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ABSTRACT

ZnO BASED PHOTO-THIN-FILM-TRANSISTORS
WITH ACTIVELY TUNABLE PHOTORESPONSE IN
THE VISIBLE SPECTRUM

Levent Erdal Aygin
M.S. in Electrical and Electronics Engineering
Supervisor: Assist. Prof. Dr. Ali Kemal Okyay
August 2013

Zinc oxide, ZnO, is an important material for wide range of optoelectronic
device applications. Especially, ZnO is famous with its large exciton binding
energy of 60 meV which makes it a good candidate for ultraviolet light emitting
diodes and lasers. Moreover, its high carrier mobility and wide band gap of 3.37
eV (368 nm) makes it a promising material for transparent electronics and UV
photodetectors. However, ZnO has crystallographic defect states (e.g. oxygen
vacancies, zinc interstitials) which degrade the performance of ZnO based
LEDs, lasers and UV photodiodes.

In this thesis, ZnO based photo-thin-film-transistors (photo-TFTs) with visible
light response by using their defect states to absorb subbandgap photons are
investigated. The design, fabrication and characterization of ZnO based photo-
TFTs are presented. A photo-TFT is a three-terminal optoelectronic device that
is a photoconductor structure with an additional gate terminal which actively

tunes electrical and optical properties of photoconductive material.

In a clean room environment, ZnO based photo-TFTs with various device sizes
are fabricated at different ZnO channel layer deposition temperatures (ranging

from 80 to 250 °C). Initially, TFT characteristics of fabricated devices are



characterized to show that the gate terminal dynamically modulates ZnO’s
channel conductivity. Moreover, the effects of the device size and the deposition
temperature on device performance are investigated. Then, the optical
characterization of ZnO film deposited at 250° C is conducted via absorption
and photoluminescence measurements in order to investigate its visible light
absorption characteristics and the energy levels of its defect states in the
forbidden band gap of ZnO. After that, the responsivity measurements are
reported from ZnO based photo-TFTs fabricated at 250 °C and the active tuning
mechanism of visible light photoresponse is discussed. Finally, the effects of the
deposition temperature and the device size on the visible light responsivity are
presented.

Keywords: ZnO, TFT, photoconductor, photo-TFT, photodetector,
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OZET

GORUNUR ISIGA TEPKISI AKTIF OLARAK
AYARLANABILEN ZnO BAZLI FOTO-INCE-FILM-
TRANSISTORLER

Levent Erdal Aygin
Elektrik ve Elektronik Miihendisligi Boliimii Yiiksek Lisans
Tez Yoneticisi: Yar. Dog. Prof. Dr. Ali Kemal Okyay
Agustos 2013

Cinko oksit, ZnO, bircok optoelektronik cihaz uygulamasi i¢in 6nemli bir
malzemedir. Ozellikle yiiksek eksiton baglanma enerjisi (60 meV) ile iinlii bir
malzemedir. Bu yiiksek baglanma enerjisi onu mordétesi 1s1k-yayan-diyotlar
(LEDSs) ve lazerler icin iyi bir aday malzeme yapar. YUksek elektriksel tasiyici
hareketliligi ve genis enerji bant aralig1 (3.37 eV — 368 nm) sayesinde saydam
elektronik aygitlar ve moroétesi 151k sensorlerinde kullanilmak igin aday bir
malzemedir. Fakat ZnO kristal yapisi igerisinde hata seviyelerine sahiptir
(6rnegin eksik oksijen ya da fazla ¢inko atomu). Bu kristal hatalar1 ZnO bazl

morétesi LED, lazer ve 151k sensorlerinin performanslarini diistirmektedir.

Bu tez calismasinda, kristal hatalarmi kullanarak band araligindan daha diisiik
enerjili fotonlar1 emen ve goriiniir 1518a tepki veren ZnO bazli foto-ince-film-
transistorler (photo-TFT) incelendi. ZnO bazli foto-ince-film-transistorlerin
dizayn, Uretim ve Karakterizasyonu sunuldu. Ug kutuplu optoelektronik bir cihaz
olan photo-TFT’nin yapist basit olarak iki kutuplu ve 1sikla iletkenligi degisen
bir yar1 iletkene Ucuncl bir kutup eklenmis halidir. Bu tgiincti kutup (kapi

kutbu) yar1 iletkenin elektriksel ve optik 6zelliklerini aktif olarak kontrol eder.

Temiz oda ortamlarinda, ¢esitli boylarda ve kaplama sicakliklarinda ZnO bazli
photo-TFT’ler iiretilmistir. Ilk olarak, {iretilen aygitlarm transistor
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karakterizasyonu yapilarak, kapt kutbunun ZnO’in elektriksel o6zelliklerini
dinamik olarak kontrol edebildigi gosterildi. Aygit boyutunun ve kaplama
sicakliginin cihaz performansi iizerine etkileri incelendi. 250 °C’de kaplanmisg
ZnO katmaninin emilim ve 1sima karakterizasyonu yapilarak, goriiniir 15181
absorb etme yetenegi ve hata seviyelerinin ZnO’1n enerji bant araligindaki enerji
seviyeleri aragtirildi. Sonrasinda, 250 °C kaplanmis ZnO bazli photo-TFT lerin
1518a  verdikleri elektriksel tepki (responsivity) Olgiilerek aktif olarak
ayarlanabilen gorinlr 1s18a tepki mekanizmasi tartisildi. Son olarak, ZnO
kaplama sicakliginin ve aygit boyutunun cihaz performansi iizerine etkileri

sunuldu.

Anahtar sozctikler: ZnO, TFT, foto-iletken, photo-TFT, us:k detektort
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Chapter 1

Introduction

1.1 Material properties and device applications of

zinc oxide

Zinc oxide has drawn a great deal of interest in recent years, owing to its
exciting material properties such as large exciton binding energy, high carrier
mobility and wide band gap. ZnO has an exciton binding energy of 60 meV
which is larger than the room temperature thermal energy (26 meV) and the
exciton binding energies of other 111-V and I1-VI widebandgap semiconductors
such as GaN (25 meV) and ZnSe (20 meV) [1, 2]. Having large exciton binding
energy makes ZnO a promising candidate for ultraviolet light emitting diodes
and lasers [3-10].

ZnO is also attracting interest as an alternative to amorphous Si (a-Si) in thin-
film transistors (TFTs) especially in modern display applications [11]. ZnO-
based TFTs have higher reported carrier mobilities than a-Si-based TFTs [12].

ZnO is transparent under the visible light (See Figure 1.1) because of its large

1



band gap and it is becoming the leading material of choice in transparent TFTs
(TTFTs) [13-19]. Recently, TTFTs have emerging applications such as active-
matrix organic light-emitting diodes (AMOLEDs) [11, 18, 20, 21] (See Figure
1.2) and active-matrix liquid crystal displays (AM-LCDs) [11, 22]. ZnO channel
layer is obtained using a wide range of deposition techniques such as pulsed
laser deposition [13], ion beam sputtering [14], RF magnetron sputtering [15],
metal-organic chemical vapor deposition [16], and atomic layer deposition
(ALD) [17, 18].

Figure 1.1: A quartz substrate with a 40-nm-thick ZnO film is placed over UNAM logo.
The film is transparent under the visible light.

Figure 1.2: Full color AMOLED display [23]

As a direct and wide band gap semiconductor (Eq = 3.37 eV), ZnO is also used
to detect photons in the ultraviolet (UV) regime [24]. Such UV photodetectors
have wide range of applications such as satellite based missile plume detection,
solar astronomy, air pollution monitoring and high temperature flame detection

[25-29]. ZnO is a naturally n-type doped semiconductor due to its

2



crystallographic defects [24]. Although there are some reports on p-type ZnO
films, it is difficult to achieve a reliable p-type ZnO to make p-n or p-i-n type
photodiodes [7, 30-35]. Therefore, metal-semiconductor-metal (MSM) structure
is commonly used to design ZnO based UV photodetectors and such devices
worked as either Schottky photodiode or photoconductors depending on contact
metal selection. UV light photoresponsivity values as high as 400 A/W are
reported in the literature for the photodetectors having ZnO layers, which are
deposited with metalorganic chemical vapor deposition (MOCVD) technique
[25]. Moreover, UV photodetectors with ZnO nanowires are also investigated in

the literature in order to improve collection efficiency from ZnO [36-38].

Its crystallographic defects make ZnO an even more interesting material. When
ZnO is optically or electrically excited, it emits light in a broad spectrum
through these defect centers. The presence of these defects degrades the
performance of UV LEDs, lasers and photodiodes. Therefore, there is an
ongoing research that aims to understand and eliminate the causes of these
defects [1, 39, 40]. On the other hand, these defects significantly improve the
performance of photoconductors by providing trap states and photoconductive
gain [37].

1.2 Motivation

ZnO based UV photoconductors with internal gains as high as 10° are already
reported in the literature [37]. However, these devices suffer from slow rise and
fall times due to trap related mechanisms. In order to solve this problem, Jeon et.
al. proposed gated three terminal device architecture to improve the speed of
photoconductors [41]. The suggested architecture has an additional gate terminal
to reset the conductivity of photoconductive layer, indium zinc oxide (1ZO) in
case of Jeon’s work. This layer has defects to trap holes and provide

photoconductive gain. However, when the light exposure stops, it takes long



time to return to its initial dark state. This time period is reduced by applying
external gate bias in order to reset the device. When the proposed device is
biased into accumulation region by the gate terminal, electrons are attracted to
the 1ZO layer and trapped holes quickly recombine with the accumulation
electrons. This resetting process returns the device to its initial state and

prepares it for the next measurement cycle.

Our motivation in this study is to investigate visible light photodetection
properties of ZnO layer and design ZnO based photo-TFT that have actively
tunable photoresponse in the visible region. Such a device can be used as
transparent visible light photodetector or as a smart glass that has electrically

tunable transparency.

1.3 Organization of the thesis

This thesis reports the design, fabrication and characterization of a three-
terminal optoelectronic device, a photo-TFT, which has actively tunable

response to visible light.

Chapter 2 provides a required fundamental scientific background to understand
the electrical and optical properties of such devices. The proposed device is a
combination of TFT and photoconductor. Therefore, the basic operation
principles of these devices are reviewed, separately. Then, a brief overview of
sub-band gap emission mechanisms of ZnO is provided with corresponding

defect state related transitions.

Chapter 3 gives a detailed recipe for the fabrication steps of ZnO based photo-
TFTs and explains characterization methods that are used to analyze the device

performance.



Chapter 4 presents the electrical and optical characterization results of fabricated
devices and discusses the underlying physical mechanisms that enable active
tuning of the visible light photoresponse of ZnO based photo-TFTs. Moreover,
the effects of the deposition temperature of ZnO layer and the device size on the

performance of ZnO based photo-TFTs are analyzed.

Chapter 5 concludes the thesis with a summary of the work done for this study

and the future directions based on the findings in this thesis.



Chapter 2

Scientific Background

2.1 Transistor basics

A transistor is a three-terminal device where the current between two terminals
can be controlled by the voltage (or current) bias applied at the third terminal.
Transistors can be separated as bipolar junction transistors (BJTs) and field
effect transistors (FETS). The BJT is operated by the injection and collection of
minority carriers from the third terminal, namely the base. Therefore such
devices are called as bipolar since both electrons and holes play important roles.
On the other hand, the FET is a majority carrier device, so it is called as a
unipolar transistor. Also, the current between two terminals of FET is controlled

by the voltage bias applied from the third terminal, namely the gate.

There are several types of FETs depending on how the width of depletion region
is modulated. The junction-FET (JFET) is a transistor in which the gate bias
controls depletion width of a reverse p-n junction. In metal-semiconductor-FET
(MESFET) and metal-insulator-semiconductor FET (MISFET), the gate controls



the depletion width of a Schottky junction, but MISFET has an additional
insulator layer between the metal and semiconductor to reduce the gate leakage.
The metal-oxide-semiconductor FET (MOSFET) is a MISFET that has an oxide

layer as the insulator.

Transistors are mainly used for two operations, amplification and switching. The
amplification could be achieved by applying a small AC signal to the third
terminal in order to generate a larger signal between other two terminals. The
switching operation is basically moving a transistor between its on (current

passing) and off (current blocked) states.

2.1.1 MOSFET operation

A typical n-channel enhancement mode MOSFET structure is shown in Figure
2.1 (a). The highly n-type doped (n+) regions are the source and drain terminals.
The thin oxide layer isolates the channel region from the gate metal and reduces
leakage from the gate. The top metal layers are used to apply voltage bias from

the gate terminal and to get electrical contact to the source and drain regions.

Without an external gate bias there is no current flow between source and drain
regions since the FET structure has the formation of two back-to-back p-n
diodes as shown in Figure 2.1 (b). This can also be seen from the energy-band
diagram of the structure demonstrated in Figure 2.1 (c). The flow of the majority
carriers, electrons here, is blocked by the potential barrier formed by p-Si
substrate. When a positive bias is applied from the gate terminal, holes inside
the p-Si are repelled from the oxide-substrate interface and a depletion region,
where there are no mobile charges, is formed. If the gate bias is increased
sufficiently, electrons are attracted to this interface to form a conductive channel
region (inversion layer) between the source and drain. This event also can be

interpreted as lowering the potential barrier between the source and drain. The



minimum voltage required to reduce the potential barrier and to form a channel

layer is defined as threshold voltage, V.

a) Source Gate Drain b) Gate
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Figure 2.1: A n-channel enhancement mode MOSFET: a) cross section of its structure,
b) equivalent circuit in off state , ¢) Energy-band diagram without bias d) Ip-V¢ relation
with increasing gate voltage where green line separates saturation and non-saturation
regions

For p-channel MOSFETs the channel formation happens for negative gate
biases which repels electrons and attracts holes to form a channel. MOSFETs
also have two modes of operation depending on the formation of the channel
layer at zero gate bias. If there is no channel layer formation (i.e. no drain to
source current flow) at zero gate voltage, it is called as enhancement mode
device which is normally in the off state. On the contrary, if a transistor has a
channel layer (i.e. drain to source current flow) at zero gate voltage, it is called
as depletion mode device which is normally in the on state. The enhancement

mode devices are more preferred to reduce the power consumption at idle state.



2.1.2 ldeal current-voltage relations for n-channel MOSFET

The derivation of the current voltage characteristics of the MOSFET is beyond
the scope of this text, but the relationships will be defined to have a reference

for the discussions in the following chapters.

The operation modes of a MOSFET can be separated into three states: off, non-
saturation and saturation. When a gate bias lower than the threshold voltage (Vo
< Vi) is applied, there will be no current flow between source and drain
terminals and the transistor operates in the off state (See Figure 2.2 (a)). For a
small drain to source bias, Vp, a gate bias larger or equal to the threshold
voltage (Vs> V) forms a channel layer as it is shown in Figure 2.2 (b) and the
transistor operates in the non-saturation state with a drain to source current (Ip)

which is given by,

Ip = Kn[z(VG —VpVp — Vg] (2.1)

K is the conduction parameter depends and given by

WC,,.u
L= T% (2.2)
where p, is the mobility of electrons in the channel, Co is the gate oxide
capacitance and W, L are channel width and length, respectively. The ratio of W
to L is the main parameter that helps to easily design transistors with different
drain currents on the same wafer, whereas other parameters depends on the
material properties and changing them requires more effort and cost. As the
applied Vp increases, the channel charge density near the drain terminal
diminishes. This density becomes zero and the transistor moves to the saturation

state when Vp reaches to the saturation drain bias, Vpsay, which is given by

VD(Sat) =Ve—-Vr (2.3)

While a transistor is operating in the saturation region, Ip value is given by



Ipsary = Kn(Vg — Vr)? (2.4)

As Vp becomes larger than Vpsay, the point where the channel carrier density is
zero, shifts towards to the source terminal. Between this point and the source,
there is a voltage drop of Vpsay. The region between this point and the drain
terminal is depleted from mobile carriers and the electrons injected from the
edge of channel layer are collected by the drain with the help of the electric field
towards the drain. This mechanism and the shape of the channel layer are also

shown schematically in Figure 2.2 (d).

a) Source Gate Drain b) Source Gate Drain

“ “ “ channel “
p-Si p-Si

C) Source Gate Drain d) Source Gate Drain

“ channel “ mm

channel e~ drift

p-Si p-Si

Figure 2.2: Cross sections of n-channel enhancement mode MOSFET for the operation
modes of a) off, b) non-saturation, c) transition between nonsaturation and saturation, d)
saturation.

2.1.3 Thin Film Transistors

A thin-film-transistor (TFT) is a special kind of MOSFET which has thin
channel, oxide and contact layers deposited over a non-conductive and
supporting substrate. Unlike MOSFETSs where the channel layer is formed inside
the substrate (Si), TFTs have a semiconductor film deposited as a channel layer

and the substrate is used for physical support. Typically, cheap and transparent
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glass substrates are preferred in TFTs. Moreover, plastic substrates (e.g. PET)

are used to design flexible TFTs.

TFTs have four different architectures depending on positions (i.e. top and
bottom) of gate and contact layers. In this study, the bottom-gate-top-contact
architecture, demonstrated in Figure 2.3, is used. For an n-channel enhancement
mode TFT structure, an n-type semiconductor with low conductivity is used as
the channel layer. The contact metals have ohmic contacts directly to the

channel material without highly doped n regions.

Channel |
- Oxide

Substrate

Figure 2.3: A bottom-gate-top-contact TFT architecture, used in this study.

The same current-voltage relations defined for MOSFETSs are also valid for
TFTs. For an n-type enhancement mode TFT, a positive gate bias attracts
electrons from drain and source terminals to the channel layer and increase the
conductivity of channel. Whereas, a negative gate bias repels electrons from the
channel and decreases its conductivity.
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2.2 Semiconductor Photodetectors

A semiconductor photodetector is an optoelectronic device that converts the
incident optical signal to an electrical signal. The operation principle of a
semiconductor photodetector (i.e. photodetection mechanism) can be divided
into two main steps: (i) absorption of photons by a semiconductor and electron
hole pair generation, (ii) drift of these charge carriers with an electric field and
collection of these charges at contacts (See Figure 2.4).

Conduction (ii) Electron drifts in E-field

W
Light ==
ﬂ

(i) Absorbed photon

excites electron-hole pair
Valence
Band € —— »

(i) Hole drifts in E-field

Figure 2.4: Photodetection process in the semiconductor photodetectors: (i) absorption
of incident photon, (ii) separation and drift of electron-hole pair and collection of
drifted charge carriers.

For the absorption of an incident photon, it should have sufficient energy to
excite an electron from one state to another inside the semiconductor. Typically,
this excitation occurs from valence band to conduction band of semiconductor
and it is called intrinsic or band-to-band absorption as shown in Figure 2.5 (i).
The intrinsic transition requires a photon with a minimum energy equals to the
band gap of the semiconductor. In semiconductors with crystallographic defects,
which act as donor or acceptor defect states in the forbidden band gap, there is
also a sub-band gap absorption mechanism. This mechanism is coined as

extrinsic absorption mechanism which is the excitation of an electron (ii) from
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the valence band to a defect state or (iii) from a defect state to the valence band
(See Figure 2.5).

Conduction
Band

>

(ii) Defect state to
conduction band
Eg (i) Band to band

EDefect% - '.'.'.' ——

(ii) Valence band to defect state

\

<

Valence
Band . e . O : unoccupied defect/ hole

. : electron

Figure 2.5: Photoexcitation mechanisms: (i) from valence band to conduction band, (ii)
from valence band to defect state, and (iii) from defect state to conduction band.

After the generation of charge-carrier (i.e. electron-hole) pair, the electric field
in the semiconductor pushes electron and hole away from each other. The
photodiodes have an either p-n, p-i-n or Schottky junction to generate a built-in
electric field which would separate charges. On the other hand, in
photoconductors, an external bias is applied to create an electric field in the
semiconductor and separate the charges. When the photogenerated electrons and
holes are separated in the semiconductor, the electric field drifts them towards
anode and cathode contacts which complete the photodetection process.

2.2.1 Photoconductors

The semiconductor photodetectors can be separated as photodiodes and
photoconductors in terms of having a junction and built-in potential. The
photodiodes have a junction (i.e. p-n, p-i-n or Schottky) to separate and collect
the photogenerated charges. They are commonly used in industrial applications

due to their high performance and low cost. On the contrary, the
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photoconductors do not have such a junction and they are based on
photoconductivity, which is the variation of conductivity of a semiconductor
when it is exposed to light. When it is compared with photodiodes, it is easy to
fabricate a photoconductor which is simply a slab of semiconductor with two
ohmic contacts. The semiconductor in photoconductors is usually deposited with

relatively simple processes like thermal evaporation and sputtering.

2.2.2 Photoconduction and photoconductive gain

When an incident photon is absorbed in a semiconductor layer, it generates a
charge-carrier (electron-hole) pair and they are separated and drifted towards
contact regions with the applied electric field. The applied electric field is

calculate as,

E_V
L

(2.5)
where V is the applied voltage bias and L is the distance between the ohmic

contacts. The drift speed of charges are given by,

Vpnp = UnpkE (2.6)

where i is the mobility of electron and hole. The charges are collected by the

contacts in the drift time which is given by,

T=— @.7)

In defect-free semiconductors, for each absorbed photon, a pair of charge
carriers contributes to the current flow and the quantum efficiency, n, is near
unity. However, photoconductors are fabricated using simple and fast techniques
which results in either polycrystalline or amorphous semiconductor layers that
have recombination and trap centers. The grain boundaries and interfaces are the
main source of recombination centers, whereas crystallographic defects and
surface states cause trap centers. The recombination centers reduce the quantum

efficiency since the generated charge pair recombines before reaching to a
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contact and more than one electron-hole pair is required to complete a single
drift cycle. On the other hand, the trap centers lead to a photoconductive gain

which significantly improves the quantum efficiency.

In addition to the intrinsic (band-to-band) absorption mechanism, the trap
centers introduce an extrinsic absorption mechanism which is the excitation of
an electron form valence band to a trap state (electron trapping) or from trap

state to conduction band (hole trapping).

Consider an electron is excited from valence band to a trap center; it will be
captured in this center for a characteristic release time of t,. The hole left behind
is collected with the applied bias. The trapped electron results in a net charge in
the material. Then, to keep charge neutrality, a hole will be injected from the
anode into the semiconductor. The injected hole also drifts towards the cathode
under the influence of the applied electric field. The drifting hole has a very slim
probability to encounter with the trapped electron which is spatially localized to
the defect. Once the hole is collected at the cathode, the same charge injection
and drift cycle will repeat, until the trapped electron is released and reach to the
anode. Therefore, the trapped electron completes one cycle whereas injected
holes complete m cycles where m is given by,

Tn,p
=— 2.
m=2 28)

As a result, a photoconductive gain is achieved in photodetector and it is given
by,
M=1+m=1+ Tnp _ 1+ TnpknpV (2.9)
T L?
The photoconductive gain expression depends on applied bias (V) and the

square of the distance between ohmic contacts (L?). In the following chapters, L

is going to correspond to the channel length of our TFTs and V is going to be
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the drain to source voltage bias. To sum up, the conductance of the
semiconductor slab, G, is given by,

T 4
(1 + T”DL#) Lon

|

_ lagri + Mlph
4

(2.10)

= Ggark +

Where lgark is the dark current and Iy is the photocurrent term corresponding to
single cycle of charge carriers (i.e. photocurrent without considering
photoconductive gain). For M >> 1,

TnpHnp I
12 ph

G = Gdark + (211)

For a mechanically chopped illumination, the dark conductivity term, Ggar,
becomes the static component of the conductivity and the second term becomes
the alternating component of the conductivity which can be measured with lock-
in technique. Therefore, in the following chapters, the alternating part of the
conductivity or the current, which is the multiplication of conductivity and the
drain to source bias, is going to be measured. It is also important to note that this

term has 1/L? dependency.

2.2.3 Photo-Thin-Film-Transistor

As it is mentioned before, a photoconductor is a slab of semiconductor with two
ohmic contacts, whereas the drain/channel/source structure of TFTs has the
same formation. Therefore, a TFT with a light absorbing channel layer has a
photoconductor structure with an additional gate terminal. A photo-TFT is a
three-terminal optoelectronic device which can be described as a gated-
photoconductor or a TFT with photoresponse. The third terminal (i.e. gate)
provides an additional control over the photoresponse of TFTs by controlling the
number of mobile electrons or holes inside the light absorbing channel layer.
Jeon et. al. previously reported such an additional gate terminal to improve the
speed of 1Z0O based photoconductors [41]. In this thesis, the third terminal is
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used to tune the photoresponse of ZnO channel by controlling the occupancy of

the defect states.

2.3 Defect characteristics of ZnO

When ZnO is optically excited with UV photons which have energy greater than
its band gap (3.37 eV), ZnO emits light in a broad wavelength spectrum. In the
literature, the investigation of its emission mechanisms is conducted in three
wavelength regions: violet-blue, green and orange-red. These sub-band gap
emission mechanisms are generally linked to crystallographic defect states of
ZnO. Nevertheless, there are also reports that claim impurity atoms are also
responsible for these emissions [42]. In our study, ZnO layers are not
intentionally doped with impurity atoms and also XRD and XPS
characterizations of the same ZnO layers (reported by Oruc et. al.) do not show
any extra peaks other than the expected ZnO peaks [43]. Therefore, only
intrinsic defects are discussed in this thesis. For a detailed review of the
emission mechanisms from impurity atoms, the book of Morkoc et. al. is a

useful resource [44].

2.3.1 Violet - blue emission:

The least controversial emission mechanism of ZnO is the ultraviolet light
emission mechanism which is the radiative recombination of its excitons [39].
The transition is also shown schematically in Figure 2.6 (i). Since it is not defect
related, it can also be observed in stoichiometric samples with very high crystal
quality [45, 46]. Moreover, this emission peak is also helpful to determine the
crystal quality of ZnO layer [47]. As the crystal quality of ZnO layer decreases,
the emission intensity weakens and observing this emission becomes more
difficult.
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The energy level of Zinc interstitial defects, Zn, is reported as 0.22 eV below
the conduction band [1, 40, 45, 46, 48]. The transition from this state to the
valence band emits violet light around 3.15 eV (See Figure 2.6 (ii)). However,
Ahn et. al. reported that this transition disappears at temperatures above 100 K
since Zn; to oxygen vacancy, Vo, becomes the dominant transition with the
increasing temperature [40]. Thus this emission can only be observed in low

temperature photoluminescence measurements.

Normally, the majority of defect centers of ZnO are Zn; and Vo which also make
it n-type material. However, by controlling deposition parameters especially
increasing the oxygen concentration during deposition, it is possible to have
Zinc vacancies (Vz,) and Oxygen intersitials (O;) [40]. It is reported that Vz,
states are placed 0.3 eV above valence band [49, 50]. The transitions from
conduction band to Vz, and from Zn; to Vz, emit light at 3.07 eV (violet) and
2.85 eV (blue), respectively. These transitions are also shown schematically in
Figure 2.6 (iii) and (iv).

\lr 60 meV ,I, 0.22 eV ,l,

CB
—
T Zl‘liT_ - s e e e . . -
(vii) | (viii)
v
3.37¢v |(i) (ii) (iii) | (iv) v) | (vi) 0
T2.286V
VO \ 4 v
Vv, ‘I’V v 0.9 eV

A\ 4 v

VB
| 0.3eV

Figure 2.6: Energy band diagram that shows the energy levels of crystallographic
defects of ZnO reported in the literature.
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2.3.2 Green emission:

It is calculated that oxygen vacancies (Vo) are located 0.9 eV above the valence
band [51]. It is experimentally shown that the green emission is due to the
transitions from conduction band to Vo and from Zn; to Vo which emits green
light at 2.47 eV and 2.25 eV. These transitions are shown in Figure 2.6 (v) and

(vi).

In their analysis on ZnO layer deposited with magnetron sputtering, Ahn et. al.
showed that increasing number of Zn; and Vo defect state increases both carrier
concentration, and green emission of ZnO [40]. Vempati et. al. also reported that
as the temperature increases (especially for T > 150K) the transition from Zn; to
Vo blueshifts toward the transition from conduction band to Vg since electrons

start to localize in higher states [39].

2.3.3 Orange-red emission:

Intersitial oxygen (O;) states are the main source of the orange-red emission
characteristics in ZnO. They are located 2.28 eV below the conduction band
[49, 52, 53]. The transitions from CB to O; and from Zn; to O; emit light at
2.28 eV and 2.06 eV as shown in Figure 2.6 (vii) and (viii).
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Chapter 3

Experimental Methods

This chapter describes the fabrication of ZnO based photo-TFTs and the major
characterization methods in this study. The experiments are conducted in
UNAM Cleanroom Facilities (UCF) (class 100 and 1000) and Okyay Group
Laboratories in UNAM at Bilkent University. The device fabrication consists of
four main steps: i) surface preparation, formation of ii) isolation layer, iii) gate
stack, and iv) electrical contacts. Characterization methods involve

photoluminescence measurements and spectral responsivity measurements.

3.1 Device Fabrication

3.1.1 Surface preparation

ZnO TFTs are fabricated on highly doped (10-18 mQ-cm) p-type (111) Si wafer,
in a back gate configuration. The following wafer cleaning procedure, similar to

the RCA (Radio Corporation of America) cleaning procedure is conducted to
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remove organic and inorganic contamination at the Si wafer surface. Clean and

hydrophobic (H-terminated) Si wafer surface is achieved.

In order to remove organic contaminations, the wafers are cleaned in
H,SO04:H,0, (4:1), piranha solution, for 10 minutes. Then, the samples are

rinsed in DI water and dried with N, gun.

While the piranha solution etches organic contaminations, it oxidizes the Si
surface. To remove this thin oxide layer and other inorganic contaminations, the
samples are cleaned in buffered oxide etchant (BOE 7:1, NH4F:HF) until the Si
surface became hydrophobic under visual observation. Then, the samples are

rinsed in DI water and dried with N, gun.

3.1.2 Formation of the isolation layer

In order to prevent the leakage from source and drain contacts to gate (Si
substrate) a thick isolation layer is required between Si wafer and source-drain
contacts. For this purpose, 200-nm-thick SiO; layer is deposited using VAKSIS
CVD-Handy Plasma Enhanced Chemical Vapor Deposition (PECVD) system.
The deposition is conducted at 250 °C with a chamber pressure of 1 torr and RF
power of 10 W. N,O and SiH, are used as precursors with flow rates of 15 sccm

and 6 sccm, respectively. As carrier gas, He is used with 700 sccm flow rate.

The active device area is patterned by photolithography and wet oxide etching.
Initially, to improve adhesion of the photoresist, HMDS (hexamethyldisilazane)
is spin coated at 4000 rpm for 40 seconds. AZ5214E is spin coated at 4000 rpm
for 40 seconds; which resulted in 1.4-um-thick photoresist layer. The samples
are prebaked at 110 °C for 60 seconds and exposed to UV light. Then, UV
exposed regions are developed using AZ400K:H,O (1:4) solution for 30
seconds. In order to improve the chemical stability of the photoresist layer, the

samples are hardbaked at 120 °C for 2 minutes.
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After defining active regions, the SiO, layer in these regions is etched using
BOE for 10 minutes (See Figure 3.1). Sample is rinsed with DI water and

remaining photoresist is removed by sonicating in acetone.

a) b)

Figure 3.1: In order to reduce leakage between gate and top contacts, 200-nm- thick
SiO, layer is deposited (a) and patterned (b) to define active regions

3.1.3 Formation of the gate stack

The gate oxide and channel layers are deposited using ALD technique
(Cambridge Nanotech Savannah 100 ALD System). The interface between back
gate Si substrate and gate oxide is important to prevent possible charging and
leakage problems. Therefore, the samples are immediately loaded into the ALD
chamber. As gate oxide, 200 cycles of (20-nm-thick) Al,O3 layer is deposited at
250°C using trimethylaluminum and water vapor precursors (See Figure 3.2 (a)).

As the channel layer, ZnO film is deposited for 100 ALD cycles (14-nm-thick)
as shown in Figure 3.2 (b). Diethylzinc (DEZ) and water precursors are used to
deposit ZnO. The deposition temperature is varied from 80°C to 250°C in our
fabrications to analyze its effect on optical performance of ZnO TFTs. The pulse
and purge times of ZnO film deposition are given in Table 3.1. The standard
recipes provided by Cambridge Nanotech are used for 80, 200 and 250 °C. As
the deposition temperature increases, precursors become more energetic and the
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required time for depositing single layer decreases. In order to stay in the safe
side, the recipe designed for 80 °C is also used at 100 and 120 °C. The material
characteristics of the ZnO layer are previously reported by Oruc et. al. [43].

Table 3.1: ALD recipes for depositing ZnO at various temperatures

Growth Temperature | DEZ pulse | Purge Time | Water pulse | Purge Time
80 °C 0.015s 60s 0.015s 60s
100 °C 0.015s 60s 0.015s 60s
120 °C 0.015s 60 s 0.015s 60 s
200 °C 0.015s 10s 0.015s 10s
250 °C 0.015s 5s 0.015s 5s

The channel region is patterned by previously described photolithography
technique (without the final hardbake step) and wet etching. ZnO layer is etched
using diluted H,SO4:H,0 (2:98) solution. The ALD deposited Al,O3 layer is not
etched on purpose, which improves isolation by filling pinholes in thick
PECVD-deposited SiO, layer (See Figure 3.2 (c)). The remaining photoresist is
removed by sonicating samples in acetone. The samples are rinsed with
isopropanol, DI water and dried with N, gun.
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Figure 3.2: Deposition of gate oxide and channel layers. a) 20 nm thick Al,O; and b) 14
nm thick ZnO deposited using ALD technique. ¢) The deposited ZnO layer is patterned
with lithography and diluted H,SO,4 wet etch solution.

3.1.4 Formation of the electrical contacts

As source and drain contacts, Al contact pads are formed using the following
lift-off procedure. Initially, the contact regions are defined by photolithography.
Then, 100-nm-thick Al is evaporated using VAKSIS PVD Vapor 3S Thermal
Evaporator with 0.6 A/sec deposition rate at 10 Torr. Finally, the samples are
sonicated in acetone to complete the lift-off process (See Figure 3.3 for the
schematic of completed device). The samples are rinsed in isopropanol, DI

water and dried with N, gun.
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Figure 3.3: 100 nm thick Al layer deposited and patterned using lift-off technique to
form source and drain contacts. a) Schematic of a finalized TFT design. b) A
microscope image taken from a sample after the lithography step which defines source
and drain contact regions.

3.2 Characterization methods

3.2.1 Photoluminescence measurements

Photoluminesence (PL) is light emission initiated by an optical excitation. In
this study, PL data is used to understand the energy levels of defect states inside
the ZnO channel layer. PL data is taken using Cary Eclipse Fluorescence
Spectrophotometer. The schematic of typical PL measurement setup is shown in
Figure 3.4. The output of a wide band light source (Xenon lamp) is
monochromated by the excitation monochromator and then it passes through the
excitation slit. The sample cell is placed in the path of the monochrome light
with an angle close to 45°. While placing the sample, it is important not to send
the reflected excitation light directly to the emission slit. Such an alignment can
be easily done by setting excitation wavelength to 550 nm and checking that
reflected light is not directed to the input of the emission slit. When the sample
is optically excited, it emits light in all directions at various wavelengths
depending on its band gap and defect states. A small portion of the emitted light
passes through the emission slit and then it is filtered by the emission

monochromator. Typically, the remaining optical signal has a very low
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intensity; hence a PMT (photomultiplier tube) detector is used to measure such
low intensities. To get the spectral distribution of the emitted light, the emission
monochromator scans the desired wavelength spectrum and the light intensity

measured by the detector is recorded.

In order to obtain PL data from the ZnO layer, ZnO is deposited on double side
polished quartz substrates. Our TFT samples are not used because their ZnO
coated surface area is much smaller than the beam size of the excitation light
and also additional PL signal that may come from the Si substrate or the Al,O3
layer may complicate the analysis. A quartz substrate is chosen since it is
transparent around excitation wavelengths (250-400 nm) and it does not have PL
signal at these excitation wavelengths. To reduce contamination related PL data
in our measurements, quartz substrates are cleaned with a piranha solution as
previously described. The final step of cleaning procedure, BOE cleaning, is
skipped since it would etch quartz substrate. After the surface preparation, 300

ALD cycles of ZnO is coated at various temperatures.

Excitation
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] ¥
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— |
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Electrical Signal Monochromated
Emitted
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Figure 3.4: Schematic of a typical photoluminescence measurement setup
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3.2.2 Spectral photoresponsivity measurements

The photoresponsivity of an optoelectronic device is the electrical output per the
optical input. It is calculated as the ratio of the photocurrent to the incident
optical power. Spectral responsivity measurements of the fabricated TFTs are
conducted with the experimental setup shown in Figure 3.5. A 150 W Xenon
lamp is used as a wideband illuminating source. Monochrome light (Oriel 1/8 m
Cornerstone Monochromator, 1200 lines/mm grating) is obtained and
mechanically chopped at 395 Hz. The light is focused on the fabricated device
from the top at normal incidence. The source and drain terminals of TFTs are
biased with a Keithley 2400 sourcemeter. The gate terminal voltage bias is

independently controlled with a separate voltage supply (Keithley 2400).

A lock-in amplifier (Stanford Research Systems 830) is used to measure the
photogenerated current between the source and drain terminals. Ideally,
connecting a lock-in amplifier in series and measuring the photocurrent is
prefered. However, in the series mode, the current measurement mode, our lock-
in amplifier has a maximum allowed current limit, 10 pA, which is much less
than the current passing between source and drain terminals in the accumulation
mode of our transistor. Therefore, a 1 kQ resistor is connected in series between
the drain terminal of our transistor and the ground port of the voltage supply and
the voltage drop on this resistor is measured by the lock-in amplifier. In the
worst case, the accumulation mode, the resistance between source and drain
terminals is about tens of kQ which is at least ten times greater than the
connected 1 kQ resistor. Therefore, most of the applied drain to source voltage
bias, Vps, still appears across our TFTs instead of the connected resistor and the
applied drain to source voltage bias is reported in this study. Incident optical
power at each measurement wavelength is recorded by a calibrated Si

photodetector.
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Figure 3.5. Responsivity measurement setup. Monochrome light is focused on the
fabricated device from the top at normal incidence. The photocurrent between drain and
source terminals is measured with a lock-in amplifier.

A Lab-View code is used to automate the spectral responsivity measurements.
Initially, the code sets lock-in amplifier (time constant: 1 sec, sensitivity: 50
uV), sourcemeters (gate and source biases) and monochromator (initial
wavelength: 250 nm) to desired measurement parameters and it waits for 5 time
constants to stabilize the system. After the stabilization, to minimize transient
experimental errors, 8 consecutive photocurrent measurements with 0.5 sec time
delay between each other are taken. Then, the monochromator is set to the next
desired wavelength and again measurements are taken after the stabilization.
When desired wavelength spectrum is completely scanned, the next desired gate
and source biases are set and the same measurement procedure is followed. The
spectral responsivity is computed as the average of 8 measurements at each
wavelength divided by the previously recorded normalized incident optical

power at that wavelength.

The incident optical beam spot (on the surface of the sample) is 400 um wide
and 1200 um long. The calibrated Si photodetector (Newport 918D-UV-OD3R)
has 1.13 cm long active detection diameter which is much larger than the beam
spot and it can measure the total incident power. On the other hand, the channel
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region sizes of our devices are smaller than the beam spot. In order to calculate
responsivity values accurately, the measured optical power is normalized to the

device size.

Our monochromator uses a diffraction grating to generate a desired
monochromatic light from the incident white light. However, when the light is
reflected from a diffraction grating, a polychromatic light is generated. In
addition to the desired wavelength (A), this polychromatic light also includes
second (A/2), third (A/3) and larger harmonics (A/n) of the target wavelength [54-
56]. In order to eliminate these higher order harmonics, a long pass filter at 500
nm (Newport FEL0500) is used in our measurements for the wavelengths longer
than 550 nm. The spectral distribution of the total incident optical power with
and without the filter is shown in Figure 3.6. To reduce the measurement time
and complexity, most of our measurements are done for the wavelength range
from 320 nm to 600 nm where the higher order harmonics do not affect our
measurements. A closer view of the incident optical power in this spectrum is

plotted in Figure 3.7.
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Figure 3.6: Incident optical power measured by calibrated Si photodetector with and
without a long pass filter at 500 nm.
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Figure 3.7: Incident optical power measured by calibrated Si photodetector without a

long pass filter at 500 nm.

Wavelength (nm)

30

600



Chapter 4

Results and discussions

This chapter presents the experimental study of ZnO based photo-TFTs with an
actively tunable photoresponse in the visible region. The chapter begins with
analyzing basic operation principles of fabricated TFTs. Then, the energy levels
of crystallographic defect states in the ZnO channel layer are investigated. After
that, the active tuning mechanism and controlling occupancy of trap states are
discussed. Finally, the effects of device size and deposition temperature on the

photoresponse of ZnO based photo-TFTs are discussed.

4.1 Transistor characteristics

The basic transistor properties such as on/off ratio, threshold voltage and
subthreshold slope values of the fabricated ZnO-channel TFTs are investigated.
The current-voltage (I-V) measurements are taken using a parameter analyzer
(Keithley 4200 SCS) and a manual probe station (Cascade Microtech PM-5) in a

dark environment.
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ZnO TFTs show n-channel enhancement type transistor characteristics. The
drain current of fabricated devices increases with the increasing gate voltage as
it is shown in drain current-gate voltage (Ipo-Vs) measurements taken from TFTs
with a ZnO channel layer deposited at 80 °C (See Figure 4.1). Also, the device
exhibits a threshold voltage of 3.79 V and a decent on/off ratio of 10°.
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Figure 4.1: Ip-Vs characteristics of ZnO-based TFTs which indicate n-channel
enhancement mode transistor characteristics. The device also has a threshold voltage of
3.79 V and a decent on/off ratio of 10°. The channel layer of measured device is
deposited at 80°C and its both channel length and width are 100 um. 1 V of drain bias is
applied.

As it is previously described in the scientific background chapter, the drain
current of a transistor linearly scales with the ratio of channel width to channel
length. The channel size dependent 1p-V characteristics of our devices, shown
in Figure 4.2, are in an agreement with the drain current expression given in
Equation (2.4). The linear scaling of Ip with channel size is also shown more
explicitly in Figure 4.3.
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Figure 4.2: 1p-Vs characteristics of devices, having various channel sizes, are shown in
(@) logarithmic and (b) linear scale. The sizes shown in the legends are channel width

and channel length, respectively. Measurements are taken from devices with a channel
layer deposited at 80 °C and 1 V is applied as the drain to source bias.

33



8%
0.08 - e d
rd
P rd
Fd
EL 0.06 7 4
< .
hl ”~
E 0.04 - /v 4
o ”
5. 74
0.021Y/ .
0.005 0.010 0.015 0.020

1/L (um)

Figure 4.3: Scaling behavior of ZnO based TFTs fabricated at 80 °C. All devices are
biased with 1 V drain bias and 8 V gate bias. The dashed red line shows linear drain
current scaling characteristics of fabricated TFTs.

To investigate the effects of growth temperature on TFT characteristics, |-V
measurements are taken from devices having a ZnO channel layer deposited at
different temperatures (See Figure 4.4). In order to keep other parameters
constant, devices having same sizes (i.e. 100 um to 100 pum) are measured under
adrain biasof 1 V.
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Figure 4.4: 15-V¢ characteristics of devices having ZnO channel deposited at various
temperatures
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The threshold voltage values of the devices are calculated by using linear
extrapolation in the saturation mode [57]. Briefly, 15°°-V¢ curve is plotted and
linear region of the plot where the transistors are in saturation mode is linearly
extrapolated to zero drain current as shown in Figure 4.5. The gate bias value of

the extrapolated line corresponds to threshold voltage at zero drain current.
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Figure 4.5: Threshold voltage calculation using extrapolation in the saturation region
technique. 152°-V characteristics of devices are plotted and drain current values are
linearly extrapolated to zero drain current value.

For ZnO TFTs, on/off ratio values from 10% to 10° are reported in the literature
[13] [58-60]. Among our fabricated devices, the device deposited at 80°C
exhibits a very high 10° on/off ratio, which is attributed to low ALD growth
temperature. Earlier reports show that the transistor on/off ratio increases at
lower ALD growth temperatures [59]. This is explained by the reduced electron
concentration due to less number of defects in the crystal [61]. The device
exhibits decent subthreshold slope of 288 mV/dec. Previously reported
subthreshold slope values range from 24.1 to 0.25 V/dec [58-60]. As the
deposition temperature increases, the performance of transistors decreases in
terms of on/off ratio and subthreshold slope (see Table 4.1). For high
temperatures (e.g. 200 and 250 °C), the doping concentration significantly
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increases so that it would be hard to deplete such a conductive channel and
on/off ratio of transistors decreases for these temperatures. In other words, the
devices have less gate control over the conductivity of channel layer due to their

high number of defects.

Table 4.1: Fundamental transistor characteristics of ZnO based TFTs

Annealing Threshold ) Subthreshold
Ion/loff RatIO
Temperature (°C) | Voltage (V) Slope (V/dec)
250 -0.72 7.3 x 10 2.634
200 1.55 3.6 x 10 0.948
120 0.88 1.35 x 10° 0.669
100 1.06 2.9x10° 0.519
80 3.79 1.3 x 10° 0.288

4.2 Defect state analysis

Photoluminescence (PL) measurement is performed on samples prepared by
growing 14-nm thick ZnO at 250 °C on quartz substrates (double side polished)
using the same recipe described in Section 3.1.3. Room temperature PL
characteristics of ZnO film at A=290-nm excitation is shown in Figure 4.6. The
near band edge PL emission peak is due to the exciton recombinations in ZnO.
As it is previously mentioned in Section 2.3, the observation of this peak shows
a relatively good crystal formation in polycrystalline ZnO layer. Luminescence
in the 450 to 700-nm range corresponds to below-bandgap emission, which
reveals the presence of deep level traps within the forbidden band of ZnO. The
energy distribution of the trap states in the forbidden band cause a broad
emission centered around A=510 nm (2.43 eV). Two possible trap-assisted

routes that would result in the emission of a photon with A=510 nm (2.43 eV)
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are illustrated in Figure 4.7. The first scenario is the capture of a free electron
from the conduction band by a trap state (unoccupied trap) (route I), and the
second one is the recombination of an electron in a trap state (occupied trap)
with a hole in the valence band (route I1). The latter predicts trap energy states
are located in the forbidden band of ZnO, closer to the conduction band. In such
a scenario, incident photons with higher energy than 2.43 eV (but less than the
bandgap energy) excite electrons from the valence band directly to trap states.
This is followed by light emission (at 510 nm) through route 1l when excited
electrons recombine with holes in the valence band. Figure 4.8 plots PL
intensity at a constant emission wavelength (510 nm) for different excitation
wavelengths. The figure shows that excitation photons with lower energy than
the bandgap of ZnO do not result in luminescence at 510 nm. This evidence
supports trap-assisted luminescence through route I, which predicts trap energy
states located closer to the valence band. This is in good agreement with earlier
observations about the energy levels of point defects, oxygen vacancies, in the
forbidden band of ZnO [39, 51].
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Figure 4.6: Spectral photoluminescence of ZnO layer coated on quartz substrate.
Photoluminescence intensity is given in arbitrary units. Photoluminescence excitation
wavelength is 290 nm.
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Figure 4.7: Energy level of trap states. Two possible trap-assisted emission routes:
Route I: trap energy states are closer to the valence band. Conduction band electrons
and localized holes of trap states (unoccupied trap) recombine and emit light (1). Route
Il: Trap energy states are closer to the conduction band. Localized electrons of trap
states (occupied trap) and free holes of valence band recombine and emit light (2).
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Figure 4.8: Measured photoluminescence intensity at 510 nm (2.43 eV) for various
excitation wavelengths. The dashed line shows the bandgap energy of ZnO.

Optical absorption of ZnO film on quartz substrate is also characterized.
Measured spectral optical absorption of ZnO (see Figure 4.9) exhibits band-to-

band absorption behavior with an excitonic absorption peak located at A = 365
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nm. Such room temperature excitonic peaks are attributed to large exciton
binding energy and are observed in the literature [47]. The dominant photon
absorption mechanisms in ALD-grown ZnO are (1) interband and (2) valence
band-to-trap state transitions, as depicted in Figure 4.10. Only photons with
energies greater than the bandgap of ZnO (i.e., hv = 3.37 eV) are absorbed in an
interband transition (1). Whereas photons with energies less than the bandgap
can excite valence electrons to empty states at the trap energy level, Et (2). This
process is limited by the availability of unoccupied trap states because the
density of states in the valence band is much larger compared to that of the
defect states. Photons could also be absorbed exciting electrons from occupied
trap states to conduction band (3). However, the rate of this transition is very

low since it involves an initially occupied trap state, which is spatially localized.
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Figure 4.9: Absorption spectrum of ZnO layer on a quartz substrate. Absorption is
given in arbitrary units. The dashed line shows the bandgap energy of ZnO.
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Figure 4.10: Absorption mechanisms of ZnO: Interband (1), valence band to trap state
(2), and trap state to conduction band (3).

4.3 Actively tunable photoresponse in the visible

spectrum

ZnO band edge is at 3.37 eV; however, lower energy photons can be absorbed
through trap-assisted routes, as described in Section 2.2. The magnitude of
photocurrent generated by below-bandgap photons depends on the density and
availability of proper trap states. Therefore, the photogenerated current in the
ZnO channel can be dynamically controlled via changing the occupancy of deep
level traps by applied gate voltage bias, as shown in Figure 4.11. The gate
voltage bias modifies the depletion region in the ZnO channel and preferentially
accumulates or depletes the channel. When the channel is depleted, the deep
level states are unoccupied; therefore, strong absorption of subbandgap photons
is possible. In the accumulation mode, electrons from the source and drain
contacts are attracted to the ZnO channel layer with the applied gate bias, and an
accumulated region with a higher electron density, higher conductivity, and
higher quasi-Fermi level is formed. As the quasi-Fermi level increases, the trap

states are also filled with these extra electrons. Due to the decreasing number of
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empty trap states, the subbandgap photon absorption mechanism is prevented.
On the other hand, in the depletion mode, applied gate bias repels electrons from
the channel region, and the quasi-Fermi level is shifted down. Therefore, the
probability of subbandgap photon absorption is boosted by the increase in the

number of empty trap states.
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Figure 4.11: Spectral responsivity of a ZnO based TFT at 250 °C with a device size 200
um x 200 um and under a drain bias of 3 V.

The excitation of an electron from valence band to trap state requires a photon
with a minimum energy of 0.94 eV (~ 1318 nm) as described in Figure 4.10. In
our measurements, it is observed that the photoresponsivity of the device begins

to decrease for wavelengths longer than 850 nm, which is shown in Figure 4.11.

In our ZnO based photo-TFTs, drain-channel-source (i.e. Al/ZnO/Al) structure
can be also evaluated as a photoconductor, which is a slab of semiconductor
with two ohmic contacts. Due to its defect states, it has a photoconductive gain
mechanism, as it is mentioned in Section 2.2.2. When an electron is excited to a
defect state, it will be captured in this trap state for a while. In the mean time,
the generated hole is drifted with the applied drain to source bias voltage and

collected by the source. To maintain charge neutrality of ZnO layer, another
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hole is injected from the drain, but this hole is also drifted and collected by the
electric field. Therefore, the photogenerated hole makes multiple passes in ZnO
layer, while the electron is trapped. Eventually, the electron is released from the
trap center and collected by the drain, which ends this cycle. This
photoconductive gain mechanism, significantly improves the performance of
ZnO based photo-TFT.

4.4 Effects of the device size on photoresponse to

visible light

The effects of device size on responsivity are investigated on ZnO based TFTs
fabricated at 250 °C. The measurement results, given in Figure 4.12, show that
all of the devices exhibited dynamically controllable photoresponse in the

visible spectrum.

The photoconductive gain term has a significant role when the device size is
scaled. As it is mentioned in Section 2.2.2, the photoconductive gain is inversely
proportional to the square of the channel length, L% When the responsivity
values are normalized with respect to L2, shown in Figure 4.13, it is clear that
the normalized measurement results have a similar trend. However, higher
normalized responsivity values are achieved in devices with shorter channel
lengths. One possible reason of such a performance improvement is that the
photogenerated carriers are collected more efficiently before they recombine in
short channel devices. On the other hand, the photogenerated charges must
travel longer distances to contribute to the photocurrent at long channel devices,

so their recombination probability before reaching to a metal contact increases.
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Figure 4.12: Spectral responsivity of a ZnO based TFT at 250 °C for various device
sizes while constant Vp bias of 3 V is applied. Corresponding device channel lengths
and widths are a) 50 um - 50 pm, b) 100 pm - 100 pm, ¢) 150 um - 150 um, d) 200 um
- 200 pm, €) 150 um - 100 pum.
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4.5 Effects of deposition temperature of channel

layer on the photoresponsivity
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Figure 4.14: Spectral responsivity of ZnO based TFTs with a channel layer deposited at
a) 250 °C, b) 200 °C, c) 120 °C, d) 100 °C, e) 80 °C. The device size is kept constant as
200 um to 200 um and 3 V drain bias is applied.

The devices fabricated at higher temperatures demonstrate higher photoresponse

to the visible light under the same drain and gate biases (See Figure 4.14). As it

is previously discussed, the subbandgap photoresponse of our devices are based

on an absorption mechanism where an electron is excited from valence band to
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defect states. Moreover, it is also shown that ZnO film has more defects at
higher growth temperatures which could be deduced from low on/off ratio and
high drain current values at these temperatures. Therefore, TFTs deposited at
higher temperatures have more defects states which improve their subbandgap
photoresponsivity. Furthermore, the responsivity values at A= 550 nm is plotted

separately to show the growth temperature effect more explicitly in Figure 4.15.

10000 y7r+—+—"v—"—T—"+——1T+T1"T1—

1000 3

1004 ¢ ¢ |

Responsivity (LA/W)
L g

*

10- T T T T T T T T T 3

80 100 120 140 160 180 200 220 240 260
Deposition Temperature (-C)

Figure 4.15: Deposition temperature dependent responsivity of ZnO based TFTs at A =
550nm. The device size, Vg and Vp are chosen as 200 um to 200 um, -3 V and 3 V,
respectively.
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Chapter 5

Conclusions

The promising optical and electrical properties of ZnO make it a good candidate
for various device applications such as UV photodetectors, LEDs, lasers and
TFTs. However, it also has crystallographic defects (i.e. trap states) which is
responsible from effective n-type behavior of ZnO and reduces the
performances of devices based on UV light absorption or emission. In this
study, a ZnO based three-terminal optoelectronic device, a photo-TFT, which
benefits from these trap states is investigated.

The device structure is a combination of photoconductor and TFT. It can be
described as a photoconductor with a gate terminal or a TFT with a
photodetection capability, photo-TFT. This device can detect photons with
energy well below ZnO’s band gap through trap states and its photodetection
mechanism can be actively tuned via the electric field applied from the gate

terminal.
Prototype devices are fabricated in a clean room environment. The fabricated
devices showed decent transistor characteristics. Especially, the devices with a

channel layer deposited at 80 °C has on/off ratio of 10° and subthreshold slope
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of 288 mV/dec. As the growth temperature of ZnO layer increases the on/off
ratio and subthreshold slope performances of devices degrade. The main reason
of such performance drop is the increasing number of defect states in ZnO layer

at higher deposition temperatures.

Then, the optical performance of ZnO film is characterized by depositing ZnO
on a double side polished quartz sample and taking absorption and
photoluminescence measurements. The absorption measurements revealed that
ZnO without an external control has a very low absorption in the visible region.
The photoluminescence measurements demonstrated that ZnO film has a broad
green emission peak which corresponds to the transition of electrons from

conduction band to oxygen vacancy states.

The responsivity measurements taken from ZnO based photo-TFTs fabricated at
250 °C showed that the devices have a visible photoresponse which can be
actively tuned with the gate terminal. This visible light response is due to the
excitation of the valence band electrons to the unoccupied oxygen vacancy trap
states. When a negative gate bias is applied, electrons inside ZnO channel are
repelled and the number of unoccupied trap states increases. Therefore, the
responsivity in the visible spectrum increases. On the other hand, when a
positive bias is applied, electrons are attracted to the ZnO channel layer and the
number of unoccupied trap states decreases. Hence, the visible light response of
the device decreases. In addition to the trap related subband gap absorption
mechanism, the reported devices have a photoconductive gain which improves

the photocurrent value.

The effect of the device size is investigated in the photo-TFTs fabricated at 250
°C. The fabricated devices have channel width and lengths ranging from 50 pm
to 200 um. As the device size becomes smaller the responsivity of device is
increased. This is explained with the 1/L? dependency of the photoconductive
gain term of Al/ZnO/Al structure, where L is the channel length. While the
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electron is trapped in a defect state, the photogenerated hole makes multiple
passes in the ZnO channel layer and for shorter-length photoconductors it makes

more passes and generates more photocurrent.

The effects of the deposition temperature of ZnO channel layer on the
responsivity in the visible spectrum are also investigated. The subband gap
absorption mechanism of ZnO depends on the number of available (i.e.
unoccupied) trap states and the number of defect states increases with the ZnO
growth temperature. Therefore, exciting an electron from valence band to an
unoccupied trap state at higher deposition temperatures has larger probability.
Our spectral responsivity measurements also demonstrated that the responsivity

of devices in the visible spectrum increases with the deposition temperature.

To summarize, in this study, it is shown that the defects of ZnO can be used for
visible light photodetection, a ZnO based photoconductor can have an actively
tunable visible light response with an additional gate terminal and the designed
photo-TFT structure has a photoconductive gain mechanism which improves the

generated photocurrent value.

The results of this thesis can be used in smart glass applications by designing an
electrochromic ZnO device that has a dynamically tunable transparency with the
gate terminal. Moreover, the fabricated photo-TFTs can be used as transparent
visible light photodetectors by using a transparent conductive oxide as the gate

metal.

In order to investigate the absorption coefficient change of ZnO films with the
gate bias a metal-insulator-semiconductor-metal (MISM) structure can be used.
Such structure should be formed on a quartz substrate and transparent
conductive oxide layers should be used as metals. Initially, the amount of
difference between transmission measurements taken under accumulated

(positive) and depleted (negative) gate bias conditions can give an idea about the
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absorption coefficient change of ZnO layer. To improve the difference between
two bias conditions, the thickness of ZnO layer and the maximum and minimum
gate bias before the gate oxide breakdown should be optimized. After selecting
MISM design parameters that maximize the gate control on ZnO’s absorption
characteristics, ellipsometer measurements should be taken to calculate
absorption coefficient (k) change of ZnO with the gate bias. It should be noted
that a good absorption coefficient fit in the ellipsometer requires precise
thickness information of ZnO layer and accurate refractive index data of other
layers. The MISM design parameter optimization can also be done with
photoluminescence measurements. By accumulating ZnO layer, the traps can be
filled with electrons and the green light emission which is from the conduction
band to trap state can be suppressed. On the other hand, depleting ZnO layer
improves the intensity of the green emission peak by increasing the number

unoccupied trap states.

Although it requires a challenging alignment stage, the same MISM structure
can be illuminated from side and transmission measurements can be taken to
demonstrate absorption coefficient control of ZnO layer. A detailed design for
such measurement and ZnO based optical modulator structure in the visible

wavelengths are already reported in our previous work [62].
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