compared to the spin coated TFT, which is due to the nanopores present in the inkjet

printed films.'%

One of the other oxides used for the active layer of the TFTs is IGZO. As mentioned
previously, in spite of all the advantages of the IZO devices, the high carrier
concentration makes the enhancement mode operation difficult. One method to overcome
this issue is by reducing the thickness of the IZO films. For instance active layer of 10 nm
thickness can be used instead of 40 nm. By reducing the thickness of the active layer, the
depletion region created by the adsorbed oxygen at the surface of the film can extend to
the dielectric-semiconductor interface hence contributing to the enhancement mode
behavior.” Doping the IZO films with appropriate elements is another method of

suppressing the carrier concentrations. Doping the 1ZO films with elements like

62,90,63 107,58,59

hafnium (discussed before) and gallium reduces the charge -carrier
concentration. These elements form strong bonds with oxygen suppressing the charge

carrier concentrations.

Nomura fabricated amorphous IGZO TFTs on polyethylene terephthalate substrates using
the pulsed laser deposition method (PLD). The Hall effect mobility measured was around
10 cm®V™'s™. The optical bandgap estimated with the Tauc plot was 3 eV. The saturation

mobility of 6-9 cm*V™'s™" and on/off current ratio of 10°. The devices showed the same
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behavior after bending.'® Yabuta fabricated IGZO TFTs by using RF magnetron
sputtering which gave better results compared to the previous work. The gate dielectric
was Y203 which was also deposited with RF magnetron sputtering. By changing the
mixture of sputtering gases O,/(O,+Ar) from 3.1% to 3.7% the conductivity of the films
was changed from 10~ to 10°® Q'cm™. The top gate enhancement mode TFT showed
mobility of 12.1 ecm?V™'s™, on/off current ratio of 10% and subthreshold slope of 0.2
V/decade.'*®

IGZO thin films have been deposited using solution-processing techniques as

58,109,110,111,112
well.>5 7

Lim reports using sol-gel process for fabricating IGZO active layer for
thin film transistors. By varying the content of Ga in the active layer the effect of Ga
concentration on the electrical behavior of the thin film was studied. Changing the Ga
ratio from 0.1 to 1, changes the electrical behavior of the active layer from conductor to
semiconductor. The devices sintered at 300 °C showed a mobility value of 0.2 cm*V's™.

By increasing the sintering temperature to 400 °C the mobility value increases to 1-2

2x7-1.-1 109
cn'Vis .

By adjusting the composition ratio of different elements with respect to each other the
electrical properties of IGZO TFTs can vary. Kim studied the effect of composition ratio
on the performance of IGZO TFTs. By increasing the In/(In+Zn+Ga) molar ratio, the
carrier concentration increased from 2.2x10" em™ to 5.43x10"® cm™ while the mobility
increased from 1.79 to 6.95 cm”V™'s™. Increasing the Ga content reduced the mobility and
charge carrier concentration. It is observed that Indium rich TFTs (>60%) are depletion
mode devices due to large carrier concentrations. The Zn content changes the
subthreshold characteristics of the TFTs. The subthreshold slope of TFTs improves by
increasing the content of Zn to 70% and degrades for content higher than 80%.
Improvement in subthreshold slope is due to reduction of shallow traps below conduction
band or reduction of interfacial states. Increasing the Zn molar ratio (>80%) results in the
polycrystalline film structure and higher surface roughness which increases the shallow
traps and interfacial state densities degrading subthrehsold characteristics. By changing

the In:Ga:Zn ratio, the mobility of 0.5-2 csz'ls'l, threshold voltage of -5 to 5 V, and
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subthreshold slope of 1.5-2.5 V/decade is obtained. By using larger indium ratio (60%-
70%) higher mobilities >2 cm*V™'s™ were obtained. However, the threshold voltage shifts

to the -70 to -90 V which makes the devices impractical.'"?

Hwang studied the effect of annealing on the solution processed IGZO TFTs. Increasing
the annealing temperature from 300 °C to 600 °C enhanced the saturation mobility from
0.003 cm’*V''s™ to 6.415 cm®*V''s™ and the on/off current ratio from 4.5x10* to 3.9x10’
and the threshold voltage from 13.62 V to -37.72 V. It was observed that devices
annealed at 400 °C showed enhancement behavior and good on/off current ratio with

reasonable mobility.™®

Suresh studied the effect of bias stress on IGZO transistor performance. Applying a gate
bias stress of IGZO TFTs results in the parallel shift of threshold voltage without changes
in mobility or subthreshold swing. This threshold voltage shift is logarithmically

dependent on the duration of bias stress.'™*

To conclude, among the binary oxides SnO, and In,O3 TFTs, in spite of higher mobility
values, suffer from depletion mode behavior due to higher charge carrier concentrations.
This increases the power consumption and complicates the circuit design. On the other
hand Ga,Os suffers from low mobility due to the large number of traps. Among all the
binary oxides, ZnO shows the most reasonable behavior. ZnO thin films can be deposited
using solution processed and vacuum based methods. The solution processing method is
a cheap and easy method with a high throughput which can be used for ZnO thin film
deposition. Using the complex oxides the interesting features of different oxides can be

utilized.

1.6.4 Organic Semiconductors

Organic semiconductors are another group of semiconductors used in TFT fabrication.
Unlike the conventional Si technology, organic thin film transistors (OTFTs) use low
temperatures for deposition, which makes them compatible with the plastic substrates. In

addition, organic materials can be solution processed which has the potential of replacing

32



more complicated vacuum based processes.''> The highest mobility of organic
semiconductors is in the range of 1-10 cm®V™'s™.M'*""!"® Dye to this important limiting
factor, OTFTs are incapable of replacing high speed inorganic TFTs. However, organic
materials have a great potential for cases were their unique properties could be useful.
Electronic newspaper, smart tags, and large area flexible displays are some of the

applications OTFTs can be utilized.'"”

The nature of charge transport in organic materials is different from that well-ordered
inorganic materials. Due to the tight binding of atoms via covalent bonds in inorganic
materials, the charge carriers move as highly delocalized plane waves. These materials
have a very high mobility, which is limited by the lattice vibration. Hence increasing the

temperature results in the degradation of mobility.

Band transport is not valid for disordered organic semiconductors. In these
semiconductors, charge transport occurs by hopping between localized states. Phonons
can contribute to hopping. As a result by increasing the temperature mobility is
enhanced.'” For highly ordered organic semiconductors like pentacene the boundary
between band transport and hopping transport can be observed. At temperatures below

19 In the low

250 K band transport is the dominant charge transport mechanism.
temperatures very high mobility values are reported. For instance in ultrapurified
naphthalene, anthracene, and perylene time of flight drift mobilities of up to 400 cm?V's”
! were measured at low temperatures.'*® This high measured mobility can be attributed to
the vibrational energy of molecules being lower than the intermolecular bonding energy.
Hence phonon scattering is reduced, enhancing the mobility. At temperatures close to the
room temperature, the vibrational energy increases resulting in enhanced phonon
scattering and mobility reduction. At these temperatures the hopping mechanism
becomes the dominant charge transport method replacing the band transport. Increasing
the temperature assists with the hopping transport. Thus, it can be concluded that by

increasing the temperature, the mobility value rises.'"’
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The described methods are not the only methods of charge transport in organic
semiconductors. For instance, there are papers in the literature that report thermally
activated transport in single crystal pentacene, quaterthiophene, and hexathiophene. This
behavior can be explained by the coulomb blockade transport. In this transport model, the
coulomb forces between electrons can hinder charge transport. This phenomenon occurs
when the tunnel resistance, Ry, is large (>>h/e”) and the charging energy (¢’/C) is larger
than kT where 4 and k are Planck and Boltzmann’s constant, respectively and C is the
capacitance between the two sites.'”' Schoonveld demonstrated that OTFTs can be
considered as array of sites separated by tunnels. Due to the small capacitances of sites,
the charging energy becomes dominant at room temperature and hence a thermally
activated transport is observed.'?' The advantages of organic materials like flexibility and
light weight has encouraged researchers to find new applications for these materials.

2
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Organic inverters ~°, ring oscillators = *" memories =", RFIDs ', solar cells ',
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sensors ~~, and drivers for flexible displays ** are some these emerged applications.

In spite of these new applications, there are still some challenges that need to be
overcome. The characteristics of organic materials change with time. Hence, more
research needs to be done to overcome the stability issues of these materials.
Additionally, organic semiconductors are sensitive to oxygen and water.'”> Lack of
reliable n-type organic semiconductors is another issue hindering the extensive usage of

134

organic materials.”" Due to their lower mobility compared to inorganic semiconductors,

organic semiconductor can not be utilized in high speed applications.'*?

Hence, it can be concluded that using each type of material as the active layer of the
TFTs has its own advantages and disadvantages. In spite of their advantages such as
flexibility and lightweight, organic materials suffer from low mobility and stability
issues. As a result the organic materials are used in low frequency operations where
flexibility and lightweight are crucial. Hence it is important to find the suitable material
for the specific application. In the rest of the thesis we will focus on ZnO thin films and

their applications in TFTs and photodetectors.
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1.7 Summary

In this chapter, we first described with the fundamentals of thin film transistor operation.
We discussed some of the applications of these devices and requirements for each of
these applications. Some of the active layers used for the TFTs were introduced and the

advantages and disadvantages of each of these TFTs were discussed.
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2 7ZnO Thin Films

Inorganic semiconductors such as amorphous silicon and polysilicon are used extensively
in thin film transistors. Low mobility of electrons, low current drive levels, and low
on/off ratios are some of the drawbacks of these technologies.”® Organic materials have
also been utilized to make flexible transistors. Low mobility, low current density,
process-dependent performance variations, and reliability are some of the challenges that

. 1135
need to be overcome for these materials.

Recently there has been a lot of interest in ZnO. ZnO is a direct wide bandgap material
(Eg = 3.3 eV) attractive for multiple applications in optoelectronics. ZnO and GaN (also a
large band-gap semiconductor) have some applications in common. However, ZnO has
some advantages over GaN. ZnO has an exciton binding energy of 60 meV, which is 2.4
times the thermal energy at room temperature (k7 = 25 meV). This makes light emission
at room temperature feasible. ZnO is highly resistant to high energy radiation which is a
useful property in space applications. Unlike GaN, thin films of ZnO can be made by
solution processing. Easy wet chemical etching is another important feature of ZnO,
which makes the fabrication of small size devices possible. Zn is also much more
abundant in nature compared to Ga and In. ZnO can also be used in fabrication of thin
film transistors. Due to the insensitivity of ZnO to visible light, the protective covering
for preventing light exposure can be removed. ZnO also has a high saturation velocity
and breakdown field and is also a piezoelectric material. These two features make ZnO a
suitable candidate for power electronics. Due to the difficulty in obtaining p-type ZnO,
one strategy consists of using ZnO to form heterojunction devices with other p-type
materials. For instance, due to sensitivity to air and humidity generally n-type organic
materials generally have severe stability issues. Hence n-type ZnO can be combined with

p-type organic materials to form heterojunction devices.'*

ZnO 1is not a newly discovered material. Many important characteristics of ZnO have
been studied in the past few decades. With all the interesting features mentioned above in
addition to being well known for decades, one might ask the legitimate question as to

what has hindered the extensive usage of ZnO? The main obstacle in using ZnO is the
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difficulty in controlling the type and degree of electronic conduction. In spite of some
initial progress, a reliable and reproducible method for growing p-type ZnO has not yet
been developed. Likewise, control over the n-type conductivity in unintentionally doped
ZnO 1is also inadequate. Due to the difficulty in obtaining p-type ZnO, the
implementation of heterojunction devices and/or complementary logic with other p-type

materials is a proposed route forward for ZnO technologies.

Vacuum deposition and solution processing are the two main methods of depositing ZnO
thin films. Each method has its own advantages and disadvantages. The films deposited
using vacuum deposition methods like RF magnetron sputtering usually have better
crystal structure which results in enhanced mobility. However, vacuum deposition
methods are expensive and have low throughput. Solution processing on the other hand

37 In the

offers a cheap and easy method of depositing ZnO films with high throughput.
next part, we will review some of the basics of the sol-gel method along with some of the

available works in the literature.

2.1 Sol-gel deposition of ZnO thin films

As mentioned before, ZnO thin films can be deposited using different methods like
Molecular Beam Epitaxy (MBE)'**, pulsed laser deposition (PLD)”, metal-organic
chemical vapor deposition (MOCVD)"’, sputtering'®, spray pyrolysis®*, and
electrodeposition.'* Among these methods sol-gel method offers a cheap and easy

method with a high throughput."’

In this method (which is also called soft chemistry), a
solid material is also formed from a solution by using a sol or a gel as an intermediate
step. This process can be done at temperatures much lower compared to the other

141

methods.™ The formation of solid oxides from molecular solutions often requires

- - 142
hydrolysis and condensation reactions.

The synthesis of metal oxides by dissolving metal alkoxides in organic solvents is one

group of sol-gel methods. This method is based on the polycondensation of metal

alkoxides M(OR)z. R is usually an alkyl group and z is the oxidation level of the metal.
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The synthesis involves two steps: The first step is hydrolysis in which reactive M-OH

groups are formed by the following reaction:

M — OR + H,0 = M — OH + ROH 2-1)

The second step is the condensation, which forms bridging oxygen:

M—OH+RO—M =M—0—M +ROH (2-2)

Or
M—OH+HO—M=>M—0—M +H,0 (2-3)

Transition metal alkoxides offer the advantage of good glass wetting. Additionally
mixing several alkoxide in one solvent can result in a multicomponent film. However,
metal alkoxides are costly and highly reactive. Thus aqueous solutions are more

appropriate for industry.'*

Inorganic precursors in aqueous solutions are another sol-gel deposition method for metal
oxides. Once dissolved in an aqueous solution metal cations form compounds with water
molecules (M—OHz). The formation of M-OH; bonds draws electrons away from bonding
o molecular orbital of the water molecule. As a result of the electron transfer the O-H
bonds gets weaker and the coordinated water molecules act as stronger acids than solvent
molecule waters. Olation is one mechanism of condensation, which results in the

departure of one molecule of water.

— M—OH+H,0—M—=—M—O0H—M +H,0 (2-4)

Oxolation is another condensation method in which two OH groups form one water

molecule, which is then removed.

—M—OH+HO—M—=—M—0—M—+H,0 (2-5)
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Hence condensation forms oxides or hydroxides.

The sol gel method is a chemical method in which the molecular precursor undergoes the
following steps for the formation of oxide films: a) hydrolysis of the precursor b)
polymerization by addition of ions forming oxo, hydroxyl, or aqua bridges c)
condensation of dehydration d) nucleation e) growth.'* The deposition of ZnO thin films
by sol-gel method involves three steps: 1- preparing the solution 2- depositing the
prepared solution on the substrate with different techniques like spin coating 3- heat
treatment for drying and pyrolysis of the deposited films. This process can be affected by
numerous parameters including precursor and its concentration, the solvent used and its
acidity, the stabilizer and its concentration, the method of coating and the speed of it, the
type of substrate, the age of the mixture, and the heat treatment of materials are some of
the important parameters affecting the formation of ZnO films."*!

To conclude, in this section we reviewed some of the reactions, which form the metal
oxide compounds. Two reactions were discussed: 1- metal alkoxides in organic solvents
2- metal salts in the aqueous solutions. In spite of metal alkoxides advantages such as
glass wettability and formation of multicomponent oxides by mixing, expensiveness and
high reactivity are two drawbacks of this sol-gel method. Another sol-gel method is
mixing of metal salts (organic-inorganic) in the aqueous solution. In the next section we
will discuss the details of this approach. The effect of different deposition parameters

mentioned above will also be discussed.

2.1.1 Precursors
Nitrate, chloride, perchlorate, alkoxide, and acetate dihydrate are some of the common
precursors used in ZnO deposition. There are various reports studying the effect of

144,145,146,147

precursors in the deposition of ZnO thin films. Zinc nitrate is the most widely

used inorganic salt used for the deposition of zinc oxide. By dissolving zinc nitrate in

water, zinc nitrate is ionized as below:

Zn(NOs), + H,O = Zn*" + 2 NOs+ H,0 (2-6)
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The evaporation of water gives back zinc nitrate. By heating at 450 °C small crystallites

of zinc nitrate are formed.

2 Zn(NO3),= 2 ZnO +4 NO; + O, (2-7)

In this reaction small crystallites are formed in random directions very fast, which gives
the film dendrite morphology. The crystallite size of films deposited using zinc nitrate

was 15 nm in the c-axis and 12 nm in the g-axis direction.

Zinc acetate is the most used organic salt for the ZnO thin film deposition. The process of
formation of ZnO from zinc acetate is done in two steps of hydrolysis and condensation.

The hydrolysis occurs as follows:

Zn(OH)(CH3COO), + OH" = Zn(OH), + CH3COO’ (2-8)

Condensation of two Zn(OH), molecules gives:

HO — Zn— OH + HO — Zn— OH = HO — Zn— O — Zn— OH + H,0 (2-9)

By evaporation of water, the final product has empirical formula of HO-(Zn-O-Zn),—~OH
where n is the number of molecules involved in the condensation (poly-condensation).
Poly-condensation occurs uniformly in all directions in the plane of the substrate. This
results in a flat and uniform ZnO film. The crystallite size in the a-axis direction is 25 nm

and in the c-axis 15-20 nm.

Comparing the films deposited using zinc nitrate and acetate, it can be concluded that in
the zinc nitrate case first crystallization occurs in forms of small crystals of zinc nitrate.
Next by heating at 450 °C, decomposition occurs forming ZnO. For the zinc acetate case
hydrolysis, condensation, poly-condensation are the steps prior to the formation of ZnO

144

films at 450 °C. Hence ZnO films deposited using zinc acetate are uniform.”™ Another

drawback of using these inorganic salts is difficulty in removing the anionic species in
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the final product.'®®

The precursor used also affects the crystal orientation of the
deposited films. Figure 2-1 shows the effect of the precursor on the crystal orientation of

the deposited films using spray pyrolysis technique.
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Figure 2-1 XRD patterns of films deposited for a) zinc nitrate b) zinc acetate c) zinc chloride precursors.l"7

(Adapted with permission from Ref'"; Copyright Elsevier.)

The XRD results reveal that in all cases the (002) orientation is the dominant orientation.
The (002) peak is much more dominant in the case of zinc chloride case. As can be seen
from figure 2-1(b), the relative intensity of the (002) peak reduces compared to other
cases. The relative intensity of the (002) peak in the case of zinc nitrate increases.*’” The
different crystallinity for different precursors could be attributed to different growth rates
for various precursors.'* Figure 2-2 shows the SEM images of films deposited with

various precursors.
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Figure 2-2 SEM images deposited using a) zinc nitrate b) zinc acetate c¢) zinc chloride. (Adapted with permission
from Ref'"’; Copyright Elsevier.)

Figure 2-2(a) shows the films deposited using zinc nitrate. As explained above the film is
nonuniform. In the case of zinc acetate hexagonal crystal islands form a flat film similar
to the spin coating case. The SEM image of the films grown with zinc chloride shows
hexagonal columnar rods along (002) direction. The differences in morphology could be
attributed to the availability of enough energy for thermal decomposition at the substrate
surface. The initial condition of the substrate also affects the growth process. Stronger
interaction between particle-particle results in continuous films whereas in the cases in
which there is strong interaction between particle and substrate the films are

discontinuous. Using the van der Pauw technique 5.7x10%, 7.1x10%, and 1.3x10* Q cm
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were measured for zinc nitrate, zinc acetate, and zinc chloride, respectively. The doping
concentration was 1.1x10", 1x10", and 9.3x10"* ¢cm™ for the precursors, respectively.'*’
To summarize, in this part we investigated the formation of ZnO thin films using metal
salts in aqueous solutions. In the case of inorganic metal salts such as zinc nitrate
crystallization occurs by formation of zinc nitrate crystals and decomposition of these
crystals by heating where as for organic metal salts hydrolysis, condensation, and poly
condensation are steps prior to the formation of ZnO films. The precursor used also
affects the morphology of the deposited films, which is related to the energy required for
thermal decomposition at the surface of the substrate. Initial condition of the substrate
also affects the film structure. In the case of strong particle-particle interactions the films
are continuous where as for the case of strong substrate-particle interaction the film

becomes dissentious.

2.1.2  Solvents
It is generally well known that solvents with higher dielectric constant facilitate the

143150151 14 i well known that the dielectric constant is

dissolution of inorganic salts.
dependent on chain length."** Among the various solvents, alcohols with low number of
carbon atoms (maximum four) are the most widely used solvents.""! Methanol*,
ethanol'*®, 1-propanol'>*, 2-propanol'*®, 1-butanol'*®, and 2-methoxyethanol' are some of

the solvents used more compared to the others.

As for the inorganic salts, a lower dielectric constant of the solvent is equivalent to the
lower solubility of the salt in the solvent, which results in a shorter induction period for
nucleation and higher solid particle growth kinetics. Hu studied the formation of
monodispersed hydrous zirconia microspheres with zirconyl chloride dissolved in
alcohol-water mixtures.'*® Different solvent like methanol, ethanol, isopropyl alcohol, n-
propanol, and acetone were chosen to study the homogenous nucleation and growth. The
effect of solvents is related to their dielectric constants. The general trend observed is that
solvents with lower dielectric constant caused faster precipitation kinetics. In the case of
acetone and n-propanol which have almost similar dielectric constant, reactive interaction

of n-propanol with zirconium species results in faster growth kinetics.'**
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As for organic salts, Hosono studied the formation of ZnO nanocrystals from alcoholic
solutions of zinc acetate dehydrate at low temperature of 60 °C."*° Methanol (dielectric
constant of 32.6), ethanol (dielectric constant of 24.3), and 2-methoxyethanol (dielectric
constant 16.9) were the solvents used. The important difference in these solvents is their
dielectric constant. Zinc acetate shows higher solubility in methanol (higher dielectric
constant). Water was added to the solvents to increase the dielectric constant and hence
contribute to the dissolving of zinc acetate. In dissolving zinc acetate in methanol
solution, each zinc ion is surrounded by six methanol molecules. However, in the case of
ethanol and 2-methoxyethanol water molecules also participate in surrounding zinc ions.
In all cases the (+2) zinc ions forms ion pair with (-1) acetate ions. Hence a complex is
formed containing hydroxyl and acetate groups. The complexes go through hydrolysis,
polymerization, and crystallization in to layered hydroxide zinc acetate (LHZA). The
formation of acetate rich LHZA in lower dielectric constant solutions is attributed to the
stronger coulomb forces. Hydrolysis of LHZA is slowed down by low dielectric constant
increasing the formation time of ZnO in ethanol and 2-methoxyethanol.””® Some other
works in the literature also confirm the formation of LHZA complex in the formation of
Zn0.”"1381% However, Tokumoto reports the formation of zinc-oxy-acetate from

. . . . 160
dissolving zinc acetate in ethanol.

In spite of the different reported by-products in the intermediate step, both of these
reactions undergo hydrolysis and inorganic polymerization leading to the formation of
ZnO sols."*! The influence of solvent can be seen in the nucleation process of zinc acetate
with basic solutions like sodium hydroxide. For longer chain alcohols the nucleation is
faster compared to the shorter length chain alcohols which is expected for lower

. . 152
dielectric constant solvents.

The solvents also affect the texture of the deposited films. Wang showed that by
increasing the ethanol content in aqueous- ethanolic solution the crystal orientation is
changed from perpendicular to almost parallel relative to the surface of substrate.'®’
Figure 2-3 shows the SEM images of the ZnO films deposited with solvents using

different ethanol contents. Oriented nanorods with diameter of 150 nm are seen for the
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aqueous solution in figure 2-3(a). Increasing the ethanol content results in a slight
increase in diameter of nanorods and tilt of crystals. Increasing the ethanol content
increases the amount of tilting causing the films to be more dense. As can be seen from
figure 2-3(d) at ethanol content of 40% the cracked hexagonal are still visible. Increasing
the ethanol content results in crystal corners (figure 2-3(e)) and smoothed corners (figure
2-3(%)). Increasing the ethanol content generates crystals with irregular shapes (figure 2-3
(g),(h)). This behavior is confirmed by XRD results shown in figure 2-4. As can be seen
from the XRD results by increasing the ethanol content the strongest peak is changed

from (002) to (101) and ultimately to (001).'"!

45



Figure 2-3 SEM images of ZnO films deposited with different ethanol content a) 0% b) 20% c) 30% d) 40% e)
50% f) 60% g) 70% h) 80%. (Adapted with permission from Ref'®'; Copyright American Chemical Society.)
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Figure 2-4 XRD results of ZnO films deposited with different content of ethanol in solution. (Adapted with
permission from Ref'"'; Copyright American Chemical Society.)

In addition to the dielectric constant of the solvent, the boiling point of the solvent also
has a huge impact on the crystallinity of the films. Higher boiling point slows down the

evaporation of the solvent resulting in a larger grain-sized films.

To summarize in this part we studied the reactions that led to the formation of ZnO thin
films with emphasis on the effect of solvent. In these reactions a layered zinc acetate
hydroxide (LHZA) was formed. In the case of low dielectric constant solvents a more
acetate rich LHZA was formed. The solvents also affect the crystal texture of the
deposited films.

2.1.3 Stabilizers
Stabilizers are chemical species containing at least one functional group. Alkali metal
hydroxide, carboxylic acid, alkanolamines, alkylamines, acetylacetone, and polyalcohols

141
There are several

are some of the stabilizers used for depositing ZnO nanostructures.
reasons for their usage: in some cases they contribute to the dissolving of zinc salt in the
alcoholic solvents. It is well known that zinc acetate dehydrate does not dissolve

completely in alcohols like ethanol or 2-propanol. By addition of stabilizers like
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monoethanolamine or triethanolamine this issue is resolved.!>> Another role of stabilizers
is stabilizing ligands, preventing the rapid precipitation of zinc hydroxide and hence

141

contributing to the formation of stable sols.”™ For instance by adding alkanolamine to

. . . . . 162
zinc acetate solution, a clear solution is obtained.

Amines like monoethanolamine and diethanolamine are one of the common stabilizers
used in ZnO sol-gel deposition. In the sol-gel method hydrolysis starts the reactions
leading to the formation of sols. Hence basic or aqueous solutions are required. Aqueous
solutions are used for quantum dot production and are not suitable for depositing thin
films. Basic solutions are made by adding inorganic bases like NaOH and LiOH to the
solution. These inorganic bases cause precipitation, prevent film formation and

contamination.

Amines can be used as a stabilizer for ZnO thin film deposition. Basic nature, showing
stabilizing behavior, and contributing to the dissolving of precursors and film formation
are some of the features that make amines suitable candidates for stabilizers in ZnO film
depositions. These stabilizers reduce the contamination of ZnO films and have less health
risks and enviormental hazards.'®® Vajargah studied the effect of amine stabilizers on the

ZnO thin films deposited on glass substrates.'®

Monoethanolamine, diethanolamine,
triethanolamine, triethylamine, and ethylenediamine are the studied stabilizers. Amines
were added to 1-propanol solvent under stirring. In the next step zinc acetate was added
to the solution to obtain a 0.2 mol L™ solution. The ratio of Zn(+2)/stabilizer was selected
as 0.5, 1, and 2. The films were deposited using dip coating with the withdrawal speed of
120 mm min"'with 10 min drying period at 120 °C or 300 °C between each coating.
Finally the films were annealed at 500 °C. Figure 2-5 shows the XRD results of the

deposited films.
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Figure 2-5 XRD patterns of different thin films deposited using drying temperature of a) 120 °C b) 300 °C for 10
min. (Adapted with permission from Ref'®; Copyright Elsevier.)

As can be seen from figure 2-5, monoethanolamine stabilizer produces ZnO thin films
with (0002) orientation, which is perpendicular to the substrate. A non-crystal structure is
observed for diethanolamine and triethanolamine. The films deposited using
triethylamine also show (0002) orientation. The films deposited using ethylenediamine

. . 163
show random orientation.

Explanation of the behavior results for different stabilizers is related to both sol and heat
treatment parameters. Generally reducing the overlap of a) evaporation b) decomposing
of organic material c) crystallization during annealing enhances the crystallinity of the
thin films. The non-crystallinity of diethanolamine (boiling point of 280 °C) and
triethanolamine (boiling point of 335 °C) is due to the large difference between the drying
temperature (120 °C) and boiling point of the sols. As can be seen by increasing the

drying temperature to 300 °C both films obtain crystallinity. Thus the high boiling point
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and slow condensation prevents the formation of crystals in the diethanolamine and
triethanolamine. Low boiling point of (89 °C) and formation of large amounts of zinc-
oxy-acetate are some of the reasons contributing to the preferred crystallinity of
triethylamine. Ethylenediamine is a polar base with relatively low boiling point. The
random orientation of ethylenediamine could be due to the chelating agent of the

stabilizer preventing the formation of complexes with tetrahedral shape.'®

Ohyama studied the effect of temperature and stabilizer on the crystallinity of the ZnO

162
films.

The films were deposited using dip coating on glass substrates. Zinc acetate was
dissolved in 2-methoxyethanol using monoethanolamine and diethanolamine. The
solution was kept at 60 °C under stirring for 30 min before deposition. The molar ratio of
zinc acetate to alkanolamine was 1. The withdrawal speed of 3.5 cm min™ was used in
the dip coating process followed by heat treatment at temperatures in the range of 200 °C
to 800 °C. This process was repeated twice followed by the heat treatment at the same
temperature for one hour. XRD results are shown in figure 2-6. As can be seen from
figure 2-6(a) by increasing the temperature for diethanolamine films, no preferred
orientation is obtained and all the three peaks of (002), (101), and (100) are observed. In
the monoethanolamine case, the crystallization of ZnO starts at around 200 °C. The (002)
peak, which is the only observed peak, intensifies at 500 °C. Increasing the temperature
from 500 °C weakens the (002) peak and other peaks appear as well. The high boiling
point of monoethanolamine and 2-methoxyethanol and lack of overlap between the
evaporation and decomposing of organic material (unlike the diethanolamine case) is the
reason for high crystallinity of the films deposited using monoethanolamine and 2-

methoxyethanol.'®

Image removed due to lack of copyright permission.

Figure 2-6 XRD results for ZnO fims deposited at different temperatures using a) diethanolamine b)
ethanolamine stabilizers.'®

To conclude, stabilizers are chemical species containing at least one functional group,
which are used for their contribution to the dissolving of salts and forming of stable sols.

The stabilizers affect the crystallinity by varying the overlap between evaporation,
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decomposition of organic material, and crystallization (during annealing) based on their
boiling temperature.

As mentioned before the deposited ZnO films are affected by different parameters like
the precursor, the solvent, the stabilizer, the age of the solution, the speed and method of
coating, substrate type and the heat treatment method. In the next part we will discuss the

effect of each of these parameters on the deposited ZnO films.

2.2 Film Deposition:

Spin coating and dip coating are the two main methods for depositing ZnO films. The
sols can be fresh or aged at room temperature or around 60 °C. As for the heat treatment,
a two-step procedure is preferred. In the first step (pre-heat treatment) the solvent and
organic compound are removed at temperatures in the range of 40-500 °C. The main
purpose of the post-heat treatment is obtaining better crystallinity for the films along with
the decomposition of organic by-products. The post heat treatment temperature can vary

between 250 to 900 °C based on the substrates used.'*!

2.3 Chemical System:

As previously mentioned, deposition of ZnO thin films using solution processing method
depends on parameters like the precursor type and concentration, stabilizer, solvent, age
of solution, speed and method of coating, substrate type and heat treatment method. The

influence of precursor, stabilizer, and the solvent used was discussed in the last section.

The precursor concentration is also another parameter affecting the crystallinity of the
Zn0O. However, the results related to the effect of precursor concentration are
contradictory. The differences in crystallinity could be due to differences in experimental
conditions. Kim studied the effect of precursor concentration on the crystallinity of ZnO

164
films.

In this experiment zinc acetate was dissolved in mixture of isopropanol-
monoethanolamine with the ratio of zinc acetate to monoethanolamine kept at 1. The
concentration of zinc acetate varied from 0.3 to 1.3 mol L™, The solution was stirred at
50 °C for one hour. The solution was spin coated on glass substrate at 3000 rpm for 20 s.
Preheating and postheating temperatures of 250 °C and 650 °C were used, respectively.

Figure 2-7 shows the XRD results for different precursor concentrations.
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Figure 2-7 XRD results for different precursor concentrations dried at 250 °C and annealed at 650 °C. (Adapted
with permission from Ref"%; Copyright Elsevier.)

As can be seen from figure 2-7, the 0.7 mol L' concentration results in highly (002) peak
orientation with small (100) and (101) peaks. Increasing the solution concentration

reduces the (002) peak and increases (100) and (101) peaks.164 O Brien got different

results as shown in figure 2-8.'°
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Figure 2-8 XRD results for different precursor concentration of ZnO films spin coated at 2000 rpm, dried at 60
°C and annealed at 650 °C. (Adapted with permission from Ref'%; Copyright Elsevier.)

As can be seen from figure 2-8, the film with precursor concentration of 0.3 M resulted in
the highest (002) orientation. By increasing the concentration to 0.7 M, the (002)
concentration lost dominance. Increasing the precursor concentration to 1.3 M resulted in

the (101) peak to become dominant.'®

The differences in the result could be due to differences in experimental conditions: in
Kim’s experiment a drying temperature of 250 °C and spin coating of 300 °C were used
where as in O Brien’s experiment the drying temperature was 60 °C and spin coating
speed of 2000 rpm was used.'*' In the preheating temperature of 60 °C the drying step
and decomposition of organics do not overlap where as in the 250 °C drying step the
organic materials are decomposed in the drying step as well. In addition to the solution
concentration, the order of using different concentrations also affects the crystallinity of

the films.

Li studied the effect of solution concentration and the order of deposition on the ZnO

films."** In order to do so, ZnO TFTs were fabricated with 0.05 M, 0.1 M, 0.25 M, and
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0.5 M solution concentrations at annealing temperature of 500 °C. By using the low
concentration solutions and performing the deposition multiple times, high mobility is
obtained. However, in the first deposition cycles the mobility is low due to the
discontinuous nature of the film. For instance, for the solution of concentration of 0.05
M, by repeating the deposition ten times, the highest amount of mobility of 6.78 cm” V's”
!is obtained. For the precursor solution of 0.1 M, by repeating the deposition five times,
the highest mobility of 2.86 cm”® V's™ is achieved. As for the 0.25 M solution, one
deposition cycle resulted in the mobility of 2.18 cm?*V's™. Increasing the number of
deposition cycles did not enhance the mobility. For the solution concentration of 0.5 M,
with one deposition cycle, saturation mobility of 0.64 cm” V''s™ is obtained. Increasing
the deposition steps reduces the mobility. In order to make the deposition of high quality
films cost efficient, it is required that the lowest number of deposition cycles result in the
highest mobility. Hence, three solution concentrations of 0.05 M, 0.1 M, and 0.25 M
were chosen to reduce the number of deposition cycles. Figure 2-9 compares the obtained

mobility by changing the order of the concentration of each deposition cycle.
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Figure 2-9 Saturation mobility of ZnO TFT devices using three deposition cycles with different orders. (Adapted
with permission from Ref'; Copyright Royal Society of Chemistry.)

As can be seen from figure 2-9, the 0.05 M, 0.1 M, and 0.25 M precursor concentration
order results in the highest mobility of 5.26 cm®V's”. As mentioned before, at low

concentration of precursors, the films were not continuous, resulting in low mobility for
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the films. By increasing the number of deposition cycles the film became dense, covering
the whole substrate hence improving the mobility. However, this method needed many
deposition cycles, which increased the costs. ZnO films prepared using high
concentration solutions fully cover the substrate. However, the films were very dense
creating micropores. The processes of vaporization, decomposition, and crystallization
introduce even more micropores to the films. Increasing the number of deposition cycles
introduced even more pores further degrading the mobility. Hence, it can be concluded
that to obtain the maximum mobility, the deposition should be done in a multistep way
starting from lower concentration ending with the highest concentration. Due to the low
concentration of the first deposition step, the film will be discontinuous. By performing
the subsequent deposition steps, the gaps will be filled resulting in continuous films. By
eliminating one of the steps in the deposition, the devices show an unstable behavior in
long runs. Eliminating each of the deposition steps reduces the density of the prepared
crystal films resulting in a higher resistance, which in turn causes the devices to heat up.

. . . 135
This heat increases the rate of erosion of electrodes.

In addition to the precursor concentration, the aging time of the sol can also affect the
competition of the two (100) and (002) orientations. Li studied the effect of aging sol on

the orientation of the ZnO deposited films.'®

Zinc acetate, monoethanolamine, and
ethanol were used as the precursor, stabilizer, and solvent, respectively. The solution with
concentration of 0.25 mol L™ was stirred at 70 °C for 1 hr. These sols were aged 0
(sample A), 8 hr (sample B), 24 hr (sample C), and 36 hr (sample D). Drying, pre-
annealing, and post-annealing temperatures of 100 °C, 320 °C, and 500 °C were used,
respectively. The XRD results are shown in figure 2-10. As can be seen from the figure,
all the films show c-axis orientation and the (002) peak intensifies with aging.'®® This

167

result agrees with some reports in the literature. " The intensification of (002) peak is

attributed to the condensation of the active groups and aggregation of zinc species in the

solution resulting in the (002) peak intensification.'®’

To conclude, the effect of different parameters like precursor concentration, order of

deposition for different concentrations, and aging of the sol was studied on the
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crystallinity of the film. As for the precursor concentration contradictory results are
available in the literature due to different deposition parameters. As for the order of
deposition of different concentration solutions, the optimum results are obtained by using
the lower concentrations for the first deposition cycles to obtain the seed layers followed
by higher concentration depositions to make the film continuous. Older solutions also
result in more intensified (002) peaks which is attributed to the condensation of the active

groups and aggregation of zinc species.
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Figure 2-10 XRD results for aged solutions of a) 0 hr (sample A) b) 8 hr (sample B) ¢) 24 hr (sample C) d) 36 hr
(sample D). (Adapted with permission from Ref"%; Copyright Elsevier.)
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2.3.1 Coating method, speed, thickness, substrate:
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Figure 2-11 XRD results for a) Dip coating b) Spin coating. Sample a,b,c annealed at 350 °C, 450 °C, and 550 °C,
respectively. (Adapted with permission from Ref'; Copyright Springer.)

Dip coating and spin coating are the main methods used in solution processing. Habibi
investigated the effect of coating method on the crystal structure of the ZnO films.'®®
Both of the films were deposited using zinc acetate dihydrate as the precursor,
isopropanol as the solvent, and monoethanolamine as the stabilizer. Figure 2-11 shows
the XRD results for the dip coating and spin coating. As can be seen from figure 2-11
increasing the temperature from 350 °C to 550 °C intensifies the (002) peak. Thin films
deposited using dip coating were deposited with the withdrawal speed of lcm min™.
These films were highly c-axis orientated. On the other hand, films deposited using spin
coating (3000 rpm) exhibited three XRD peaks with the (002) peak being the stronger
peak.'®® Ohyama investigated the effect of withdrawal speed on film characteristics of dip

coated films.* The results are shown in figure 2-12 for various withdrawal speeds.
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Figure 2-12 XRD results for withdrawal speed of 1.2 cm min™ (five times repetition) 3.5 cm min” (three time
repetition) 7 cm min™ (two time repetition). (Adapted with permission from Ref*; Copyright Elsevier.)

The number of repetitions was chosen so that for each withdrawal speed a film thickness
of 100 nm is obtained. As is apparent in figure 2-12, by reducing the withdrawal speed
the (002) peak intensity increases. At low withdrawal speed films are thinner and the
solvent can easily evaporate from the film contributing to the deposition of dense films.
The higher (002) peak for smaller withdrawal speed could be explained in two ways: 1-
Due to higher density of films more unidirectional film growth is obtained resulting in
higher (002) peak. 2- the organic substances and solvent can evaporate more easily from

thinner films without changing the crystal structure.®

The thickness of the film also influences the crystallinity and electrical properties of ZnO
thin films. Mridha studied the effect of film thickness on the crystallinity and electrical

19 Zinc acetate dihydrate, diethanolamine, and isopropyl alcohol

properties of thin films.
were the used precursor, stabilizer, and solvent, respectively. The solution with
concentration of 0.1 mol L™ was spin coated at 2500 rpm for 20 s. Drying and annealing
temperatures of 120 °C and 550 °C were used, respectively. Figure 2-13(a) shows the

XRD results for various thicknesses.
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Figure 2-13 a) XRD results for i) 55 nm ii) 90 nm iii) 165 nm iv) 180 nm v) 260 nm vi) 300 nm vii) 400 nm viii)
600 nm thick ZnO films. b) Variation of current with thickness of ZnO films. (Adapted with permission from
Ref'®; Copyright Pergamon.)

As is apparent in figure 2-13, by increasing the film thickness to 260 nm the (002) peak
becomes the dominant peak. However, above this thickness the film becomes randomly
oriented. This behavior is attributed to the c-axis strain of the ZnO crystals. By measuring
the strain of the films with thickness, it is observed that films are relaxed and strain is
reduced by thickness growth. By increasing the film thickness to 400-600 nm range,
strain increases again. The electrical resistivity also increases with film thickness from 27
Q cm (for thickness of 55 nm) to 256 Q cm (for thickness of 400 nm). Figure 2-13 (b)
shows the variation of current with thickness of the films. This result is surprising since
based on the resistivity values, the current is expected to decrease and then increase. This
behavior is attributed to the adsorbed oxygen at the surface of the ZnO films. At first by
increasing the film thickness the film is more porous which causes more oxygen
molecules to get adsorbed to the surface. The adsorbed oxygen molecules trap carriers

C e . . 169
and as a result the resistivity (current) increases (decreases).

The results reported by Ohyama for dip coating technique are however different.'”
Exhibiting (002) peak even on amorphous glass substrates, it is expected that the (002)
peak intensity increases proportionally. However, this was not observed for film

thickness below 100 nm. Additionally the peak intensity is very weak for the first dip
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coating. This is attributed to the effect of amorphous glass substrate on the growth of the
film. By deposition of the first layer, this slightly oriented layer improves the orientation

of the subsequent layer. Hence a sudden increase in the peak value is observed.™

The substrate also affects the crystallinity of the deposited ZnO films. Chakrabarti

155

investigated the effect of substrate on the film crystallinity. ™ Zinc acetate (precursor),

diethanolamine (stabilizer), and propanol (solvent) were mixed with the molar ratio of

1:0.006:55, respectively.'>

ZnO films were deposited using dip coating method. The
chosen substrates were: soda-lime glass, quartz glass, Corning 7059 glass, p-type Si
(100), and polycrystalline alumina. Drying temperature of 100 °C was used for all films.
Annealing temperatures of 500 °C, 550 °C, 600 °C, and 700 °C were used for different
cases. Figure 2-14 (a) shows XRD results for ZnO films deposited on soda-lime glass and
annealed at 550 °C. Films deposited on soda lime glass were annealed at two
temperatures of 500 °C and 550 °C. The film annealed at 500 °C showed two equal peaks
for (002) and (101) where as for the films annealed at 550 °C highly c-axis oriented films
were obtained. Figure 2-14 (b) is the XRD result for ZnO deposited on quartz annealed at
700 oC. The two peaks of (002) and (101) are observed in this case. For annealing
temperatures of 500 °C and 550 °C all three peaks are observed. Increasing the
temperature intensifies the (002) peak. Figure 2-14 (c) is the XRD result for corning glass
annealed at 700 °C. As for the corning glass, increasing the temperature increased the
(002) peak intensity. Hence at 700 °C the (002) peak orientation was maximum. As for
the p-type Si (100), for the annealing temperatures of 500 °C and 550 °C all the three
peaks were observed. Increasing the temperature to 600 °C and 700 °C resulted in the
disappearance of (100). For all the annealing temperatures, the (002) peak was the
dominant peak. For the Al,O;3 poly crystalline film all the three peaks are observed for all

: 155
annealing temperatures.
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Figure 2-14 XRD results for ZnO films deposited on different substrates with different annealing temperatures
a) Soda lime glass at 550 °C. b) Quartz glass substrate 700 °C. ¢) Corning glass annealed 700 °C. d) ZnO on p-
type Si (100) substrate annealed at 700 °C. ¢) ZnO on polycrystalline alumina glass annealed at 700 °C. (Adapted
with permission from Ref'>; Copyright Elsevier.)

Hence it can be concluded that among all the substrates, soda lime glass slides resulted in
the highest orientation with minimum annealing temperature. Corning glass and quartz
substrates ranked the second and third for highest orientation. The dense structure of
quartz glass did not lead to preferential orientation of (002). Polycrystalline alumina
showed the most random orientation, which can be explained by the differences in wide
order range. The Si (100) substrate also shows less orientation compared to amorphous
substrates.'>

In this section we compared the crystallinity of the films deposited by dip coating and
spin coating methods. It is observed that films deposited using dip coating method are
highly c-axis oriented compared to the spin coated films. The film thickness shows
different effect on the crystallinity of the deposited films using spin coating and dip
coating method. As for the role of the substrate, generally amorphous substrates result in

higher c-axis orientation compared to other crystalline and poly crystalline substrates.

2.3.2 Pre-heat and post-heat treatment:

Heat treatment is another factor affecting the orientation of the films. As mentioned
above the pre- and post-heating is consisted of three steps: 1- evaporation 2-
decomposition of organic residue 3- crystallization. If any of these steps is not complete

before the start of the next step, the crystal growth will be disrupted.
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Kim studied the effect of preheating on the structural properties of ZnO thin films.'®
Zinc acetate was dissolved in isopropanol with monoethanolamine as the stabilizer. The
solution was stirred at 50 °C for 1 hr. The obtained transparent solution was spin coated
at 3000 rpm for 20 s. Preheating temperatures of 200 °C, 225 °C, 250 °C, 275 °C, and 300
°C were chosen for 10 min preheating followed by annealing at 650 °C for 1 hr. Figure 2-
15 shows the XRD results of different pre-heating temperatures.
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Figure 2-15 XRD results for different pre-heating temperatures. (Adapted with permission from Ref"*;
Copyright Elsevier.)

As can be seen from figure 2-15, at 200 °C and 225 °C pre-heating temperatures, all the
three (100), (002), and (101) peaks are observed with similar intensities. Increasing the
temperature to 250 °C, causes the (002) peak to become the dominant peak. At 275 °C,
the maximum peak value for (002) is observed where as the (100) and (101) peaks are
almost vanished. However, increasing the temperature to 300 °C, reduces the (002)
orientation. The thermal decomposition of zinc acetate occurs as 240 °C.* The boiling
point of monoethanolamine, and isopropanol are 170, and 82.4 °C, respectively. By
increasing the pre-heating temperature to 300 °C, the vaporization of solvent and
stabilizer, decomposition of zinc acetate, and crystallization will occur simultaneously
disrupting the preferred orientation growth of the crystal. Using low pre-heating
temperatures (like 200 °C), the vaporization of solvents and decomposition of zinc

acetate is not complete at the preheating step and is postponed to post-heating step.
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Similar to the previous case, the vaporization of solvent and decomposition of acetate
occur at the crystallization phase hindering the growth of the preferred orientation.'® The
pre-heat treatment is the most important factor in affecting the crystal orientation. Hence,
it can be concluded that removal of solvent and organic substances produced by acetate
decomposition before crystallization is an important factor in oriented crystal growth. '*!

Wang also studied the effect pre-heating and annealing on the crystal structure of the
films.'”" Zinc acetate was dissolved in isopropanol and stirred. When the solution turned
milky, diethanolamine and some amount of water was added and the mix was stirred at
60 °C for 30 min. The molar ratio of zinc acetate to diethanolamine was 1:1. The solution
concentration was 0.32 mol L. The solution was spin coated on Si-Si0,-Ti-Pt substrates
at 3000 rpm for 30 s. The pre-heating was performed at temperatures in the range of 300-
450 °C for 10 min. Subsequently, the films were annealed at temperatures in the range of

550-800 °C for 30 min.

600 800
__ 500 a = 500 EON
- 3 £l N
9 4001 F > i
> i ' = _ . H
2 a0 P 2 300 = s :
5] — i ; T 200 o= = .
£ 200] _ (% ; £ 58 = | -
= e R - oo 100] € :

100 £ g =] ] ‘ P = = g;
- e s e, B0
T 800 H By, 70

%, ‘ %, 600

% 700 i %, 550

@, 600 i %, ~ 80 8 40 45 50 5 60
550 “% 2theta ( deg. )
7 &
% 30 85 40 45 &0 55 60 <
7o

@) < 2theta (deg.) (b)

600

500 : \
400 Py

El
=
> 300
g 200
E {8s8s g§ g 3
4 = =
0'75: 38:
6‘4)) 0
©, 60 - -
9 550
%, 30 35 40 45 50 55 60
e otheta ( deg. )
r )
<

Figure 2-16 XRD results for different preheating and annealing temperatures a) Preheated at 300 °C b)
Preheated at 400 °C c) Preheated at 450 °C. (Adapted with permission from Ref'"'; Copyright Elsevier.)
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Figure 2-16 (a) shows the XRD results for films pre-heated at 300 °C. As can be seen
from figure 2-16 (a), ZnO films annealed at 550, 600, and 700 °C have random
orientation. However, at annealing temperature of 800 °C the preferred orientation of
(002) is observed. As for pre-heated samples at 400 °C, the preferred orientation was only
obtained at 700 °C. Increasing the temperature to 800 °C reduces the crystal orientation.
For samples pre-heated at 450 °C, films annealed at 600 °C show maximum preferred
orientation. Increasing the temperature to 700 °C, the crystallinity reduces and at 800 °C
random orientation is observed. As for the films pre-heated at 450 °C, at 500 °C random
orientation is observed. The maximum (002) orientation is obtained for 600 °C annealing
temperature and increasing the temperature beyond that will reduce the crystal

orientation.

Hence it can be concluded that for films preheated at the same temperature, there is an
optimum temperature in which the maximum (002) orientation is obtained. However,
increasing the temperature from that optimum temperature will result in reduction of
crystallinity of the films. The preferred orientation (002) is obtained at lower annealing
temperatures for samples pre-heated at higher temperatures.'’' Hence it can be concluded

that an upper limit exists above which the orientation is lost.

In order to obtain the optimum pre and post-heating temperatures, Ong used
thermogravimetric analysis during the deposition of ZnO films. Figure 2-17 shows the
thermogravimetric analysis for zinc acetate dehydrate. This analysis proved that
Zn(OAc), starts decomposing at 190 °C and the decomposition is complete at 300 °C. As
can be seen from figure 2-17, an exothermic peak is observed in the range of 300-400 °C.
Another small exothermic peak is observed between 400-500 °C, which is the proof of
the continuation of crystallization. In the temperatures above 500 °C, no heat flow change
or weight loss is measured. Hence, it can be concluded that the temperature range of 400-
500 °C is the optimum temperature range for annealing ZnO thin films. Heating profile
also has a profound impact on the crystallization of ZnO thin films. As can be seen from
the XRD pattern, in the case where the annealing temperature is increased from room

temperature to 500 °C (at the rate of 10 °C min™), the crystal orientation is random,
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exhibiting three peaks at 31.8°, 34.4°, and 36.6° corresponding to (100), (002), and (101),
respectively. On the other hand, if the samples are directly annealed at 500 °C only the
(002) peak is observed which indicates crystalline ZnO thin film with the preferred

. . . . 137
orientation is deposited.
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Figure 2-17 a) Thermogravimetric analysis and differential thermal analysis of zinc acetate at the rate of 10 °C
min™. (inset) increase in the (002) peak by increasing the temperature to 500 °C and remaining constant
afterwards. b) Comparison of XRD patterns. (Adapted with permission from Ref"; Copyright Royal Society of
Chemistry)

Hence it can be concluded that the optimum temperature for pre-heat treatment and post-
heat treatment using ZAD precursor, monoethanolamine stabilizer, and 2-methoxyethanol

solvent is 180 °C and 500 °C, respectively.'’’

In this section we discussed the effect of preheating and annealing temperature on the
crystallinity of ZnO films. It is important to choose the preheating temperature in a way
that solvent and organic substances produced by acetate decomposition are removed prior
to crystallization. As for annealing temperature, for films deposited at a particular
preheating temperature an optimum annealing temperature exists in which beyond the c-
axis orientation is lost. For higher preheating temperatures, the optimum annealing

temperature will be lower.
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2.4 Summary
In this chapter we discussed some of the parameters affecting the growth and orientation

of the solution processed ZnO films. Precursor and its concentration, solvent, stabilizer,
coating method, speed of deposition, thickness of the film, substrate, and the chosen
temperatures for pre-heating and post-heating are some of the parameters affecting the
crystallinity of the ZnO films. The effect of variation of each of the parameters on the
crystallinity of the ZnO films was investigated with detail. Among all the different
parameters, the pre-heating and post-heating temperatures are the most important
parameters affecting the growth of the films. Removal of stabilizer and solvent and other
organic species prior to the start of crystallization is an important factor in obtaining
desired crystallization. Thermogravemetric analysis was done to measure the optimum
pre-heating and post-heating temperatures. The thermogravemetric analysis shows that in
the case of zinc acetate precursor, ethanolamine stabilizer, and 2-methoxyethanol solvent
the decomposition starts at 190 °C and is completed at 310 °C. Separating the drying and
annealing steps improves the crystal structure of films. Hence for the case of the above

recipe the drying and annealing were preformed at 180 °C and 500 °C, respectively.
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3 ZnO UV Photodetectors

Recently there has been growing interest in utilizing ZnO for various applications. ZnO is
an attractive material with interesting features. ZnO is a wide bandgap semiconductor
made from earth abundant material. ZnO has a large exciton binding energy of (60 meV)
at room temperature which makes lasing at room temperature feasible.'’%,'”'7* !> The
high break down field and saturation velocity makes ZnO a potential alternative for

. . . .. 176
power devices. Resistance against radiation

, easy wet chemical etching, and
transparency are other useful features of ZnO material. However, difficulty in producing

reliable and reproducible p-type ZnO has hindered the wider usage of ZnO.

There is a considerable overlap between ZnO and GaN. In addition to difficulty in p-type
production of ZnO, lower mobility, stronger electron-phonon coupling, and lower
thermal conductivity are some of the disadvantages of ZnO compared to GaN. The GaN
technology is much more mature compared to ZnO. However, ZnO has its own potential
applications. Transparent thin film transistor (TTFT) is one of the potential applications
of ZnO.">"* "7 Scarcity of indium and growing need for indium tin oxide (ITO) is
another motivation for wider usage of transparent oxide semiconductors.””'**®” Higher
exciton binding energy at room temperature for ZnO (60 meV) compared to GaN (25
meV) gives ZnO an edge for excitonic laser applications.'* ZnO also exhibits large
electromechanical coupling (specially in the ¢ direction). This characteristic is utilized in

. : 178,179
acoustic wave devices. '

Ease of growth for ZnO nanostructures is another important
advantage of ZnO. ZnO nanowires are widely used for fabrication of devices like thin
film transistorslgo,lgl, Schottky diodes182’183, and photodetectors.184 LEDs'85:186 , solar

187,188

cells and gas sensors'* are some of the other applications of ZnO."”

In this chapter, we will review some of the important works related to ZnO UV MSM
photodetectors. Simple structure, Ease of fabrication and integration, and low capacitance
per unit area are some of the advantages of MSM photodetectors. MSM photodetectors
are two back to back Schottky diodes and interdigitated electrodes are used as Schottky
contacts on top of active light collection region. Figure 3-1 shows the structure of the

MSM devices.

67



Figure 3-1 Structure of MSM photodetector.

Due to low capacitance per unit area, these devices are fast. The limiting factor in these
devices is transit time which by using e-beam lithography and adjusting the distance and
width of the electrodes can be minimized. The biggest drawback of these devices is their

low responsivity which is due to the blocking of incoming light by the electrodes.'”!

3.1 Vacuum Deposition of ZnO UV photodetectors

Different vacuum deposition methods have been used for the fabrication of ZnO UV
detectors. RF magnetron sputtering'’>, metal organic chemical vapor deposition
(MOCVD)'*, and pulsed laser deposition (PLD) are some of the utilized deposition

methods.'**

Jiang fabricated Schottky type ZnO MSM photdetectors using RF sputtering.'”> The
distance between a zinc target and SiO2 substrate was 6 cm. Subsequent to reducing the
chamber pressure to 3x10* Pa, Ar and O, gasses were added to the chamber through
mass flow controllers with rates of 60 and 20 SCCM (standard cubic centimeter per
minute), respectively. The working pressure was kept at 1 Pa and RF power used and
substrate temperature were 150 W and 400 °C, respectively. Au contacts were evaporated
at a pressure of 1x10~ Pa. The electrodes had an interdigitated structure with 5 pm width,
500 pum length, and pitch of 2 pm. Figure 3-2 (a) shows the current values under dark and
365 nm illumination. The dark current is 1 nA at 3 V bias. This low dark current is
attributed to the high Schottky barrier heights. The maximum responsivity of the device
was 0.337 A W' (at 3 V bias for 2 pm) pitch. The rise and fall time of the ZnO UV
photodetector (for 10-90% of peak) 20 ns and 250 ns, respectively. The fall time did not
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show a big change for 10um, S5um, and 2um pitches. So the fall time is attributed to the

holes being trapped at the ZnO film surface.'”
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Figure 3-2 a) I-V characteristics of ZnO MSM photodetectors in dark and 365 nm illumination. b) Response
time of ZnO UV detector with pitch of 2 um. (Adapted with permission from Ref"; Copyright Pergamon.)

Liang fabricated Schottky ZnO UV detectors using MOCVD ZnO films grown on

sapphire substrates.'”?

The metal-semiconductor-metal (MSM) photodetectors were
fabricated using Ag as Schottky and Al as ohmic contacts. The structure of MSM
photodetector was circular and interdigital (IDT). In the circular structure, the outer
diameter, inner diameter, and gap were 320 pm, 150 um, and 10 pm, respectively. The
Ag-ZnO-Al devices were studied to investigate the properties of Schottky contact. The
Ag-ZnO-Ag structures were used for MSM photodetectors. To understand the effect of
Schottky contacts, Al-ZnO-Al structures were also fabricated for MSM photodetectors.
The Al-ZnO-Al structures exhibit a linear behavior where as the Ag-ZnO-Al structures
show a rectifying behavior. This confirms the Schottky behavior of Ag contacts on ZnO.
The UV photodetector performance was evaluated the Ag-ZnO-Ag structures. Figure 3-3

(a) shows the dark and UV illuminated I-V characteristics of these devices.
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Figure 3-3 a) I-V characteristics of a ZnO Schottky photodetector with an IDT structure. b) photocurrent vs
response time of ZnO Schottky photoconductor. (Adapted with permission from Ref'?; Copyright Elsevier.)

The wavelength and power of the illumination light were 368 nm and 0.1 puW,
respectively. The leakage current for 5 V bias was approximately 1 nA. The breakdown
starts at 8 V in the dark. The low frequency responsivity was about 1.5 AW
(corresponding to the gain of 2.5). Figure 3-3 (b) shows the photoresponse of the
Schottky MSM photodetector. The photoresponse has a fast component with rise time of
12 ns and fall time of 50 ns. In addition to this fast fall time, a slow fall time is also
observed (for 5 ms). The fast response in a ZnO MSM detector is attributed to the transit
time of the photo-generated carriers while the slow response is due to adsorption of

oxygen to the surface of ZnO."”

Lin also fabricated ZnO MSM photodetectors using MBE deposition methods.'*® ZnO
epitaxial films were grown on sapphire substrates using molecular beam deposition
(MBE). Ruthenium (Ru) was used as the Schottky contact on ZnO which showed a
Schottky barrier height of 0.76 eV at ZnO/Ru interface. Figure 3-4 (a) shows the [-V
characteristics of the ZnO MSM photodetectors with Ru contacts. At 1 V bias, the
measured dark and photocurrent (with a 150 W deuterium lamp (D,)) values were 8x 10°®
and 1.8x10” A, respectively. Hence the photo to dark current ratio of 225 was achieved.
This ratio can be improved by annealing the devices in an oxygen-containing
environment. In this way the Ru electrode converts to RuO,, which is highly transparent,

electrically conductive, and has a high work function (>5 eV). Additionally, RuO, forms
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Schottky contacts with high barriers hence suppressing the dark current. Transparency of
RuO, contacts on the other hand will increase the photocurrent. Hence the photo to dark
current ratio will improve. Figure 3-4 (b) shows the decay of photocurrent following
removal of the D2 lamp. A third order exponential fit was used to fit the curve. In this

way, a time constant of 13 ms was measured for the decay of the photocurrent.'*®
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Figure 3-4 I-V characteristics of fabricated ZnO MSM photodetectors with Ru electrodes measured in the dark
and under illumination. b) Transient response in the ZnO MSM photodetectors by removal of deuterium lamp.
(Adapted with permission from Ref"; Copyright Elsevier.)

3.2 Solution Processed ZnO UV Photodetectors
In addition to vacuum deposition methods, ZnO UV photodetectors can also be fabricated
using sol-gel method. Basak reported on the photodetectors using sol-gel ZnO thin

197
films.

Zinc acetate dehydrate, dimethylamine, and isopropyl alcohol were used as the
precursor, stabilizer, and solvent, respectively. Solutions with concentration of 0.6 M
were prepared to deposit ZnO films on (0001) sapphire substrates. Drop coating with the
withdrawal speed of 6 cm min™' was used for ZnO film deposition. Subsequently the
samples were dried at 120 °C for 20 min and annealed at 550 °C for 20 min. Several gold
electrodes (thickness 30 nm) with diameter of 1 mm and 3 mm spacing are deposited on

ZnO films. The Au contact has an ohmic behavior on ZnO thin films. The photocurrent

(Zpn) value is:

71



gl
=GP (3-1)

in which P is the incident power and G is the photoconductive gain. Photoconductive
gain is defined as the number of electrons detected per incident photon. The responsivity

of the photodetector is defined as:

R, =2 3-2
1= 5 (3-2)
The photoconductive gain is written as:
G="1n (3-3)
4

r

where 7 is the quantum efficiency, 7 is the excess carrier lifetime, and ¢, is the transit time
of electrons between two ohmic contacts. The transit time of electrons between two

electrodes is calculated as:

(3-4)

where L is the distance of the two contacts, u. is the electron mobility, and V" is the
voltage applied to the contacts. Hence responsivity should exhibit a linear relationship
with bias voltage. Figure 3-5 (a) shows the variation of responsivity with bias voltage. As
can be seen, the responsivity of the photodetector varies linearly with bias voltage. Figure
3-5 (b) shows the photoresponse of the deposited ZnO films under 5 V bias. As apparent

in figure 3-5 (b), it takes 160 s for the signal to reach 50% of its maximum value.'’’
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Figure 3-5 a) Variation of responsivity with voltage bias b) photoresponse of ZnO photoconductors. (Adapted
with permission from Ref"’; Copyright Elsevier.)

Jin fabricated MSM ZnO UV photodetectors using colloidal ZnO nanoparticles.'”® Figure
3-6 (a) shows the I-V characteristics of ZnO nanoparticles in the dark and 0.83 mW cm™
UV light illumination. The ZnO nanoparticles show a very high resistance to the dark
current, with dark current values smaller than 120 pA. Illumination of the films with
power density of 1.06 mW cm™ increases the current values by 6 orders of magnitude.
Figure 3-6 (b) shows the dependence of photocurrent to the incident optical power. As
can be seen from figure 3-6 (b) increasing the power intensity from 10.3 uW cm™ to 1.06
mW cm?, increases the current magnitude from 34 nA to 3.1x10° nA (4 orders of
magnitude increase). The responsivity of the device is 61 A W' at intensity of 1.06 mW
cm™. Using equations (3-1) and (3-2) photoconductive gain of 203 is calculated. Figure
3-6 (c) shows the response time of the ZnO nanoparticles to the turn-on and turn-off of
the UV lamp. In both the turn-on and turn-off case, a rapid response is observed in
combination with a slow response. When the lamp is turned on, the device current is
increased from 2x10™" nA to 5.5x10° nA in 0.1 s followed by a slower response. In the
slower response, the current is increased by a factor of 40 in 25 s. As for the decay
process, the photocurrent drops by 3 orders of magnitude in the first 9-10 s. Subsequent
to this fast response, a slow photoresponse decay follows in which the current reduces by

2-3 orders of magnitude in 2 mins.
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Figure 3-6 a) I-V characteristics in the dark (solid line) and under 0.83 mW cm? illumination at 370 nm (dashed
line) b) Variation of photocurrent with incident power at 370 nm at 120 V bias. ¢) Photoresponse at 120 V to a
25.5 s light pulse. (Adapted with permission from Ref"; Copyright American Chemical Society.)
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The high resistivity observed for the dark current case is attributed to adsorbed oxygen at
surface of ZnO nanoparticles. These adsorbed oxygen molecules create a low
conductivity depletion region, which in the case of nanocrystalline films may extend to
the bulk of the film. Upon illumination with photons of higher than bandgap energy and
generation of electrons and holes, the holes will move toward the surface due to band
bending and discharge the negatively charged adsorbed oxygen ions. Hence the free
charge carrier concentration will increase. By desorption of the oxygen from the surface
of ZnO films, the depletion layer thickness will reduce, decreasing (increasing) the

resistivity (current). 198

Ahn investigated the effect of atmosphere on the photoresponse of sol-gel ZnO nanowire
UV detectors.'” Aqueous solution of zinc nitrate hexahydrate and methyl amine (ratio
1:1) was prepared. Si-SiO, substrates were faced downward on the solution in an alumina
boat. The solution was heated up to 95 °C in the furnace for 1-2 hrs. Figure 3-7 shows the
I-V characteristics of the ZnO nanowire photodetector. As can be seen from figure 3-7 (a)
the I-V relationship is nonlinear. This nonlinearity could be due to the contact barriers of
metal electrodes or interfaces of ZnO nanorods. As can be seen from the left inset of
figure 3-7 (a), the UV illumination (325 nm) produces photocurrents. [llumination by

blue light (450 nm) switches the photocurrent off.

15[ 1 7100

103
a— s ¢ . 10
<& <
c ol 1
= . c

5L Vacuum on
. / — 1 9
A0} 2 f"_"\" g
n'_:““‘mugm on
“15¢ 0 50 100 160 T T T
. : . RLIL) 200 300 400 500
-10 -5 0 5 10
V (v) t(s)

Figure 3-7 a) I-V characteristics of ZnO nanorods. left inset: photocurrent dependent on wavelength of light at
325 nm and 450 nm. Right inset: change of current depending on illumination of light and vacuum states. b)
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Exponential behavior of photocurrent. (Adapted with permission from Ref"”; Copyright American Institute of
Physics .)
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The right inset of figure 3-7 (a) shows the effect of illumination and vacuum on the
conductance of ZnO nanowires. The first increase is due to illumination and second
increase is because of vacuum. Figure 3-7 (b) shows the exponential behavior of growing
and decaying currents. Current growth had a time constant of 7,= 3.7 s where as current
decay had two time constants of 7;,=4.6 s and 7,,=59 s. The increase of current due to
illumination was explained above. However, the change of conductance due to vacuum
can not be explained by variation of oxygen pressure since the vacuum can not break the

bonds of oxygen with defect sites."”

The oxygen vacancies in ZnO are in three states: Vo state which has captured two
electrons and is neutral with respect to the lattice, the single ionized state Vo' and the
Vo™ which did not trap any electrons and is doubly positively charged. V" defect sites
are found mostly at the surface of Zn0.””® Water and oxygen molecules compete to
adsorb to the surface defects. The defective sites are more favorable for hydroxyl group

adsorption compared to oxygen adsorption.*”’

Water molecules can combine with oxygen vacancies (Vo') hence affecting the
conductance of ZnO nanorods. The adsorption process can be done by chemisorption in
the form of hydroxyl bonding or physisorption in the form of water molecules. As for the
decay time, the high number of oxygen vacancies at the surface increases the water
molecule adsorption causing the fast 7,;; current delay. As the surface vacancies decrease,
the remaining adsorbents should diffuse deeper in the nanorods, which requires thermally
activated energy causing the slower decay in the current. Hence the current reduction will
be fast at first and with time slows down. As for current generation process, the excitation
light will provide enough energy for desorption and diffusion together. Hence the

199

photocurrent generation process will be a fast process.” Table 3-1 summarizes some of

the results for different MSM photodetectors.
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Table 3-1 Summary of some of the ZnO MSM photodetectors in the literature.

Fabrication Dark Current Responsivity (A W) Response Time
Ref Process
195 RF Sputter 1 nA at 3 V bias 0.337 at 3 V bias 20 ns (rise time)
250 ns (fall time)
12ns (rise time)
193 MOCVD 1 nA at 5 V bias 1.5 50 ns ( fast fall time)
5 ms (slow fall time)
196 MBE 8x10® at 1 V bias 0.337 at 3 V bias 13 ms (fall time)
197 Sol-gel 22x10° at 5V bias 0.04 160 (fall time)
0.1 s (fast rise time)
198 Sol-gel 120 pA at 120 V bias 61 (1.06 mW cm™) 25 s (slow rise time)
9-10 s (fast fall time)
2 mins (slow fall time)
202 ALD 100 mA at 2 V bias 0.7 at 370 nm N/A
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3.3 Summary

In this chapter we reviewed some of the MSM photodetectors available in the literature
fabricated using various deposition techniques. In all cases the adsorption and desorption
of oxygen to the surface of the ZnO has a crucial impact on the photoresponse of the
device. Adsorption of oxygen to the surface of ZnO, traps the free charge carrier creating
a depletion region at the surface. This depletion region increases the resistivity of the
films and causes band bending at the surface. By illuminating the device with UV light,
electron-hole pairs are generated. The excited electrons will reach the conduction band
while the holes will travel to the surface due to the band bending causing the desorption

of oxygen molecules. This will result in a large photocurrent value.

79



4 Solution Processed ZnO Schottky Barrier Thin Film

Transistors

4.1 Introduction

Solution processing is a relatively inexpensive, high-throughput, manufacturing method
on large area substrates and is particularly desirable for the fabrication of low cost
electronic and optoelectronic devices. ZnO is a wide band-gap semiconductor made from
earth-abundant materials which has a combination of promising optoelectronic properties
including a large exciton binding energy, high radiation resistance, good electronic
mobility, high breakdown field, high saturation velocity and facile solution-based
synthesis.”” These properties render ZnO thin films attractive as active layers in solution
processed FETs for use in low-cost electronic displays, radio-frequency identification

79, 204

tags, power inverters, light-emitting devices and transparent electronics. In addition,

n-Zn0, in conjunction with p-type semiconducting thin films of organic small molecules

and polymers, can be used to construct circuits that implement complementary logic.”’

Currently, the two solution-processing methods commonly used to form ZnO thin films

are pyrolysis of a coated film of a solution-based ZnO precursor (usually zinc acetate)' ™

and the spin-coating of a colloidal dispersion of ZnO nanoparticles, subsequently

204b, 205a

subjected to sintering. In both these methods, it is difficult to control the

electrical parameters of the films such as the doping density and defect concentration

206

from run to run, and p-type ZnO is not yet reproducibly obtainable.”™ Therefore, better

methods to control the electrical characteristics of the FETs incorporating ZnO films are

207
much needed.

The properties of the semiconductor film have a huge impact on the electrical

performance of the ZnO TFTs. Hence by reducing the number of defects high
performance ZnO TFTs will be obtained.”
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Another method of improving the TFT performance is by modifying the transistor
structure. One method of modifying the transistor structure is through schottky barrier
thin film transistor (SB-TFT) or the source gated transistor (SGT).2%"

difference between the SB-TFT with the conventional TFT is that in the SB-TFT the

The only

ohmic contact of the conventional TFT is replaced by the schottky source injection
barrier.' This reduces the off current caused by the back injection of holes at the

. 209,74
drain.”™

Hence instead of channel conductance, the gate controlled barrier of the
schottky source is the main factor in determining the current transport. Higher output
impedance, better stability, and lower saturation voltage are the advantages of this

210209 The reduction of the drive current is the main drawback of this

architecture.
architecture.”* In this chapter, we will become familiar with the operating principles of
Schottky barrier transistors. Subsequently, the concept of Schottky barrier will be applied
to ZnO thin film transistors. This is the first Schottky barrier transistor fabricated for

solution processed ZnO active layer thin films.

4.2 Schottky Barrier Transistors
The structure of source-gated transistor is shown in figure 4-1. The main idea behind this

type of transistor is controlling the current by changing the barrier height at the source.
Hence a source barrier is used to constrict the flow of carriers and the field effect is used
to change the barrier height and hence the current value. Unlike the conventional FET
where the saturation occurs by depletion of the channel at the drain, in the source-gated
transistors the depletion occurs at the source end of the channel. By increasing the drain
voltage, the region between the source and the gate is depleted of free charge. Hence the
source current becomes independent of the drain voltage and is determined only by the
gate voltage. Schottky contacts, MIS barriers, and space charge limited currents are some

of the ways of producing a barrier at the source.
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Figure 4-1 Structure of source gated transistor.(Adapted with permission from Ref" ;Copyright American
Chemical Society)

Figure 4-2 shows the band diagram from the source electrode. The electrons at the source
trying to enter the semiconductor encounter a barrier at the source-semiconductor
interface ¢p. This barrier could be made by using a metal-semiconductor Schottky barrier.
By applying a positive voltage to the gate, electrons are accumulated at the
semiconductor-insulator interface. Applying a positive voltage to the drain will reverse
bias the Schottky barrier. Increasing the drain voltage, results in the extension of the
depletion region. Hence the semiconductor around the source region will be depleted of

free charge carriers causing the drain current to saturate.

In addition to Schottky barriers, other barriers could be used in the source contact. The
important character required for the barrier is the capability of depleting the
semiconductor-insulator interface of free charge carriers. Unipolar diode structure, metal-
insulator-semiconductor barrier, and space charge limited sources are other potential

- - 208
options used for barrier sources.

Generally source-gated transistors are suitable candidates for poor quality
semiconductors. Defects and impurities introduce a wide range of defects in the bandgap.
The defects in the bandgap could be due to bond angle and bond length variations,
coordination defects (in amorphous materials), and grain boundaries (in polycrystalline
materials). Stutzmann suggests defect formation under charge injection is a general

211

phenomena for disordered semiconductors.” Based on this theory, occupation of

localized defect states causes defect formation. Hence states are created in disordered
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semiconductor to minimize the excess carrier concentration. For instance in the
amorphous silicon electrons can break weak silicon-silicon bonds creating defect states

deep in the bandgap.*'

The columbic interaction between carriers or ionized dopants and
carriers is another source for creating deep states in the bandgap. Hence it can be
concluded that in order to reduce the defect formation when the transistor is on, the

- - 212
excess charge carrier concentration must be small.

Mobility is another important parameter in transistor operation. Increasing the number of
defects degrades the mobility causing the carriers to be trapped in the localized states. In
these cases the charge transport occurs by hopping or tunneling between states. Hence
these cases exhibit low mobility values. By increasing the carrier velocities by applying
high internal fields, the issue of low mobility in highly disordered semiconductors can be
mitigated. Hence, in designing a transistor in order to obtain high operational speeds, the
active region of the transistor must have high internal fields and this region must have
small dimensions. Hence stable transistors have the following conditions: 1- low carrier
concentration 2- operation with high internal fields in the active part with small
dimensions. The first condition increases device stability while condition two increases
the speed of transistor.”’* The source gated transistor is compatible with all these
requirements.

The reverse bias Schottky contact will influence the performance of the device. Due to
the limiting effect of the barrier on the current, the current of Schottky contact transistor
is smaller than conventional FETs. In conventional FETs, at a drain voltage equal to the
difference of gate voltage and threshold voltage, the transistor saturates. In the case of
source-gated transistors, for small positive drain voltages the semiconductor-insulator
interface will have electron accumulation and source barrier will be under reverse bias
(figure 4-2 (a)). Increasing the drain bias extends the depletion region to the
semiconductor-insulator interface. In this case (Vp=Vy,) the source can be modeled as
two dielectrics in series (figure 4-2 (b)). In this case increasing the drain voltage has no
effect on the voltage at the interface. By changing the voltage at the gate, the voltage

change in the interface is:
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Ay =—Sc v, =ar,
C,; +C;

(4-1)
where C¢ and Cs are capacitances of insulator and semiconductor layers, respectively. In
this case the change in the electric field at the barrier is Aw/t; where t; is the
semiconductor thickness. The drain voltage has to be more positive than y to sweep out

the electrons. Hence for source-gated transistors we have:

C,
Vo =—6 (V. -V )+K 42
sat CS+CG( G TH) ( )

where V7y is the threshold voltage for accumulation, and K is a constant that takes in to
account the drain voltage required to deplete the semiconductor and interface at
Vo= VTH.2 13 From the above equation it is observed that using a thin semiconductor layer
or a thick dielectric layer can reduce the saturation voltage for source-gated transistor
compared to conventional FETs. For a given drain current, the power dissipation of each
device is proportional to the voltage drop on each device. Hence lower saturation voltage
is equivalent to lower power dissipation. However, lower saturation voltage results in

. 214
lower transconductance for the transistors as well.
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Figure 4-2 Band diagram of source gated transistor. ( Adapted with permission of Ref*"s ; Copyright nature
publishing group)
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Hence saturation voltage well below Vp=Vg-Vry can be obtained. In this case when the
transistor is saturated, the characteristic becomes extremely flat (hard saturation) which is
a desirable aspect in analog amplifiers and current sources. Additionally hard saturation
behavior results in power saving since by increasing the drain voltage the current shows a

214

constant behavior.” " As for the frequency response of the source-gated transistors, by

performing first order analysis using small signal equivalent circuit, it can be proven:

_q oJg
kT 2rme g,

Jr (4-3)
where a is the effective barrier lowering constant (tunneling constant) for cases which
thermionic-field emission dominates the current, Js is the average current density and &; is
the semiconductor permittivity. Hence as long as the current is determined by source
barrier (not the parasitic FET), fr is independent of insulator and semiconductor
thicknesses, insulator permittivity, and carrier mobility. Hence, by reducing the source
length the current density and operating frequency will increase.”'® Additionally, it is
observed that the distance between the drain and source plays no role in frequency
response. Reducing the drain-source voltage can increase the internal fields of SGT
transistors.”'* As for the effect of process variation on the drain current, the current is
insensitive to the variation of separation between source-drain contacts and source length.
However, insulator thickness and barrier height variation play a crucial role on the drain
current variation.>”

As mentioned above, the excess carrier concentration could cause stability issues in the
transistor operation. The number of excess carriers can be controlled by controlling the
source barrier height in source-gated transistors. This reduces the charge carrier
concentration compared to conventional FETs leading to improved stability. This
improved stability to electrical stress is crucial for analog applications and results in
elimination of compensating circuitry reducing circuit complexity.*"

The drain current also exhibits temperature dependence in source-gated transistors. By
increasing the barrier height, the drain current is highly temperature dependent which

could be useful in temperature sensor applications. On the other hand by using low
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barrier heights low temperature coefficients are obtained.”'* In the next part, we will

fabricate solution processed ZnO Schottky barrier transistor.

4.3 Experimental procedure

The precursor solution consisted of zinc acetate dihydrate (Fisher Scientific) mixed with
triethylamine (99%, Sigma-Aldrich) in a 1:1 ratio. 2-Methoxyethanol (99%, Acros
Organics) was added to make 100 mL of the solution. The solution was stirred and heated
at 120 °C for 4 hr until it became transparent. Two solutions of 0.1 M and 0.25 M zinc
acetate were made using this recipe and spin coated on to 200 nm-thick thermally grown
oxide-coated n"-type silicon wafers. The n+-Si/SiO, substrates were dried at 130 °C.
Subsequently, they were annealed at 500 °C for 90 minutes. This process was repeated
three times. The 0.1 M, 0.25 M, and 0.25 M solutions were used for each cycle,
respectively. The thickness of the film measured using ellipsometry was 46 nm and
confirmed by stylus profilometry to be ~50 nm. Film morphology was imaged using a
Hitachi S-4800 cold cathode high resolution field emission scanning electron microscope
(FESEM). Au and Al were used as the Schottky and ohmic contacts, respectively.
Metallization was performed using DC sputtering on photolithographically patterned
substrates. A three-step photolithography process was used to define the electrodes
including a mesa step to electrically isolate individual TFTs. X-ray diffraction (XRD)
patterns were collected from the ZnO films at glancing incidence using a Rigaku Ultima
IV diffractometer. The electrical characteristics of the ZnO devices were measured on a

Signatone Probe Station using a Keithley 4200-SCS semiconductor parameter analyzer.
4.4 Results and discussion

4.4.1 Film Growth
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l —— XRD analysis of ZnO film
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Figure 4-3 X-ray diffraction of ZnO film. Three peaks observed for sol-gel Zn0:(100),(002),(101). The (002)
peak is not dominant. Using Scherrers formula grain size is calculated as 16nm. (Adapted with permission from
Ref’ ;Copyright American Chemical Society)

It is known from several prior studies that the temperature and duration of pre- and post-
annealing processes determine the orientation of ZnO films prepared using zinc acetate as
the precursor, monoethanolamine as the stabilizer and 2-methoxyethanol as the

135,164,171,85,218

solvent. The effect of the precursor is well-studied with reports showing that

zinc nitrate results in a rough dendritic film morphology with smaller grain sizes

compared to zinc acetate, which results in smoother, larger-grained films.'**

Likewise, it
is also known that higher precursor concentrations®'’ and higher boiling point solvents
favor larger grain sizes. However, the effect of stabilizer on the properties of films has

not been explored yet.

We used triethylamine as the stabilizer in the solution growth process because of its
ability to coordinate to Zn®" jons and prevent premature methathesis reactions. The
Triethylamine adduct of dimethylzinc is widely used as a precursor for the growth of
ZnS, ZnSe and ZnO.”"*’ Triethylamine also assists in the hydrolysis of zinc acetate to
form ZnO. The XRD patterns collected from the ZnO thin films are shown in figure 4-3
and indicate three major peaks: (100), (002) and (101) which are commonly observed for
solution-processed ZnO. In order to achieve better crystallinity, the preheating method

proposed by Ong et al'*” was used for annealing the ZnO films. This method is reported
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to generate ZnO films with a preferred (002) orientation which results in better charge

transport. 137

The replacement of monoethanolamine by triethylamine as the stabilizer in
our process significantly influenced the doping and crystallinity of the film. The ZnO
films no longer possess a preferred orientation as can be seen in figure 4-3. This shows

that the result obtained by the preheating annealing method is sensitive to the recipe used.

An FESEM image of the morphology of the obtained ZnO film is shown in figure 4-4.
The lateral grain size was observed to be 15-40 nm from the FESEM image while the
value deduced from XRD measurements using the Scherrer equation was found to be 16
nm. Since the ZnO film was formed in a sequence of 3 cycles as indicated in the
experimental details, we surmise that smaller grains closer to the interface are obtained in
the first cycle using lower concentration ZnO precursor which are responsible for the
peak broadening in the XRD pattern. These grains act as nucleation sites for larger grains
that form in the subsequent cycles using higher concentration ZnO precursor. These
larger grains constitute the top surface of the film imaged by FESEM. As can be seen

from the image, the surface of the film is very smooth with no cracks and pores.

Compared to results obtained in the literature with monoethanolamne as the stabilizer, the
ZnO films grown by us using triethylamine as the stabilizer have smaller grain sizes and
are less orientated in the (002) direction. Since the c-axis is the most facile direction of
growth for ZnO, we infer from the FESEM and XRD results that the complexation of
zinc cations with triethylamine results in a lower nucleation barrier and a higher
crystallization barrier when compared to complexation with monoethanolamine. This is
likely due to the differences in bonding and boiling points between the two stabilizers

(boiling point=170 °C for monoethanolamine and boiling point=89 °C for triethylamine
)21
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Figure 4-4 FESEM image of the morphology of the ZnO film. The film is continuous with no pores or cracks.
The grain size is 15-40nm. (Adapted with permission from Ref' ;Copyright American Chemical Society)

(a) (b)

Figure 4-5 Structure of a) typical symmetrical ZnO TFT on a Si substrate and (b) asymmetrical TFT used in
this work.work. In the symmetrical TFT, both contacts are ohmic. In the asymmetrical TFT, one contact is
ohmic and another is a rectifying contact due to the Schottky barrier. When the Schottky junction is forward
biased, the asymmetrical TFT behaves similar to the symmetrical TFT. When the Schottky junction is reverse
biased, the behavior of the asymmetrical TFT diverges from that of the symmetrical TFT. (Adapted with
permission from Ref' ;Copyright American Chemical Society)

4.4.2 Device configuration and theory of operation

FETs employ the field effect of the gate to modulate the conductance of the channel
between two ohmic contacts. The FET is in saturation when the semiconductor channel is
pinched off at the drain. Metal-semiconductor field-effect transistors (MESFETs) offer
higher channel mobilities than metal-insulator-semiconductor field-effect transistors
(MISFETs) due to lower scattering at the semiconductor-gate dielectric interface but
present the problem of a higher leakage current. Schottky barrier gate electrodes have

been used in ZnO MESFETs to retain the advantage of high mobility while decreasing

89



the leakage current.”** In contrast, Schottky barrier thin film transistors (SB-TFTs) use a
Schottky contact as the source or drain electrode to limit the drain current of the
transistor.”> Other methods to limit the drain current include the use of a unipolar barrier,

MIS barrier, and space charge limited barrier.”®

Among these methods, the Schottky barrier method is the simplest. By changing the
height of the barrier by varying the gate electric field, the magnitude of the drain current
is changed. In figure 4-5, we have drawn a distinction in the back-gated configuration
between the structure of a typical TFT with symmetrical source/drain electrodes and the
asymmetrical SB-TFT, which is the subject of the present study. As shown in figure 4-5,
we used Al as the ohmic contact at the drain electrode and Au as the Schottky contact at

the source electrode.

Figure 4-6 is a schematic diagram of the band line-up at the source-semiconductor-
insulator interfaces. At zero gate bias (Vgs), the semiconductor is depleted of charge
carriers near the source due to the presence of the Schottky barrier and its accompanying
depletion region. Therefore, the TFT is in the OFF-state at zero gate bias. The Schottky
contact at the source is reverse-biased by the application of a positive drain bias (Vps) and
thus limits the injection of electrons from the source into the channel. Therefore, by
applying a positive voltage at the drain, and increasing the same, the semiconductor near
the source becomes further depleted of free charge carriers and the channel remains
switched OFF. In this regime, the drain current becomes independent of the drain voltage
and will only depend on the gate voltage. By applying a suitable positive voltage to the
gate, the electrons are accumulated at the semiconductor-gate dielectric interface and the
channel becomes conducting corresponding to the TFT being ON. The positive Vps will
increase the size of the depletion region under the source and cause it to extend to the
semiconductor-gate dielectric interface as the drain voltage is increased. Hence no free
charge carriers will be present in the semiconductor under the source. At this point the
drain current saturates. As a result the drain voltage will have no further effect on the
magnitude of the drain current. The Schottky barrier causes the transistor to saturate at

lower voltages. Hence the transistor can operate at lower voltages which in turn reduces
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the power consumption.” " It is well-known that the threshold voltage of polycrystalline

ZnO TFTs shifts with time due to changes in the distribution of traps at grain boundaries

and at the gate dielectric interface.”*!

By making the threshold voltage dependent on the
source injection barrier, such variations in the threshold voltage are circumvented.
Furthermore, since a positive gate voltage is required to make the channel conductive, the

device operates in enhancement mode.

semiconductor

Er(gate)

Figure 4-6 Source-semiconductor-insulator band diagram.
(Adapted with permission from Ref" ;Copyright American
Chemical Society)

When Vpg >0 the Schottky contact will be reverse biased widening the depletion region,
making the region around the source depleted from free charge carriers. Hence the
amount of current will be independent of drain voltage (pinch off). By applying a positive

voltage, the channel is formed by the accumulation of negative charge carriers.

4.5 Electrical characteristics of ZnO SB-TFTs

Figure 4-7 shows the electrical characteristics of Schottky TFTs for different gate
voltages and device dimensions. In figure 4-7, the Ip-Vps characteristic of a device with
channel length of 20 um and width of 100 um is plotted for both negative and positive
values of the drain voltage. Unlike a regular TFT, which is expected to exhibit

symmetrical characteristics for +Vps, the n-ZnO SB-TFT fabricated by us exhibits highly

unsymmetrical I-V characteristics. At negative Vps, the Au-ZnO Schottky barrier at the
source is forward biased and there is a very small barrier to injection. Furthermore, the

ZnO films formed using the above procedure are heavily n-doped, as will be shown
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below. Consequently, except for a small region of sub-linear slope at low Vpg, the Ip-Vps
characteristics are linear like those of a simple resistor when the Au-ZnO junction is
forward biased. In contrast, for positive Vps, the Au-ZnO junction is reverse-biased and
the [-V characteristics are those of a transistor for lower drain source voltages. Likewise,
the SB-TFT with a channel length of 50 um and a width of 200 um in figure 4-7(b)
shows a nearly ideal transistor characteristic at positive Vps. The slope of Ip-Vps is very
small in the saturation region, which indicates that the transistor is in hard saturation.
This proves that the transistor has high output impedance, which is a desirable feature for

most applications.
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Figure 4-7 Ip-Vps of ZnO TFT with Au Schottky contact and Al ohmic contact a) Ip-Vps of TFT (W=100 um,
L=20 um). Inset showing the bias of the same device under positive device. b) Ip-Vps of TFT with W=200 um
L=50 um. c) Log Ip-V¢s for (W=200 um L=50 um). (Adapted with permission from Ref’ ;Copyright American
Chemical Society)

It is clear that each device has two points in reverse bias at which it’s behavior changes.
One point is the drain voltage (Vpsa) at which the drain current saturates. Another point is
the voltage at which the saturated drain current begins to sharply increase again (V).
The lateral electric field in the channel for the same drain voltage increases with
decreasing channel length. This causes lower channel length devices to saturate at
smaller values of the drain voltage (lower Vps,) and allows the reverse tunneling currents
to re-assert themselves at smaller values of the drain voltage (lower V). Thus at channel
lengths at the lower end of the range used in our study, contact effects dominate the

transport and the influence of the gate is reduced.

Figure 4-7(c) shows the Ip-Vs characteristic, which shows an on/off current ratio of 100.
The behavior of the TFT at Vps =0 is different from other values of drain-source voltage.
This is because when Vps =0 the only voltage that affects the Schottky barrier is the Vs
voltage. As Vs decreases, the barrier height reduces resulting in an increase in the
current. However, when a positive value of Vpg is applied, the drain bias dominates the
behavior of the Schottky contact making it reverse biased. As the Vs increases in this

case, more negative charge carriers are accumulated in the channel and the current
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increases. A threshold voltage of -110 V and a saturation mobility of 0.01 cm*V™'s™ were
extracted from the slope of \Ip- Vs characteristic (figure 4-7(c)). A linear mobility of
5.7x107 cm*V's™ was obtained from the transconductance curve.

As mentioned previously, the ZnO TFT behaves as a resistor when the Schottky barrier is
forward biased. As can be seen from figure 4-7, the Schottky barrier causes the transistor
to saturate at lower gate voltages. Due to the low threshold voltage of -110 V, the
transistor turns off at gate biases lower than -110 V, which can not be applied to the gate
due to instrument limitations. This shows that the transistor is an n-type depletion mode
transistor since negative voltage is needed to turn the device off. Our best devices yielded
on/off current ratios of ~10°. The reason behind both the low on/off current ratio and the
low threshold voltage is the high doping level of ZnO. The present charges in the bulk
region is another factor contributing to the off current of the transistor hence reducing the

on/off current ratio.

High doping increases the charge carrier tunneling thus increasing the leakage current.
Since charge injection from the source into the channel is controlled by tunneling, the
width of the barrier plays an important role along with the height of the barrier. In our
device configuration, the gate bias modulates not only the resistance of the ZnO in the
channel region but also modulates the resistance of the rectifying contact. When the
Schottky junction is reverse biased, the gate voltage modulates the conductance of the
channel as follows™ : at gate bias lower than the threshold voltage, the width of the
tunneling barrier is significant and injection from the source is limited due to the
confinement of electrons by the Schottky barrier — this corresponds to the OFF state ; at
gate bias larger than the threshold voltage, the width of the tunnel barrier is reduced by
the gate electric field rendering the barrier nearly transparent thus allowing electron

injection from the source by field emission — this corresponds to the ON state.

Despite the high doping level of the ZnO and the poor rectification provided by the Au-
ZnO junction, SB-TFTs allowed control over the electrical characteristics, which
approached ideal transistor behavior. The effectiveness of the asymmetrical SB-TFT

concept is thus demonstrated. Our results clearly indicate that moderately doped ZnO
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coupled with strongly rectifying contacts could be used to change the threshold voltage of

ZnO devices and achieve stable enhancement mode operation.

One of the issues in fabricating schottky barrier TFTs is the difficulty of fabricating
Schottky barriers on sol-gel ZnO. The Au contacts on ZnO behave unpredictably,
occasionally resulting in ohmic behavior. The diffusion of Au in to ZnO and the trapped
charges at the interface changing the barrier height are some of the possible explanations
for this ohmic behavior. Hence choosing metals with a more reliable behavior is crucial.
Among the different metals, Ag-ZnO always showed a schottky behavior. This schottky
behavior is attributed to the oxidation of silver which can either 1- increase the Ag work
function®® or 2- introduce an intermediate dielectric layer.””*" Thus we modified the TFT
structure by replacing gold(Au) with silver(Ag). In addition we replaced triethylamine
with ethanolamine, which results in slightly less doping of the ZnO films. The other
fabrication steps are similar to the steps described in the experimental section. Figure 4-8
shows the SEM image of the film deposited using the ethanolamine stabilizer.

Image remove due to lack of copyright permission

Figure 4-8 SEM image of ZnO film deposited using ethanolamine as the stabilizer. (Adapted with permission
from Ref™’; Copyright American Society of Mechanical Engineers)

Figure 4-9 shows the XRD results of the ZnO films.

Image removed due to lack of copyright permission.

Figure 4-9 XRD results of ZnO thin films deposited using ethanolamine as the stabilizer. (Adapted with
permission from Ref*”’; Copyright American Society of Mechanical Engineers)

As can be seen from figure 4-9, three peaks are observed for ZnO thin films: (100), (101),
and (002). This is an indication of the growth of ZnO films in different directions. Using
the Scherer’s formula a grain size of approximately 33nm is calculated.

In order to study the effect of schottky contact, two TFTs were fabricated. In the
conventional TFT both contacts were ohmic which were fabricated using Al where as in
the schottky barrier TFT the source used silver (Ag) as the electrode. Figure 4-10

compares the Ip-Vpg curves of the conventional TFT with SB-TFT.
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Image removed due to lack of copyright permission

Figure 4-10 Characteristics of TFT with a) schottky source contact b) ohmic source contact (W=200 um L=50
um). (Adapted with permission from Ref*?; Copyright American Society of Mechanical Engineers)

As can be seen from figure 4-10, the Schottky barrier TFTs, unlike the conventional
TFTs, are operating in “hard saturation”. This means that the drain current is showing
minimum variation. As explained above, this saturation is due to the depletion of the
reverse biased source Schottky contacts from free charge carriers. As the voltage of
reverse bias is increased, the width of the depletion region also increases resulting in the
drain contact being independent of the drain-source voltage.

Figure 4-11 compares the Ip-Vgs curves for the conventional and SB-TFTs.

Image removed due to lack of copyright permission

Figure 4-11 Characteristics of TFT with a) ohmic source contact b) schottky source contact (W=200 um, L= 50
um). (Adapted with permission from Ref*?’; Copyright American Society of Mechanical Engineers)

As can be seen from figures 4-10 and 4-11, the conventional TFT has a higher current
compared to the SB-TFT. This is expected since the source Schottky contact is reverse
biased, thus increasing the contact resistance. Similar to the previous case, both devices
are depletion mode devices, which means a negative voltage is required at the gate to turn
them off. This results in increased power dissipation and additional complexity in circuit
design. Using the slope of VIp-Vss for the drain current in saturation, mobility values of
0.34 and 0.15 cm”*V's™" are calculated for conventional and SB-TFTs, respectively. Due
to the same deposition conditions, this difference in mobility is attributed to the

sensitivity of the TFT measured mobility to the contact resistance.

4.6 Summary

In this chapter we discussed the operating principles of source-gated transistor. Source-
gated transistors are suitable candidates for fabricating devices using poor quality

semiconductors. Subsequently, we fabricated Schottky barrier thin film transistors using
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solution processed ZnO as the active layer with Au as the source Schottky contact. The
reversed biased Schottky contact (formed by Au contact on ZnO) depleted the source
region from free charge carriers hence driving the device in to saturation whereas in
forward bias no saturation was observed. Due to the unpredictable behavior of Au on

ZnO0, the structure of Schottky barrier was modified by replacing Au with Ag.
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5 Effect of Sol Stabilizer on the Structure and
Electronic Properties of Solution-Processed ZnO

Thin Films

5.1 Introduction

Solution-processed ZnO films are attracting increasing attention for optoelectronic
applications due to the unique combination of properties in ZnO such as high
transparency at visible wavelengths, high potential carrier mobility, large exciton binding
energy and high breakdown electric field, as well as the favorable economics enabled by

earth abundance and high-throughput solution processing.

The sol stabilizer used in the solution processing of ZnO functions variously as a sol
homogenizer, chelating agent, wettability improver and capping agent. In spite of its
obvious importance to influencing ZnO film properties, the effect of the sol stabilizer has
not been systematically studied and is generally unknown. Although there are a few

. - s 155, 162, 228, 163
papers examining different stabilizers, > >~ “

these studies have been mainly
restricted to alkaline short chain ligand bearing species such as ethanolamine,
diethanolamine, triethanolamine, etc. Furthermore, these prior reports did not examine
the effect of the stabilizers on the performance of the resulting ZnO thin films in
optoelectronic devices. Our study also examines longer chain and acidic stabilizers such

as oleic acid, oleylamine and octadecene, which are used extensively in the synthesis of

colloidal II-VI quantum dots, but have not been used to form ZnO thin films.

We examined the effect of six different sol stabilizers -triethylamine, oleylamine, oleic
acid, octadecene, triethanolamine and ethanolamine (along with a sol without any
stabilizer), on the grain size, crystallographic texture, and resistivity of solution processed
ZnO films on thermal oxide-coated silicon substrates, and found large variations in the
structural and electrical properties as a consequence of the choice of sol stabilizer.

In this chapter, we synthesized ZnO films using various sol stabilizers and studied the

effect of the stabilizing agent on the morphology, orientation, optical, and electrical
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characteristics of the deposited films. The effect of different sol stabilizers on the crystal
texture of the films was investigated by studying the XRD results of the films. Raman
studies were preformed on the solutions and the films to understand the nucleation and
growth of the ZnO films. Four point probe measurements were performed to compare the
resistivity of the films. The ratio of the photocurrent to dark current was measured in
steady state photoconductivity measurements. By measuring the transient
photoconductivity, mobility—lifetime product for photogenerated charge carriers was
measured for each film. By performing C-V measurements using impedance
spectroscopy, the doping value of each of the films deposited with different stabilizers
was measured. Thin film transistors were fabricated and the effect of different stabilizers
on their parameters like mobility and threshold voltage was studied. Using the doping
values extracted from C-V measurements and the field effect mobility of the TFTs the
barrier height of the grain boundaries and the trapped charge density at grain boundaries

was calculated.

5.2 Experimental
Zinc acetate dihydrate (ZAC, Fisher Scientific) was the salt used for deposition of ZnO

thin films. The sol stabilizers used were as follows: oleic acid (Fisher Scientific, 97 %),
triethylamine (Sigma-Aldrich, 99 %), triethanolamine (Fisher Scientific, 97 %),
ethanolamine (Acros Organics, 99 %), octadecene (Acros Organics, 90 %) and
oleylamine (Acros Organics, C18 content 80-90%). 2-methoxyethanol (Sigma- Aldrich,
99%) was the solvent used. The Si-SiO; substrates were cleaned in piranha (H,SO4/H»0O;

3:1) solution for 20 minutes.**’

Three sols of 0.05 M, 0.1 M, and 0.25 M were prepared for each of the stabilizers while
maintaining the ratio of [stabilizer]/[Zn*"] at 1. For octadecene and oleic acid as
stabilizers and also when no stabilizer was used, the sols were turbid due to insufficient
solubility of the precursor in methoxyethanol. These sols were heated while stirring until
fully transparent while triethanolamine, triethylamine, ethanolamine, and oleylamine
solutions required no heating to form clear, homogeneous solutions. The solutions were
spin-coated on to 250 nm thermal oxide-coated Si substrates at 1000 rpm for 60 sec and

dried at 120 °C for 10 minutes and annealed at 500 °C for an hour.. For each stabilizer,
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deposition from solution was performed from lowest to highest concentration (0.05 M to
0.25 M) in sequential order in order to separate the seeding, coarsening and aggregation
stages as much as possible. The Al electrodes were deposited using magnetron sputtering
at back pressure of 10™* Torr after one step lithography followed by lift-off. The size of
electrodes and fabricated devices were 100 pmx80 pum and 500 pmx100 pm,

respectively.**’

The morphologies of the ZnO thin films were imaged using a Hitachi S-4800 field
emission scanning electron microscope (FESEM). The X-ray diffraction data was
collected in glancing angle mode as well as powder mode by a Bruker D8 Discover
system. Raman spectroscopic studies were carried out on both liquid samples (i.e. sols
used to deposit ZnO) and films in back scattering mode using Nicolet Almega XR Raman
Microscope. Micro-Raman imaging using a 532 nm laser excitation source and a beam
spot size of 2 um was used to record the Raman spectra from the samples. Macro-Raman
studies were carried out on the sols. Resistivity measurements were performed using a
four-point probe (Lucus Pro 4 4000). Electrical characteristics of the fabricated field-
effect transistors were measured in a probe station (Creative Devices) using a Keithley
4200 semiconductor parameter analyzer. For steady-state and transient photoconductivity
measurements, 254 nm illumination from a Spectroline E-series UV lamp was used as the
excitation source while the electrical characteristics were measured by the Keithley-4200
mentioned above. Electrochemical impedance spectroscopy (EIS) and impedance versus
potential data were collected in a three-electrode electrochemical cell with a Ag/AgCl
reference electrode, by using a CHI 600D potentiostat (CH Instruments Inc.). All
electrochemical measurements used a 0.1 M KCI solution electrolyte at room
temperature. Samples were prepared by wrapping parafilm all around except for a 0.5 cm

x 0.5 cm area exposed to the electrolyte.

5.3 Results and Discussion

5.3.1 Raman studies of sols containing different stabilizers
Raman spectroscopy is a potent characterization technique for understanding the

vibrational properties of ZnO structures. Raman studies were carried out on both solution
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samples and the deposited films, using different stabilizers to understand the nucleation
and growth of ZnO films. Local vibration modes of ZnO observed in the Raman spectra
are shown in figure 5-1. Figure 5-1(a)-(c) show the Raman spectra of zinc acetate
dissolved in 2-methoxyethanol. A1(TO), E2(high), and B2(silent mode) are modes

related to Zn-o covalent bonds.?*’

Table 5-1 Raman modes acquired from zinc acetate dissolved in methoxyethanol. (Adapted with permission
from Ref*? ;Copyright Royal Society of Chemistry)

Modes present Raman Shift (cm™)
A1(TO) 375

E2(high) 431.1

B2(silent mode) 540

C-H bond 832.2

Ethanol 891.7

(C-C) vibrations, zinc acetate in ethanol | 971.1

(C-0-C) stretching 1126.6

In plane bending vibrations 1281

CH; asymmetric bending due to
1455.2
methoxy
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Figure 5-1 (a-c) Raman spectra of zinc acetate solutions dissolved in methoxyethanol using various stabilizers at
concentrations a) 0.05 M b) 0.1 M c¢) 0.25 M. d) Raman spectra of ZnO films on Si substrates. (Adapted with
permission from Ref*? ;Copyright Royal Society of Chemistry)

The spectra were acquired using various stabilizers for the three sols with precursor and
stabilizer concentrations of 0.05 M, 0.1 M and 0.25 M, respectively, used for the growth
of ZnO samples. The results revealed the presence of ZnO and the various chemical
entities involved during initial growth, and support the results of two other studies that
also reported the formation of ZnO seed crystals in methoxyethanol sols prior to spin-
coating and subsequent pyrolysis. The presence of a peak at a wavenumber of 431 cm™ is

due to the Zn-O bond with presence of Al and B2 modes.**

The presence of these modes
confirm the nucleation of ZnO in liquid while the amplitudes of A1, B2 and E2 modes
suggest homogeneous nucleation to be similar in all the sols studied with the exception of
the heated octadecene sol, where it was significantly weaker for all the three

. . 1229
concentrations studied.
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Another interesting observation was that homogeneous nucleation in ethanolamine-based
sols became stronger as the concentrations (of precursor and stabilizer) increased while
the reverse was true of the oleic acid sol. Raman modes towards higher wave number
(800 cm™- 1500 cm™) originate due to C-O, C-H bonds and various carbon entities
involved.”®' The Raman modes present are indicated in Table 5-1. The presence of all the
mentioned peaks were found for sols of all the three different concentrations used in this
study. However, in oleylamine sols and sols containing no stabilizer samples with 0.25 M
precursor concentration, a few of the modes disappeared owing to the less stable

. 229
solutions.

5.3.2 Raman studies of ZnO films:
Raman studies were also carried out on the solution-deposited films to confirm the
presence of the ZnO mode as observed for liquid samples. ZnO is a semiconductor with

wurtzite crystal structure that belongs to C46v space group.*”

The Raman active phonon
modes predicted by group theory are, respectively, Al, E1 and 2E2. Raman spectra of
ZnO film is shown in figure 5-1(d). The peak at 436 cm™ is due the presence of E2 (high)
mode and corresponds to hexagonal wurtzite phase of ZnO. This is the main ZnO mode

that confirms its crystalline nature and phase orientation.**’

A comparison of the main E2 mode of ZnO films with different stabilizers is shown in an
inset image of figure 5-1(d). Highly intense peaks were seen with oleic acid and
oleylamine stabilizers in comparison to other stabilizers. The variation in intensities and
broadening of peaks with different stabilizers may be attributed to the variation in
crystallinity of ZnO thin films using different stabilizers. A very small shift of ~ 2 cm™ is
observed in ZnO film with oleic acid (437 cm™) in comparison to the other stabilizers
(436 cm™). Furthermore, a shift is also seen in the ZnO film samples in comparison to
liquid ZnO phase, which may be due to the stresses acquired in the ZnO films on Si
substrate. No other Raman modes for ZnO were found in the film spectra. Raman modes
at around 302 cm™, 520 cm™, and 620 cm™ are due to optic and acoustic modes of silicon

229
substrate.
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5.3.3 Effect of sol stabilizer on the morphology and structure of ZnO films
Figure 5-2 shows the morphology of ZnO thin films formed using different sol

stabilizers. It is evident that the grain sizes of the octadecene and the no-stabilizer films
are smaller compared to the other films. Oleic acid and oleylamine stabilizers result in
discontinuous films consisting of large aggregates of ZnO film on different parts of the
substrate (Figures 5-2(d) and (e)). The other films are relatively continuous.
Triethylamine stabilizer gives a continuous non-porous film with the largest mean grain
size of 41.4 nm observed in this study. Figure 5-2(g) shows the films deposited using the

ethanolamine stabilizers.

Figure 5-3(a) shows the glancing incidence X-ray diffraction (GIXRD) results of the
different films. The (100), (101), and (002) peaks are observed in all the diffractograms
but the peak intensities are strongest for films formed from oleic acid-stabilized sols and

weakest for films made using oleylamine and octadecene.””
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Figure 5-2 a) ZnO thin film deposition method (b-h) SEM images of ZnO films deposited using different sol
stabilizers b) no stabilizer c) octadecene d) oleic acid e) oleylamine f) triethylamine g) ethanolamine h)
triethanolamine. (Adapted with permission from Ref*? ;Copyright Royal Society of Chemistry)
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Figure 5-3(a) shows the glancing incidence X-ray diffraction (GIXRD) results of the
different films. The (100), (101), and (002) peaks are observed in all the diffractograms
but the peak intensities are strongest for films formed from oleic acid-stabilized sols and
weakest for films made using oleylamine and octadecene. Perusal of the powder XRD
data in figure 5-3(b) reveals that the acid-stabilized sol-gel ZnO film alone exhibits a
nearly exclusive (002) reflection. The dominance of the (002) reflection in the powder X-
ray diffractogram of the oleic acid-stabilized ZnO film demonstrates that the crystallites
in the film are arranged such that (002) planes are parallel to the substrate plane or the c-
axis of the majority of crystallites is oriented perpendicular to the plane of the film.**’
Such a (002) orientation is the preferred orientation for optimal in-plane transport in ZnO

thin film transistors.'*>
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Figure 5-3 X-ray diffractograms of ZnO films deposited using different stabilizers obtained in a) glancing angle
b) powder mode. (Adapted with permission from Ref’ 2 ;Copyright Royal Society of Chemistry)

Since the preferential orientation of the crystallites is an important factor influencing the
electrical behavior of the thin films, it is useful to compare the (002) orientation in films
deposited using different stabilizers. In order to compare the preferred orientation for
different stabilizers, powder XRD data must be used. Figure 5-3(b) shows the powder
XRD data for different stabilizers. The Lotgering factor (LF) is a quantitative measure of

crystallographic texture and is given by
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LF=P"Po (5-1)

where p is the ratio of the summation of integrated intensities of peaks with preferred
orientation to the summation of all peaks in the scanned range in the oriented material,
and py is the equivalent value for a randomly oriented material.* In addition to texture,
information about the size of the crystallites can be obtained from the XRD peak widths,
which is useful since crystallite size is known to play a significant role in determining the
electrical properties of polycrystalline films. Using the Scherer formula, the crystallite

size can be calculated as:

kA

B,,Cosé

where £ is a constant (depends on the particle shape), 4 is the wavelength of the used X-
ray (4=1.54 A), and f5 is subtraction of the instrumental width (0.228°) the full-width at
half maximum of (002) peak. Table 5-2 compiles the results and parameters extracted
from glancing incidence and powder X-ray diffractograms. As confirmed by the
Lotgering factor, in addition to having a large crystallite size, oleic acid produces the
highest preferred orientation among the stabilizers. On the other hand, films from
oleylamine-stabilized sols are almost randomly oriented with a Lotgering factor of only
0.06.”* This is surprising since it is usually thought that increasing the pH using alkaline
stabilizers and use of higher pH solvents results in a higher c-axis texture with associated

good electrical properties.”*
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Table 5-2 Comparison of the (002) peak location, FWHM, grain size with XRD and SEM and crystal orientation
using Lotgering factor. (Adapted with permission from Ref™® ;Copyright Royal Society of Chemistry)

Stabilizer Peak Location FWHM Grain Size | Lotgering SEM Grain
(nm) Factor (LF) | Size(nm)
(002)
No stabilizer 34.63 0.47 39.2 0.24 27.5
Octadecene 34.64 0.68 21 0.226 20.6
Oleic acid 34.62 0.5 34.9 0.86 335
Oleylamine 34.62 0.52 32.5 0.06 31.6
Triethylamine 34.71 0.48 37.6 0.16 41.4
Ethanolamine 34.79 0.49 36.2 0.138 323
Triethanolamine | 34.69 0.55 29.5 0.179 29.8

Table 5-3 Resistivity measurements for ZnO films deposited with different stabilizers. (Adapted with permission
from Ref*? ;Copyright Royal Society of Chemistry)

Stabilizer Resistivity Thickness (nm)
(ohm-cm)
No stabilizer 2.9 19
Octadecene 17.4 20
Oleic acid 138070.5 18(%)
Oleylamine 123191.5 16(¥%)
Triethylamine 42.5 28
Ethanolamine 169.0 40
Triethanolamine 8.8 32

(*) Oleic acid and oleylamine thickness unreliable due to discontinuity of the films.

Four point probe measurements were performed on the films to understand their electrical

properties, and the results are presented in Table 5-3. The thickness of the films was
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measured using ellipsometry. The no-stabilizer and triethanolamine films exhibit the
lowest resistivities. Among all the films oleic acid and oleylamine have the highest
resistivity values. This is expected since both of these are highly discontinuous. Hence
the oleic acid films have better crystallinity but are discontinuous. As shown in Table 5-3,
except for ZnO thin films synthesized using oleic acid and oleylamine (which have also
poor film continuity), the resistivities of the films are quite low due to high bulk dopant
densities. The electron mobilities of the polycrystalline ZnO films also differ depending
on the stabilizer used, and we show later in this chapter that this arises due to the different

inter-grain energy barriers for charge transport.”’

5.3.4 Photoconductivity of ZnO Thin Films Deposited with Various Stabilizers

In order to study the effect of different stabilizers on the electronic properties of the ZnO
films deposited using different stabilizers, steady-state and transient photoconductivity
measurements were performed on the films using bandgap illumination at 254 nm. The
Al contact electrodes used for figure 5-4 shows on the dark current and photocurrent for

films deposited using each of the different stabilizers.

110



Dark Current Density (A/m?)

— No Stablizer
—— Octadecene
— Oleic Acid
Oleylamine
—— Triethylamine
——— Ethanolamine
Triethanolamine

-8x10° T T T T T T T
-30 -20 -10 Q 10 20 30
Voltage (V)
2x10° (b)
1x10° 4
2
2 5x10"
0
c
[} _
e 0 —_—
< - —— No Stablizer
= 5107 —— Octadecene
a X —— Qleic Acid
<] P Oleylamine
E _1x10° - - —— Triethylamine
o —— Ethanolamine
Triethanolamine
-2x1 OB T T T T T T
-30 -20 -10 0 10 20 30

Voltage (V)

Figure 5-4 Comparison of dark and photocurrent for various stabilizers a) dark current density b) photocurrent
density. (Adapted with permission from Ref?? ;Copyright Royal Society of Chemistry)

Table 5-4 Comparison of drak current and photocurrent density for different stabilizers at 5 V. (Adapted with
permission from Ref™? ;Copyright Royal Society of Chemistry)

Stabilizer Dark current density | Photocurrent density | Photo-to Dark
(A/m?) (A/m?) current ratio

No stabilizer 1.75x10* 1.1x10° 62.9
Octadecene 7.2x10° 3.1x10° 4.3

Oleic acid 3x10°* 1.5%10° 50

Oleylamine 1.1x10° 1.4x10’ 13
Triethylamine 1.3x10° 6.3x10° 4.8
Ethanolamine 2.1X 10° 1.89x10’ 90
Triethanolamine 8.2x10° 3.3x10° 40
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The linear and bias-symmetric I-V relationships in the dark current characteristic in
figure 5-5 are indicative of ohmic contacts between the Al electrodes and the ZnO films.
Under 254 nm illumination, the measured photocurrents also exhibited roughly linear
relationships with applied bias and did not saturate for any of the films, confirming
secondary photoconductivity to be operating in these films. The lack of saturation also
indicates that the applied lateral electric fields are not sufficient to sweep out all the
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minority carriers (i.e. holes in our case) before recombination with electrons.

Table 5-4 compares the dark current and photocurrent density values for different
stabilizers at 5 V bias voltage. As can be seen, for all the stabilizers the amount of
photocurrent is higher than the dark current. However, the amount of increase is different
for different stabilizers. Ethanolamine and no stabilizer cases show the highest photo-to-
dark current ratios (PDR) of 90 and 63 respectively whereas octadecene (PDR of 4.3) and
triethylamine (PDR of 4.8) exhibit the lowest ratios.”*’ In spite of the simple structure
used for the devices, the obtained results for the PDR are in good agreement with the

235,64a

other works available in the literature. These results are also consistent with the

PDR obtained using other deposition methods like MBE*® and CVD*’.

It is well-established that the adsorption interactions of the ZnO surface with ambient
oxygen play a huge role in the trapping and recombination kinetics during band gap
illumination, resulting in the phenomenon of persistent photoconductivity and
concomitant very high photoconductive gain.'”® *** In the dark, adsorbed oxygen
molecules capture free electrons. Hence a depletion region is created near the surface,
which degrades the conductivity. This negative depletion region at the surface also causes
an upward band bending at the surface. When films are illuminated with energy higher
than the bandgap of ZnO film, electron-hole pairs are generated. The electrons will travel
to the conduction band while the generated holes will travel to the surface due to the band
bending and get trapped with the adsorbed oxygen at the surface. This will result in the
desorption of oxygen molecules and lowering of barrier height. Trapping of

photogenerated holes at the surface produces desorption of oxygen molecules and also
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removes the recombination pathway for photogenerated electrons while the high resulting
electron concentration in the ZnO film lowers inter-grain energy barriers. Hence, it can
be concluded that both the photogenerated electrons and lowering of barrier height

contribute to the current increase.

The differences in the photoresponse of the different stabilizers can be attributed to the
different surface states, which are related to the different morphologies of the films.*
Hence by affecting the actual surface area of the films (which will affect the number of
adsorbed oxygen molecules to the surface of the films), the sol-stabilizers cause the
steady state responses of the ZnO films to be different for various stabilizers.”’ Using
steady state photoconductivity measurements, the mobility—lifetime product of films
4.2

deposited using different stabilizers can be calculate

The photoconductivity can be measured as:
O, :eG(,unz'n +,upz'p) (5-3)

where G is the generation rate, u, (1) is the electron (hole) mobility, 7, (7,) is the lifetime
for electrons (holes), and o, is the photoconductivity which is defined as Jz=0,,E and
Jai=Jon-Joir Where J,, and J, correspond to the current densities when the UV lamp is

turned on and off, respectively. Generation (G) can be defined as:

G:%(I—R)a (54)

where 7(=1) is the quantum efficiency, / is the intensity of light at the surface of the film
(620 pW cm?), & is the Planck’s constant, v is the frequency, R is the reflection
coefficient, and « is the absorption coefficient. Using the values of a=120000 cm™ and
R=0.1 for the wavelength of 254 nm, the generation rate of G=8.5x10" cm™ s™ is

obtained. The product of mobility-lifetime for different stabilizers is shown in table 5-5.
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Table 5-5 Mobility-lifetime product for films with different stabilizers. (Adapted with permission from Ref*?

;Copyright Royal Society of Chemistry)

stabilizer mobilityxlifetime (cm*/V)
No stabilizer 1.53x107
Octadecene 3.56x107
Oleic acid 2.18x107
Oleylamine 6.80x10~
Triethylamine 7.34x107
Ethanolamine 2.75x10™"
Triethanolamine 4.80x10~

The growth and decay times for various stabilizers is shown in figure 5-5.
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Figure 5-5 Growth and decay time for different stabilizers. (Adapted with permission from Re

Royal Society of Chemistry)
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The growth and decay times were measured with a UV lamp of 254 nm wavelength.
When the UV lamp was turned on, it was given enough time for the current to stabilize
and become constant. The decay diagram of all the stabilizers was best fitted by a bi-

exponential curve as:

t t

y=y,+ Alei?‘ +Ad,e (5-5)
The total time constant of the decay is defined as:

_ AT+ AT

T = 5-6
total AITI + AZTZ ( )

Table 5-6 Fitting parameters for decay of different stabilizers. (Adapted with permission from Ref*? ;Copyright
Royal Society of Chemistry)

Stabilizer Al 7l A2 T2 ttotal Reduced Adj R-sqr
chi-sqr
No stabilizer 0.76 41.7 2.2x10-* | 3158 423 9.7x10™ | 0.99973
Octadecene 60.8 25.3 6.3x10° | 2354 25.33 3.4x10™ | 0.99846
Oleic acid 3x107* 276.6 1.1 39.7 40.17 7.8x10"° | 0.99924
Oleylamine 270.1 37.7 0.001 244 37.7 2.2x10"7 | 0.99982
Triethylamine | 5.6x10* | 272.8 0.73 32 32.34 2.3x10™ | 0.99923
Ethanolamine | 5.7x10* | 270 4 37.8 38.03 1.9x10"™ | 0.99931
Triethanolamine | 0.33 33.7 3.5x10° | 260.3 34 7.8x10"° | 0.99924

As explained above, the adsorbed oxygen at the surface of the ZnO thin films has an
important effect on the photoconductive behavior of ZnO thin films. Higher surface area

films will have more adsorbed oxygen, which will influence their photoconductive
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response.”?’ Therefore measurement of the surface areas of the films is useful in order to
understand the photoconductivity response of ZnO thin films. In the next section by
measuring the actual surface area of the films using the EIS method the relationship

between the surface area and time decay constant will be discussed.

The measurement of two time constants from the decay graph can also be explained from
the adsorption of oxygen molecules. The smaller time constant is related to the surface
states. The oxygen molecules fill these surface traps faster. As for the bulk traps, the
oxygen molecules need to diffuse through the ZnO film and fill the traps. The larger time
constant of the decay curve is attributed to the diffusion of oxygen molecules and filling

the traps.”*’

5.4 EIS Measurements

The surface area and doping of ZnO films were measured using impedance spectroscopy.
EIS data was collected in the capacitive regime where blocking behavior is observed.
This occurs at potentials more positive, but close to the open circuit potentials which for
the ZnO films were obtained from Tafel plots (shown in Fig. S1 in the appendix section).
Nyquist plots (Fig. S2a in appendix section) show EIS data for ZnO films grown using
various stabilizers. The lumped equivalent circuit obtained from the Nyquist plots is
shown in Fig. S2b in the appendix section. The effective capacitance (C.y) was calculated
in terms of the electrolyte resistance (R;), constant phase element (CPE) Q,, and nj,

which is the exponent of Q1.240

Values of Q; and n; were obtained by solving the
equivalent circuit model for EIS (Fig. S2a) which were collected at the potential of —0.2

V (w.r.t. Ag/AgCl). Values of n; varied between 0.8 and 1, implying capacitive behavior.

1 1-n

Cy=0"R" (5-7)

The actual surface area of ZnO films is given in the equation below, and can be expressed
in terms of C.; vacuum permittivity (g9), dielectric constant of zinc oxide (g;), and

thickness of the zinc oxide film (L).**!
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A=

<y y (5-8)
E.E,

The thickness of each ZnO film was measured with ellipsometry and confirmed with
profilometry. For geometrical surface areas of 0.5 x 0.5 cm? the actual to geometrical

surface ratios were calculated and also listed in Table 5-7.

Table 5-7 Actual/geometrical surface area and charge carrier concentration (em™) measured with EIS for ZnO
thin films of various stabilizers. (Adapted with permission from Ref™? ;Copyright Royal Society of Chemistry)

Stabilizer type Actual / Charge carrier
geometrical surface | concentration
area

[em™]

Oleylamine 3.75 6.26 x 10'°

Oleic acid 5.00 2.10 x 10"

Ethanolamine 13.8 47 % 10"

Octadecene 2 3.5% 10"

Triethylamine 4.67 7.05 x 10'°

Triethanolamine 8.4 7x10'°

No stabilizer 6.50 9.40 x 10"

These actual to geometrical surface area ratios are qualitatively consistent with surface
roughness of the films, shown in figure 5-2 and are factored into capacitance values that
were extracted from impedance versus potential data, in order to plot the Mott Schottky's

plots (shown in Fig. S2c¢ in ESI¥).
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Comparing the surface area of the continuous films with the tabulated values of the
photo-to-dark current ratio (Table 5-4), it is observed that excluding the no stabilizer
case, films with a higher surface area also exhibit a higher PDR and a higher
photoconductive decay lifetime (Table 5-5). This is consistent with stated mechanism of
hole trapping by surface adsorbed oxygen species, which in turn increases the
photoconductive gain and photoconductive decay lifetime by removing recombination
pathways for electrons. As for the no stabilizer case, we surmise that the high PDR and
relatively long decay lifetime result from a high density of impurities (acting as color
centers) in addition to surface traps since nucleation and growth of the ZnO films

occurred without the presence of coordinating ligands save the solvent itself.**’

For the discontinuous films (oleylamine and oleic acid) we observe a different behavior.
For instance triethylamine has a higher surface ratio compared to oleylamine. However,
oleylamine shows a higher PDR. The same behavior is observed for triethanolamine and
oleic acid. As mentioned before, oleic acid and oleylamine are rough discontinuous films,
which make the measurement of film thickness very difficult. This will lead to errors in
calculating the surface area, which causes deviations from the proposed behavior.”*’
Table 5-8 ranks the different ZnO films on the basis of their surface area and shows that

excepting the no stabilizer case and the discontinuous films discussed above, the trends in

PDR and lifetime follow the surface area of the films.
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Table 5-8 Relation between the surface area, photo to dark current ratio, lifetime. (Adapted with permission

from Ref*? ;Copyright Royal Society of Chemistry)

Ranking based on | Photo to dark Lifetime (s) Bulk mobility (cm”> | Doping (ecm™)

ratio of actual to | current ratio v'sh

geometric surface

area

Ethanolamine Ethanolamine No stabilizer No stabilizer (23) Ethanolamine

(13.8) (90) (42.3) (4.7E18)

Triethanolamine No stabilizer Ethanolamine Octadecene (11) No stabilizer

(8.4) (62.9) (38.03) (9.4E106)

No stabilizer (6.5) | Triethanolamine | Triethanolamine | Triethanolamine(10) | Triethanolamine
(40) (34) (7E16)

Triethylamine Triethylamine Triethylamine Triethylamine (2) Triethylamine

(4.67) (4.8) (32.34) (7E16)

Octadecene (2) Octadecene Octadecene (25) | Ethanolamine Octadecene
4.3) (7.8E-3) (3.5E16)

5.5 Thin Film Transistor Measurements
In order to obtain a better understanding of the electrical properties of the ZnO thin films,

TFTs with different stabilizers were fabricated using the bottom gate top contact
structures.

TFTs.

Figure 5-6 shows the Ip-Vps and Ip-Vgs curves of the different stabilizer

As can be seen from the /p—Vps curves, the oleic acid and oleylamine stabilized ZnO
films do not show saturation behavior. The other devices exhibit different saturation
levels (hard vs soft saturation). Hard saturation is the flatness of the variation of the drain
current (Ip) for large drain bias (Vps) and occurs when the entire thickness of the ZnO
channel is depleted of free electrons in the drain contact. Devices showing hard saturation
have higher output impedance, which is a desirable feature for transistors in circuit

applications. Due to the increase of free electrons in the transistor channel at higher
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positive gate voltages, achieving hard saturation at higher gate voltages is challenging. As
can be seen from the Ip—Vps curves, the TFTs fabricated without stabilizer and with
triethylamine stabilizer operate in hard saturation at high gate voltages. As for octadecene

and triethanolamine, at high gate voltages soft saturation behavior while hard saturation

is observed at low gate voltages.**’
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Figure 5-6 Operating characteristics (Ip-Vps) and (insets) transfer characteristics (Ip-Vs) of the TFTs

fabricated from ZnO thin films formed using different stabilizers. (Adapted with permission from Re
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Further analysis was performed to measure the saturation mobility, threshold voltage and

effective mobility. The drain current of the TFT in saturation regime is given by:

et fora
Using the slope of the VI, p-Vss curve and the intersection of this curve with the x-axis, the
saturation mobility and threshold voltage were respectively calculated. The electron
saturation field-effect mobility (us.) is insensitive to threshold voltage and is less
dependent on the contact resistance. However, it describes the pinched-off model where
the effective channel length (L.4) of the device is smaller than the actual channel.” The
polycrystalline nature of ZnO films causes a large number of electron traps to be formed
at grain boundaries. Application of a positive gate voltage produces trap filling, thus
enhancing the electrical performance of the device. This is not accounted for in the
saturation mobility. In order to separate out the effect of gate voltage on the mobility, a
parameter known as the effective mobility is used which is defined at low drain voltage

as follows:

Moy = £ (5-10)

cox[ijG Vi)

The effective mobility (u.y) takes the variation of mobility due to gate voltage into

account. However, the threshold voltage must be known and u.;r shows a higher
sensitivity to contact resistance compared to ,umt.z In order to overcome the issue of the
dependence of effective mobility on the threshold voltage, the field effect mobility (also
known as the mobility in the linear region of the operating characteristic) is defined as (at

low drain voltage) follows:

Hp = (5-11)
C ( ]VDS
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Due to the high dopant density, bulk conduction forms an alternate path for charge
transport from source to drain in addition to the channel. Hence the device exhibits a bulk
depletion mode regime in addition to the channel accumulation and depletion regimes
(similar to gated resistor-type FETs)."®™ A clear transition from accumulation to bulk
conduction in the form of a plateau region is seen for nearly all the stabilizers used in the
Ip-Vis plots (insets in figure 5-6). This bulk current contributes to the leakage current in
the off-state of the transistors. The Ip-Vps and Ip-Vgs characteristics of such bulk
depletion transistors can be used to obtain a wealth of detail regarding the bulk properties
of the ZnO. The saturation mobility, effective mobility, field effect mobility, and

threshold voltage values for different stabilizers are shown in table 5-9.

As can be seen from the devices, the linear region field effect mobility is surprisingly
higher than saturation mobility. This is due to the fact that the saturation mobility, unlike
the field effect mobility, ignores the effect of gate voltage. At higher gate voltages,
charge carriers fill the traps at the interface hence improving the mobility of the device.
The field effect and effective mobility values were measured at Vs=80 V. This high
voltage value resulted in filling of traps by carriers, which caused the field effect mobility
to be higher than saturation mobility. Ethanolamine, triethanolamine, and triethylamine
are stabilizers that show higher mobility values. On the other hand, the discontinuity in
oleic acid and oleylamine stabilized ZnO films results in lower mobility values compared

to other films.?*’

The main limiting factor(s) in charge transport in polycrystalline ZnO
films are the grain boundaries. Hence characterizing the grain boundaries can lead to a

better understanding of the charge transport in the ZnO films of different stabilizers.

Hossain et al. developed a two dimensional model for modeling the grain boundary
effects on the charge transport in ZnO TFTs. Each grain boundary is modeled as a double
Schottky barrier in which the barrier height was analyzed as a function density and gate
bias. Figure 5-7 shows the model for multiple grain boundaries (dotted lines). It is
assumed that all grain boundaries are placed in equal distances. In the case where [,<21
(where [, is the grain size and A is the decay length of potential for gradual potential)

potential barriers overlap each other. Figure 5-7 shows the potential distribution for three
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different grain sizes. In all three cases it is assumed Nd=1016 cm™ and Nt=1012 cm> In

figure 5-7 (a), the depletion regions

Table 5-9 Extracted parameters from Ip-Vps and Ip-Vgs curves of TFTs (W=40 pm, L=20 pm). (Adapted with
permission from Ref? ;Copyright Royal Society of Chemistry)

= o Z =
7)) = e (@) =) =) 9 =
Iy = = Q @ =~ < o
= = s ® g S = s
= = g & =A ® g 5
S 2 5 g = 8 2 2
] = E o B o = =
E = . ° E
Saturation mobility 0.15 0.4 0.12 0.02 N/A N/A 0.6
(csz'ls'l)
Effective mobility 025 07 0.08 0.11 N/A N/A 0.87
(ecm’V''s™)
Threshold Voltage 1.9 8.7 14.8 9.0 N/A N/A 9.1
Vi (V)
Field Effect Mobility 033 17 0.29 0.05 0.007 0.00002 2.0
(csz'ls'l)

Dopant density N; | 7.1x10™ 7x10™ | 3.5x10 [ 9.4x10" [ 2.1x10"7 | 6.3x10"°7 | 4.7x10"

(cm”)
Bulk mobility 2.1 10 11 23 2.1x10™ 8.1x10% | 7.8x107
(csz'ls'l)
Inter-grain activation 0.23 0.19 0.22 0.28 0.33 0.46 0.17

barrier V;, (V)

Trap density 8.0x10™ [ 7.3x10™ | 5.5x10™ 107 1.6x10™ 1.1x107 | 5.6x10"

N, (Cm-z)

(*) doping values of oleic acid and oleylamine unreliable due to film discontinuity.
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associated with different grain boundaries do not overlap with each other. In this case the
minimum conduction band energy (activation energy) is equal to ¢V, where V,=kT/q Ln
(N./n). In this case the condition N,(cm™)<N(cm™) ly1s valid and the only factor limiting
the current is the thermionic emission over the barrier height. In figure 5-7 (b) the grain
boundaries are closer to each other resulting in the overlap of depletion regions. The
overlapping of the depletion regions lifts up the minimum conduction band from the
Fermi level increasing the activation energy to E,=E.-Ey (which is higher than ¢V,). As a
result the concentration of thermally activated carriers becomes smaller. This behavior is
observed in the subthreshold region of transfer characteristics of TFTs. Decreasing the
grain size as shown in figure 5-7 (c), creates the condition of N(ecm™?)>Ny(cm™) lg (cm)
causing the depletion region overlap to extend to the entire film resulting in the films to
become highly resistive. This behavior corresponds to the off-state of the TFT. Hence it
can be concluded that three parameters N,, Ny, and /; determine the mode of operation of
the TFT.**

At high positive gate voltages where the TFT is operating in accumulation mode the

potential barrier is calculated as:

v, =1 (5-12)

The current density through the grain boundary barrier is calculated as:***

Iy qvnexp(—“)( p( ”) 1) (5-13)

where v,=4T°/gN¢ is the thermal velocity of electron and AV}, is the voltage drop across

each grain boundary. If the drain bias is high enough it can be assumed that gAV,>>kT.

Thus equation (5-13) can be written as:*¥

q b qAI/b

J g =qU,nexp(— )GXP( ) (5-14)
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Assuming n, grain boundaries in the channel length (L), AV, will be equal to Vy/n, The

conductivity in the channel with uniform electric can be expressed as:**

qu,nL qvV, gV,
o="2"_exp(— ex 3 5-15
7 p( kT) p(n kT) (5-15)

ds g

Using the conductivity relationship it can be written:**

*

vL qV, qV,
=—"""¢x ) exp(— 5-16
U v p(n kT) p( kT) (5-16)

Ny=10x10" cm?; N,=1.0 x10'2 cm2
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Figure 5-7 Potential values along the surface of ZnO thin film along drain-source electrodes with a) grain size of
1 pm b) grain size of 0.5 pm c) grain size of 0.3 pm. (Adapted with permission from Ref**?; Copyright American
Institute of Physics .)

1" is the field effect mobility. Using the field effect mobility value of TFTs, the potential
barrier V}, can be calculated using equation (5-16) (at V=80 V). Using the doping values
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extracted from C-V measurements and the potential barrier values (V}), the density of
trapped charge density at the grain boundary can be calculated using (5-12). The potential
barrier (V3) and the trapped charge density of grain boundaries are shown in table 5-8. As
can be seen from values ethanolamine with barrier height of 0.17 V and oleylamine with
a barrier height of 0.46 V have the lowest and highest potential barrier height.”* The
trapped charge density for ZnO thin films deposited using various stabilizers are in the
same range and correspond to the values previously reported in the literature."* In this
analysis it is assumed that all the traps are in the grain boundary. Although this
assumption is very crude, it is still possible to see the potential profile in the channel.
Using this analysis the trapped charge density in the grain boundaries can be calculated

. .. . 242
without requiring spectroscopic measurements.

5.6 Conclusion

In this chapter, we described the effect of stabilizer on the morphology, electrical, and
optical performance of ZnO thin films. The grain size and the preferred orientation of the
films were compared using glancing and powder XRD, respectively. Among all the
stabilizers, oleic acid resulted in a single (002) crystal orientation, which is the preferred
orientation for electrical transport. However, due to the discontinuity of the film the
electrical performance of the oleic acid was poor. The photoconductivity of the films
deposited using different stabilizers was also studied. Films deposited using different
stabilizers exhibited different photoconductive gains and life-times which could be due to
the different number of surface states. Measuring the surface area using EIS
measurements, it was found that in the case of continuous films, for higher surface area
films the photo to dark current ratio and lifetime was larger compared to films with
smaller surface area which could be due to the larger number of surface states. Thin film
transistors (TFTs) were also fabricated and different parameters like threshold voltage
and mobility were measured for various devices. Additionally, using a model developed
by Hossain et al the density of trapped charge at the grain boundaries and potential

barrier at grain boundaries was calculated and compared for different stabilizers.
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6 Summary and Future Work

In this chapter, we summarize the results of the thesis and suggest some potential future

work, which can be done to improve the results.

In this thesis, we first introduced solution processed Schottky barrier ZnO TFT. Solution-
processed ZnO thin films are attractive as active materials in thin film transistors (TFTs)
for low cost electronic device applications. However, the lack of true enhancement mode
operation, low mobility and unreliability in transistor characteristics due to the high
density of traps and other defects present challenges in using such TFTs in circuits. In
this thesis, we demonstrated that the electrical characteristics of such TFTs can be
improved by source injection barriers. Asymmetrical Schottky source metal-oxide—
semiconductor field-effect transistors (MOSFETs) have been fabricated by utilizing
heavily doped solution-processed ZnO as the active layer. n+-ZnO was obtained by
using triethylamine as the stabilizer in the solution process instead of the more commonly
used monoethanolamine. Au was chosen for source metallization to create a Schottky
contact to the ZnO and an Al ohmic contact was chosen as the drain. Voltage applied to
the gate induced field emission through the Schottky barrier and allowed modulation of
the drain current by varying the width of the barrier. By operating the asymmetrical
MOSFET when the Schottky contact is reverse biased, effective control over the
transistor characteristics was obtained. Due to the unreliable behavior of Au contacts on

Zn0, Au contact was replaced by Ag to obtain a better rectifying behavior.

In the next chapter, we described the effect of sol stabilizer on the morphology, crystal
orientation, and electrical and optical properties of the deposited ZnO films. The sol
stabilizer used in the solution processing of ZnO functions variously as a sol
homogenizer, chelating agent, wettability improver and capping agent We examined the
effect of six different sol stabilizers -triethylamine, oleylamine, oleic acid, octadecene,
triethanolamine and ethanolamine (along with a sol without any stabilizer), on the grain
size, crystallographic texture, and resistivity of solution processed ZnO films on thermal

oxide-coated silicon substrates, and found large variations in the structural and electrical
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properties as a consequence of the choice of sol stabilizer. We found that ZnO films
formed using oleic acid as the sol stabilizer possessed a strong (002) preferred orientation
with a Lotgering factor as high as 0.86. The key insight we obtained is that the sol

stabilizer strongly influences the activation energy barriers for inter-grain transport.

In addition to that, we comprehensively studied the steady state and transient behavior of
ZnO films deposited using different stabilizers and compared their lifetime and lifetime —
mobility products. When exposed to illumination, the conductivity of the deposited films
increased by several orders of magnitude. This is attributed to the trapping of the
nonequilibrium holes by the surface oxygen states, which produces equivalent number of
excess electrons in the conduction band. Trap-mediated reduction of recombination
enables the achievement of very high photoconductive gains in solution-processed ZnO
films, pointing to the attractiveness of their use in ultraviolte photodetectors. The ratio of
photocurrent to dark current ratio is related to the number of surface states. Hence using
EIS measurement the surface area and doping of ZnO thin films were measured. In the
case of continuous films, the films with higher surface area exhibit a larger photo to dark
current ratio and lifetime. Additionally thin film transistors were fabricated using each of
the films. The devices were characterized by measuring some of the parameters like the
effective mobility, field effect mobility, saturation mobility and threshold voltage. The
main limiting factor for charge transport in poly crystalline ZnO thin films is the grain
boundaries. Hence characterizing these grain boundaries is an important step in
understanding the charge transport in ZnO thin films. Using the models available in the
literature, the trapped charge and the potential barrier of each grain boundary for each

film is calculated.

This work has some drawbacks that can be the basis for the further improvements.
Doping of ZnO films is one of the ways for improvement of the electrical properties of
the films. By doping the ZnO films with the right elements (and right values) the
electrical performance of the devices can be enhanced. This will enhance the electrical
properties of the ZnO films. Doping of ZnO films can change the carrier concentration of

the ZnO thin films. For instance doping the films with Ga reduces the charge carrier
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concentration where as indium increases the carrier concentration of the films.” Doping
of ZnO films with Li has also led to some promising results.’* The change in the carrier
concentration with doping is attributed to changing the concentration of oxygen
vacancies, substitution of zinc sites, and occupation of interstitial sites by other metal

atoms.

Improving the electrical performance of the fabricated ZnO TFTs is another potential
approach. One of the ways of achieving higher performance for the TFTs is by using a
different dielectric layer. Increasing the dielectric constant of the gate dielectric results in
the filling of the traps by applying a lower voltage to the gate of the transistor.
Additionally the expensive vacuum deposition for the gate dielectric can be replaced by
the cheap and easy solution processing method, which will increase the throughput. Some
of available works in the literature show the considerable improvement of the TFT
performance with using the appropriate dielectric layer. For instance TFTs using SiN as
the gate dielectric exhibit a better performance compared to the devices using SiO,.>* As
another example solution processed yttrium oxide as the dielectric layer, improved the

electrical performance of ZnO TFTs.***

The high annealing temperature used for fabrication of ZnO thin films is another part of
the approached used here that requires modification. This high annealing temperature is
required for generating crystalline phase and impurity free semiconductor film. This high
processing temperatures (400 °C and above) can be used in depositing ZnO thin films on
rigid substrates like glass and silicon. However, this process is incompatible with plastic
substrates. Using processes such as electrodeposition and chemical bath deposition with
lower annealing temperatures, rendering compatibility with flexible electronics, is

another potential constituent of future work.
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Appendix

Tafel plots obtained from ZnO films
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Fig. S1. Tafel plots for zinc oxide films grown with various stabilizers and also without
stabilizer

Tafel plots for the ZnO films, formed by using various stabilizers, are shown in Fig. S1.
Data was obtained by scanning the potential between —0.8 V (w.r.t. Ag/AgCl) to —0.025
V, in a 0.1 M KCI (aqueous) electrolyte, at room temperature. Samples were prepared by
wrapping parafilm all around, except for a 0.5 cm x 0.5 cm area that was exposed to the
electrolyte. This sealing of the edges by an insulator limited measurement and analysis
errors due to points of high electric field concentration. Open circuit potential values
were between —0.5 V and —0.3 V, implying that ZnO films exhibit blocking behavior in

that potential range.
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Charge carrier concentration measurement using EIS
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Fig. S2 Nyquist plots (a), equivalent circuit model (b) and Mott Schottky’s plot (c) for
zinc oxide films grown with various stabilizers and also without stabilizer.

Section S1: Chemistry of the sol formation process

Triethanolamine, ethanolamine and triethylamine cause hydrolysis and generate OH

ions, as per equation (1):
In equation (1), “R” denotes triethanolamine, ethanolamine, and triethylamine
R +H,0 < [R]"+ OH" equation (1)

Zn*" from zinc acetate precursors react with OH ™ ions forming Zn(OH), ions, as per
equations (2), (3) and (4)345:163.246.247,
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Formation of zinc hydroxide:

Zn(CH;COO), + (OH) — HO-Zn-CH3COO + CH;COO equation (2)
3HO-ZnCH;COO + (OH) — Zn(OH); + CH3COO equation (3)
Zn*" +20H — Zn(OH), equation (4)

Zn(OH), precursors decompose to ZnO under hydrothermal conditions as per equation
(3

Zn(OH), — ZnO + H,0 equation (5)
28 (e.g.
triethanolamine, ethanolamine and triethylamine). For example, as shown in Fig. S3 (a),

ZnO forms complexes with amine bearing (primary amines) organic stabilizers

triethanolamine forms a complex with ZnO

HO OH |
CH: O NH:20 CHs

/—\N—Zn—O—Zn—N>—’/0H / \‘: ZIn//
HO < ) 6’ \ /

OH HO CHs H(: CHs;

Ay

(a) (b) .

-

Fig. S3 (a) Representative structure of Zinc oxide — triethanolamine complex249 , and (b)

- - 250
zinc acetate — oleylamine complex

With oleylamine, zinc acetate forms a [Zn(acetate),]—oleylamine complex (pictorial
schematic shown in Fig. 2 (b)) which thermally decomposes to yield Zn0O.”*' With
stabilizers like oleic acid and octadecene, ZnO(OH) species, generated by hydrolysis
reaction, react to form complexes. An example reaction for oleic acid in shown in
equation (6),”*" where, the zinc oxide — oleic acid complex yields ZnO at temperature
above 400 ‘C >

ZnO(OH), + HOOC(CH,),CH=CH(CH,);CH; — heat at 80 'C —

Zn(OH)yx.yZnO[OOC(CH);CH=CH(CH,);CHs]y +yH,O equation(6)
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Section S2: Effect of sol-stabilizer on crystallographic orientation

Preferred crystalline orientations are attained because of capping of growth of certain
crystal planes and promoting the growth of others by stabilizers. Amine bearing small
alkyl chain stabilizers, such as ethanolamine, triethanolamine and triethylamine function
as complex forming agents that stabilize positively charged Zn®" ions, and promote
preferred crystalline orientation of ZnO along the c-axis by aiding polymerization of ZnO
chains. This phenomenon is favored by the fast enough rate of hydrolysis, in order to
generate ZnO to feed the formation process of orientated network of ZnO chains.'®
These stabilizers also provide a dense matrix for oriented crystal growth.** Other
authors™ state that amine bearing stabilizers (such as triethanolamine) aid in oriented
agglomeration (by collision, rotation and oriented attachment) of ZnO and their growth.

Also notable is that stabilizers such as oleic acid and oleylamine have long alkyl chains
that form complexes which cap surfaces of the Zn*" species restricting growth in certain
directions. For instance, the coordinated complex formed by oleylamines are located at
the top and at the bottom which have chains of alkyl groups that interact by Van der
Waal's forces, promoting formation of oriented two-dimensional ZnO crystals.***>>*%
In case of octadecene, preferred crystalline orientation is not observed because it is not a

coordinating solvent, and therefore no one crystal plane was favored as a growth

. . 257
direction.
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Table S1. Ranking order of films based on value of material parameters and correlation
to actual surface area

Ranking based on | Photo to dark Lifetime (s) Bulk mobility (cm”> | Doping (ecm™)

ratio of actual to | current ratio v'sh

geometric surface

area

Ethanolamine Ethanolamine No stabilizer No stabilizer (23) Ethanolamine

(13.8) (90) (42.3) (4.7E18)

Triethanolamine No stabilizer Ethanolamine Octadecene (11) No stabilizer

(8.4) (62.9) (38.03) (9.4E106)

No stabilizer (6.5) | Triethanolamine | Triethanolamine | Triethanolamine(10) | Triethanolamine
(40) (34) (7E16)

Triethylamine Triethylamine Triethylamine Triethylamine (2) Triethylamine

(4.67) (4.8) (32.34) (7E16)

Octadecene (2) Octadecene Octadecene (25) | Ethanolamine Octadecene
4.3) (7.8E-3) (3.5E16)

Section S3: FTIR analysis

FTIR spectra for the ZnO films is shown in Fig. 3. There we found that residual organic
complexes are present on the resultant ZnO films. The peak intensities are similar for all
the ZnO films and therefore we conclude that these organic residues contribute equally to

163,258,259,260,261
Q. 7750 Intense

the resistivity of the films. Peak at 482 cm™ corresponds to Zn
peak at 670 cm™ corresponds to CH, ,** and those at 1010, 1100 and 1140 cm ™' may be
ascribed to C—N bonds.262,171,263,146,264 Peak at 1365 and 1490 correspond to C-O 163 and
those at 1580, 1610 and 1700 correspond to C=0.'"?** Peak at 2380 cm™ is due to

absorption of atmospheric CO,.****°
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Fig. S4. Plots of FTIR data of ZnO films formed with various stabilizers.

Table S2. Assignment of chemical groups the FTIR peaks exhibited by the ZnO films

Peaks Position (cm™) Assignment Reference(s)

482 Zn0O 2,16-19
670 C-H, 2
1010 C-N 20-24
1100 C-N 2024
1365 C-0 23
1490 C-0O 23
1580 C=0 19, 23
1610 C=0 23
1700 C=0 2,24
2300 0=C=0 23,25
2950 C-H 2
3600 O-H 2,23
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