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Abstract 

There was a rapid development of organic and metal oxide semiconductor materials 

during recent decades. On the one hand, organic materials, due to their diverse 

compositions, have attractive optical properties over traditional semiconductor 

materials. On the other hand, thin-film transistors (TFTs) composed of metal oxide 

semiconductors, especially amorphous indium gallium zinc oxide (IGZO), are believed 

to be a good substitute for amorphous Si TFTs in backplane technology. Making use of 

the advantages of both materials by integrating them into a single device, is a promising 

route for a range of optoelectronic applications. 

In this work, we have studied a phototransistor consisting of solution-processed IGZO 

TFT and vacuum deposited small organic molecules. The research started by 

investigating the process of fabricating high performance IGZO TFT. Next, we focused 

on studying the device physics of organic-metal oxide hybrid phototransistor. It is found 

that depending on the configuration of organic materials, either bulk heterojunction 

(BHJ) or planar heterojunction (PHJ), the said phototransistor assumes the functionality 

of either a photo-sensor or a photo-induced memory, respectively. The photo-sensor 

device shows relatively fast response, together with tunable responsivity and sensitivity 

by gate bias. The mechanism of the memory device is studied by device simulation, as 

well as experimentally, by implementing surface potential measurement and examining 

the performance of different device structures and material compositions. It is revealed 

that the memory effect is due to long charge retention time at the organic PHJ interface, 

whose sub-gap tails states determine the retention efficiency. The memory device with 

C70 and DBP results in ~75 % of charge retention over 9 days. The presented integration 

of the PHJ with the transistor constitutes a new design of write once read many times 

(WORM) memory device that is likely to be attractive for low cost applications.  
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Abbreviations and Notations 

TFT-thin-film transistor   IGZO-Indium Gallium Zinc Oxide  

BHJ-bulk heterojunction   PHJ-planar heterojunction 

WORM-write once read many  IC-integrated circuit 

MOSFET-metal oxide semiconductor field effect transistor  

LTPS- low-temperature polysilicon 

AMOLED-active matrix organic light emitting diode 

PLD-pulse laser deposition   SS-subthreshold swing 

AOS-amorphous oxide semiconductor IZO- Indium Zinc Oxide  

ZGO-Zinc Gallium Oxide   CBM-conduction band minimum 

VBM-valence band maximum   

HOMO- highest occupied molecular orbital 

LUMO-lowest unoccupied molecular orbital  

LCAO-linear combination of atomic orbital 

CT-charge transfer    D/A-donor/acceptor 

2ME-2-methoxyethanol   XPS- X-ray photoelectron spectroscopy 

HCl- Hydrochloric acid   mA-milli ampere 

mV-milli voltage    nm-nano meter 

eV-electron voltage    TLM-transmission line method 

Vth-threshold voltage    LDR-linear dynamic range 

ms-milli second    KPFM- kelvin probe force microscopy 

AFM-atomic force microscopy 
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1.  Introduction 

1.1 General introduction and outline 

With the investigation on novel materials, semiconductor industry has undergone rapid 

developments during recent decades. Organic and metal oxide semiconductors are two 

of the examples. Organic materials, since the first synthesis of conductive polyacetylene 

on 19771 and the establishment of its theoretical model on 19792, have been considered 

as a promising semiconductor materials, mainly due to their advantages of diverse 

optical properties and low-cost fabrication. On the other hand, amorphous metal oxide 

semiconductors, especially Indium Gallium Zinc Oxide (IGZO) since it was first 

demonstrated in 20043, has soon been industrialized and replaced amorphous silicon in 

backplane technology. Low temperature fabrication and relatively higher mobility are 

the most attractive features of IGZO thin-film transistors (TFTs). This work aims to 

make use of the advantages of the both materials, and integrate them into a single device 

for optoelectronic applications. To be specific, we fabricated a phototransistor 

composed of organic and metal oxide semiconductors. The goal of the research is to 

study the device physics of such a hybrid phototransistor. The main result is the 

observation of long-term charge retention at the organic junction.  

The first chapter gives introductions to the materials and device used in this research. 

The initial step of the work, TFT based on IGZO, is included in chapter 2. Chapter 3 

describes a phototransistor based on IGZO TFT and organic bulk heterojunction (BHJ) 

layer, and shows its functionality of photo-sensor, with relatively fast response. Later 

in chapter 4, by changing the structure of organic layer from a BHJ to a planar 

heterojunction (PHJ), a photo-induced write-once read-many-times memory (WORM) 

is demonstrated. The mechanism of said memory device is also investigated in the 

chapter by experiments and simulation, which reveals the charge retention capability of 

organic junction. Finally, summary and outlook are given in chapter 5.  
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1.2 Background 

1.2.1 Thin film transistor (TFT) 

The development of TFTs were around at similar period of time as metal oxide 

semiconductor field effect transistor (MOSFET), which started more than 50 years ago. 

However, the two technologies have diverged due to their different application areas. 

MOSFETs finds their application in the silicon-based integrated circuits (ICs), and 

making the transistors denser in a smaller area become their ultimate goal. TFTs on the 

other hand, used in display industry, aim at larger substrate size and lower the 

fabrication cost per area, instead of device density.  

The first TFT that based on CdSe was made in 19624. Later in the early 1970s, liquid 

crystal display (LCD) that driven by CdSe TFTs was successfully demonstrated5. 

However, the reliability issues of CdSe transistors slowed its development. In 1981, 

amorphous silicon (a-Si) showed its capability to drive LCD display6, with better 

stability than CdSe, and relatively low temperature process comparing with crystalized 

silicon. Few years later, Low-Temperature Polysilicon (LTPS) was introduced, and 

believed to have higher mobility than a-Si7. Thus, LTPS can even drive active matrix 

organic light emitting diode (AMOLED) displays, which requires higher working 

current that cannot be achieved by a-Si. Nevertheless, several drawbacks of LTPS force 

researchers to find better materials for displays. For example, the uniformity is 

sacrificed in large-area applications, since the poly-crystalized nature of LTPS. Besides, 

low temperature, which still above 500 ℃, is not suitable for plastic substrate that used 

in flexible electronics. Last, the fabrication cost is much higher than its amorphous 

counterpart. The breakthrough happened in 2004 that Nomura et al. developed a TFT 

based on amorphous semiconductor from In-Ga-Zn-O system (a-IGZO)3, fabricated at 

room-temperature using pulse laser deposition (PLD), with transistor saturation 

mobility ~10 cm2V-1s-1. This demonstration shows the potential of using amorphous 

metal oxide semiconductors in backplane technology.  

In order to understand the working principle of TFT, it is helpful to compare with the 

text-book example-MOSFET. Figure 1 shows the device structure of MOSFET and 

TFT. Generally, the operation mechanism for both devices is similar, the electrical field 

at the gate electrode modulate the conductivity of the semiconductor, across a dielectric 
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layer in the between. Specifically, in MOSFET, there are doped regions beneath the 

source/drain contacts, which form a reversed p-n junction with the channel when it is 

biased at depletion mode, hence, gives low off-current. When the semiconductor 

channel is under inversion mode, the contacts and channel are in the same conductive 

type, which promises high on-current. On the other hand, there is no such doped regions 

in TFT, which lower the fabrication cost, especially for large-areas application such as 

displays. Accordingly, the active materials in TFT should be chosen in such a way that 

the on/off ratio meets the design requirement. This also makes TFT working under 

accumulation mode. Usually, these materials are intrinsic semiconductors with wide 

bandgap (such as organic semiconductors). Sometimes non-intrinsic ones can also be 

applicable (such as metal oxide semiconductors), depending on whether the donor level 

distribution and the bandgap lead to the fabricated transistors suitable for practical use. 

 

Figure 1. Device structure for (a) metal-oxide-semiconductor field effect transistor 

(MOSFET), and (b) thin-film transistor. Copy from reference8. 

Although MOSFET works at inversion mode and TFT works at accumulation mode, 

their current equations have the same form when they are at on-state since the charge 

density in the channels is only controlled by the gate field. The equations for linear and 

saturation regimes are: 

2

2

Linear: [( ) ]
2

Saturation: ( )

d
d ox g th d

d ox g th

W V
I C V V V

L

W
I C V V

L





  

 

                                                                     (1) 

(a) (b)
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Where Id is the source-drain current, W and L are channel width and length, Cox is the 

channel-gate capacitance,  is the mobility of the semiconductor, Vg and Vd are the 

gate-source and drain-source voltage, Vth is the threshold voltage of the transistor. As 

indicated in Figure 2, Von is widely used in TFT, corresponding to the Vg at which Id 

starts to increase in the transfer curve plotted in log scale. In addition, on-off ratio means 

the Id ratio for the device at off- and on-state. Last, subthreshold swing (SS), as showed 

in the equation below, is the inverse of the maximal transfer curve slope. It indicates 

how effective the gate bias can modulate the drain current.  

1log( )
( )d

g

d I
SS

dV

                                                                                                              (2) 

 

Figure 2. Typical transfer characteristic of an n-type oxide TFT. Copy from reference8. 

1.2.2 Metal Oxide as the active material of TFT 

As said, TFTs using metal oxide semiconductor shows promising application in 

backplane technology. Thus, it is chosen as the active material of TFT in this work. In 

this subsection, some materials properties of oxide semiconductor will be introduced, 

with a focus on IGZO-the metal oxide used here.  

One of the inherent advantages of oxide semiconductors is they are usually wide 

bandgap (larger than 3.0 eV), which makes them transparent. Accordingly, AMOLED 

displays driven by transparent TFTs made by single-crystalline InGaO3(ZnO)5
9, 

amorphous oxide semiconductors (AOSs)3 and ZnO10, have been reported. With the 

success of low-temperature process, oxide semiconductors also find their applications 
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in transparent flexible electronics. For example, IGZO can be fabricated at room-

temperature by PLD3 and sputtering11. Though solution-processed IGZO usually 

requires high temperature annealing (300~500 ℃), recent years researchers 

investigated methods such as implementing combustion additives, to lower the 

annealing temperature (down to 200 ℃) and make it compatible for plastic substrates12. 

Another characteristic feature of oxide semiconductors is their n-type conductivity that 

originates from defects states within bandgap. A widely believed source of n-type 

doping is oxygen vacancies that acts as shallow donors13-14. However, studies indicated 

that hydrogen could also be a shallow donor, and was shown to be the reason of n-type 

doping in ZnO15 and other oxides16. 

Metals oxides can be composed of binary, ternary, and quaternary compounds of the 

elements17. ZnO, SnO2, In2O3, and Ga2O3 were the first reported binary compounds 

oxides that people intended to use in TFTs. However, they usually appears in the 

crystalized (or poly-crystalized) phase, resulting in grain boundaries that scatter carriers, 

and thus reducing mobility, and uniformity in large-area applications. Later, studies 

found that multi-metal compounds oxides, such as IGZO, indium zinc oxide (IZO) and 

zinc gallium oxide (ZGO), tended to be amorphous because different metals cations 

provided different ionic charges and sizes that disrupted the crystallization of the 

materials. The AOSs will not suffer from the issues mentioned above in their crystalized 

counterparts, since there are no grain boundaries.  

Another reason of why AOS keeps good transport property can be understood from 

their electronic structure. First of all, in conventional covalent semiconductors such as 

Si, conduction band minimum (CBM) and valence band maximum (VBM) are made of 

anti-bonding and bonding states of Si sp3 hybridized orbitals. On the contrary, in post-

transition-metal oxide semiconductors such as IGZO, due to their strong ionicity, CBM 

is mainly formed by the empty metal s orbitals and VBM is of fully-occupied oxygen 

2p orbitals18. Accordingly, when they come to their amorphous states, the two kinds of 

materials results in different carriers transport scenarios. As shown in Figure 3, for 

covalent amorphous semiconductors such as a-Si, exhibit much lower mobility 

comparing with their crystalline states. This is because the chemical bonds that 

responsible for carrier transport are made of strongly directive sp3 orbitals. 



8 
 
 
 

 

Consequently, the distorted bonds at amorphous states form deep and high-density 

localized states below CBM and above VBM, leading to carrier trapping. By contrast, 

the CBMs in oxide are made of heavy metal s orbital that appear to be spherical and 

insensitive to direction. The overlaps of these s orbitals are not seriously influenced 

even under disordered amorphous states. Thus, the charge transport within conduction 

band is not affected significantly in AOSs. 

 

Figure 3. Schematic orbital drawings for the carrier transport paths at crystalline and 

amorphous states. (a) Covalent semiconductors, with carrier transport paths of 

strongly directive sp3 orbitals. (b) Amorphous oxide semiconductors composed of post-

transition-metal cations, whose carrier transport paths mainly rely on spherical metal 

s orbitals. Copy from reference3.  

Regarding IGZO, a quaternary compound AOS used in this work, there are several 

advantages of this material. To begin with, the element Ga in the material tends to form 

stronger bond with oxygen, thus de-activates the interaction of oxygen within the film 

and outside ambient, and makes the fabricated TFT more air stable19. Another 

consequence of stronger bond formed with oxygen due to Ga is to suppress the 

generation of free carriers and reduce device off-current20. On the other hand, more In 
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content will make the film more conductive. Hence, by controlling the atom ratio of In, 

Ga, and Zn, the transistor parameters, such as mobility and Von, can be adjusted 

accordingly, as shown in Figure 4.    

 

Figure 4. (a) field-effect mobility (μFE) and (b) Von of TFTs with different metal atom 

ratio in IGZO system (devices fabricated using sputtering). Copy from reference8. 

1.2.3 Organic semiconductors 

Organic materials usually composed of carbon, hydrogen, nitrogen, and halogens. 

Although it is true that for saturated organic materials they are typically insulators, the 

situation in their conjugated counterpart is more interesting21. The unsaturated carbon 

atoms in conjugated organic molecules include   bonds and π bonds. The π bonds are 

weaker and more diffused than   bonds, which allow electrons more easily to be 

shared among nearby carbon atoms, and are considered as the source of electrical 

conductivity in organic materials. The collective outcome of the sharing of π electron 

orbitals in a molecule is the forming of degenerated energy levels, through linear 

combination of atomic orbitals (LCAO). The highest occupied molecular orbital and 

the lowest unoccupied molecular orbital are called HOMO and LUMO in organic 

semiconductors, similar as valance and conduction band in classical semiconductors.  

Besides, since organic semiconductors are disordered at the intermolecular level, there 

is no periodical potential in the bulk materials, and the states are localized in each 

molecule sites. However, the charge transport between molecules is still possible 

through hopping with the aid of phonons and electrical field, different from the band-
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like transport in crystalline semiconductors where there is a periodical potential among 

lattice sites. Some high mobility crystalline materials may approach the band regime 

but these will not be discussed here. 

Although the disorder of organic semiconductors usually lead to lower mobility than 

crystalline semiconductors, their other properties still make them very attractive. They 

can be processed in low-cost methods: small organic molecules can be deposit by 

thermal evaporation at room-temperature, and at any substrates22; organic polymers, on 

the other hand, can be solution-processed23. The waste of organic electronic is 

biodegradable, making it a clean and environmental-friendly technology. In addition, 

with the development of organic chemistry, organic materials with different bandgaps 

can be synthesised, which enables them to cover almost the whole spectrum from UV 

to NIR, as shown in Figure 5.  

 

Figure 5. Some of the widely used π-conjugated molecules from UV to NIR. Copy from 

reference24. 

Since in this work, the organic materials are used as light sensitive layers, it is important 

to know the charge photogeneration process inside the material. Upon light illumination, 

a neutral excited state called exciton (a bound electron-hole pair) is generated in organic 

semiconductors25. Spontaneous dissociation of exciton into free carriers is not as easy 

as in inorganic semiconductors, due to the relatively strong exciton binding energy 

(usually a few hundreds of meV), which is a result of low dielectric constant of organic 
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materials. Specifically, the dissociation of excitons could be inhibited by processes such 

as radiative decay, exciton diffusion, and exciton quenching26-27. On the other hand, 

application of electrical field and assistance of thermal (phonons) could help such 

dissociation. 

In addition to the excess energy, the exciton dissociation is inherently enhanced at so 

called Donor (D)-Acceptor (A) interfaces. As shown in Figure 6, upon photo-excitation, 

an exciton reaching a D/A interface forms a charge transfer (CT) state, with the electron 

at the LUMO of A and the hole at the HOMO of D. Consequently, e/h pairs at CT states 

are less coulombically bound and easier for dissociation. Two factors should be 

considered in order to obtain high photogeneration. Firstly, for excitons to be 

dissociated, they should be generated within a diffusion length from a D/A interface. 

Thus, a high degree of intermixing between D and A phase is recommended. Secondly, 

in order to effectively collect the electrons and holes after dissociation, a certain degree 

of demixing between A and D is also necessary to form a certain level of continuous 

charge transport path. In practice, several solutions have been proposed, such as bi-(or 

multi-) layers of D and A28-29, and bulk heterojunction D/A structure30-31. In addition, a 

free e/h pair from CT state has a tendency to transfer back to a exciton, and eventually 

recombine (radiatively or non-radiatively)32. To this end, a strategy to reduce the 

possibility of such recombination loss is to enlarge the energetic offset between the 

LUMO of A and the HOMO of D33-34. 
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Figure 6. Schematic of a D/A interface. Process 1 refers to exciton generation upon 

photo absorption in the donor; process 2 refers to charge separation at the interface; 

process 3 is the usually scarcely effective recombination between the electron on the 

acceptor and the hole on the donor. IP and EA refer to the ionization potential of the 

donor and the electron affinity of the acceptor, respectively. Copy from reference24. 

1.2.4 Phototransistor 

The phototransistor is a category of devices that use transistor structure to sense the 

incident light. The term 'transistor' here can be understood as bipolar-transistor, or (thin-

film) field effect transistor. 

Figure 7(a) shows the device structure of a bipolar phototransistor35. The transistor is 

biased in the active regime (base/emitter forward biased, base/collector reversed 

biased), while incidental photo being absorbed mainly at base/collector depletion 

region. For an n-p-n bipolar transistor, the light generated holes will finally accumulate 

at base electrode, since base (p-type) and collector (n-type) is a reversed biased diode. 

Consequently, the holes there raise the potential of base, and allow a large amount of 

electrons flow from emitter to collector, same as the result of increasing base current. 

One can obtain photo current gain in such a device by measuring collector current, due 

to the inherent gain mechanism of bipolar-transistor. 
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Figure 7. Operation schematic of (a) bipolar phototransistor, copy from reference35; 

and (b) Thin-film field effect phototransistor, copy from reference24. 

Thin-film field effect phototransistor adopts the same structure as thin-film transistor, 

as shown in Figure 7(b), which is also the basic device structure using in this work latter. 

Thus, distinguished from bi-polar phototransistor, we refer to phototransistor as the 

device of thin-film field effect phototransistor24, structured like Figure 7(b), in the 

following text. The light is mainly illuminated at the transistor channel area, and the 

photo current can be probed from source/drain current. One of the advantage of the 

device is that the gate transverse field at the semiconductor channel helps to separate 

the light generated electron/hole pair to free carriers. The detailed device mechanism 

depends largely on the device structure and composition, which will be partially 

discussed in chapter 3 and 4. Some of other known knowledge about this type of device 

will be introduced briefly as following.  

Regarding single active layer phototransistor, the device can work under either 

photoconductive mode, or photovoltaic mode, depending on the gate bias applied24. 

Similar as the case in photoconductor, the gain can be also achieved by different life 

time of electron and hole in the semiconductor materials used36. Besides, the channel 

can be composed of two different materials. Generally, the motivation is to use one of 

the material as light absorber, and another one as charge transport layer. Examples can 

be found using such as multi-layer organic materials37-38, perovskite with organic 

material39, 2D material with organic material40, 2D material with quantum dot41, metal 

oxide with organic material42-43, metal oxide with quantum dots44 or 2D material45-46, 

etc. In addition, changing the charge transport channel from planar to vertical direction, 

high-gain photo-sensor can be achieved by shining light from the transparent gate of 

such a vertical phototransistor47. 

(a) (b)
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2. TFT based on Indium Gallium Zinc Oxide 

(IGZO) 

As mentioned in the chapter 1, due to several attractive properties of IGZO, such that 

it can give high performance TFT and is solution-processed, it was chosen to be as the 

active layer of the TFT in this work. Before building device structures with organic 

layer on top of TFT in the next two chapters, it is important and necessary to first study 

and establish a well-understood IGZO TFT process, which will be illustrated in this 

chapter. Specifically, the process is described and the characterizations at the film and 

device level are accomplished. Several factors that relate to the device stability, and 

should be taken care of during fabrication, are discussed in the appendix.  

2.1 Film and device preparation 

The film fabrication starts with IGZO solution preparation. The solution was 

synthesized by dissolving indium nitrate hydrate (In (NO3)3·xH2O, Aldrich, 99.999%), 

gallium nitrate hydrate (Ga (NO3)3·xH2O, Aldrich, 99.999%) and zinc nitrate hydrate 

(Zn (NO3)2·xH2O, Aldrich, 99.999%) in 2-methoxyethanol (2ME) solvent separately, 

with a same molar concentration of 0.1M. Then the three precursor solutions were 

stirred at room temperature overnight and mixed in a volume ratio of 70:15:15, to reach 

to the final IGZO solution, which led to the same atom ratio of In:Ga:Zn=70:15:15. The 

mixed IGZO solution was also stirred overnight before use. As previously mentioned 

and pointed out in references8, 48, the atom ratio of IGZO will affect many aspects of 

the following process and final fabricated device performances, such as film annealing 

temperature, TFT mobility, device stability and transistor parameters. We do not 

include the investigation about the composition here, since it has been well studied by 

others already. The ratio used here was estimated to give overall decent behavior based 

on previous literatures.  

To prepare the IGZO TFT, the bottom gate top contact structure was used in this work 

(see schematic structure of the inset of Figure 14). The fabrication flow is schematically 

described in Figure 8. 
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We were able to establish the process directly on 2 or 4 inch wafer, where the heavily 

doped Si and thermally grown 100 nm SiO2 were used as gate and dielectric 

respectively. First, the wafer surface was cleaned by acetone, methanol, isopropanol 

and DI water sequentially and fully dried at 120 degree for 30 min. The cleaned wafer 

was then treated in ozone for 15 min to increase the surface wettability. Next, the 

prepared IGZO solution was spin-coated on the wafer at 3000rpm for 30s. The wafer 

with coated film was quickly transferred onto a hotplate for annealing, at 100 degree 

for 3min first and followed by annealing at 450 degree for 3 h, under clean room 

ambient condition with humidity around 42% RH and temperature of about 23 ℃. The 

same spin-coating and annealing process was repeated once49, to achieve higher 

thickness which resulted also in slightly improved film uniformity.  

The wafer with IGZO film was then diced into dies of size in 12 mm*12 mm. Al source 

and drain electrodes were deposited on each individual die by e-beam deposition in a 

vacuum deposition system (VINCI Technologies), with a base pressure of 6x10-7 mbar, 

at the rate of 1A/s through a shadow mask. The dies, with electrodes, were consequently 

patterned using diluted HCl to remove IGZO at the periphery to reduce gate leakage 

current. Finally, all the devices underwent a post annealing process at 170 ℃ for 3h, to 

stabilize the doping level in IGZO film and bring the threshold voltage of transistor 

close to zero volt48.  

 

Figure 8. Fabrication flow of IGZO TFT. 

Cleaned 4-inch wafer (Si/SiO2)

UV-Ozone treatment to 
increase surface 

wettability

Spin-coating IGZO solution

Film annealing: 100 ℃
for 1min, and 450℃ for 

3h

Repeat spin-coating and 
annealing one more 

time, to fill the pin-holes 
and obtain an uniform 

layer

Dice into 12mm*12mm substrates (>50)

Source/drain 
contacts deposit by 

e-beam Al 
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layer by etching the 
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Final anneal 
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Some steps during the process will be elaborated further in the following sections of 

the chapter, such as the influence of annealing condition, film thickness (determination 

and influence) and the necessity of film patterning. 

2.2 Film characterization 

2.2.1 Film physical properties analysis 

In this study, we used Atomic force microscopy (AFM, MFP-3D Infinity) to acquire 

film topographic image. Film optical absorption and thickness were measured using 

ellipsometry (VASE Ellipsometer J.A. Woollam Co.). The ellipsometry measurement 

was done with the help of Dr. Guy Ankonina. 

AFM uses the interaction between a sharp AFM tip and the sample to provide the 

sample's surface image. The tip is mounted on a cantilever, which can be moved in all 

the three direction around the surface of the sample. The surface image is generated by 

measuring the deflection of the tip, which is achieved by shining a laser at the rear of 

the tip and recording its reflection. The AFM can be worked on either contact mode or 

tapping mode. Here the tapping mode was used, in order to reduce the possible damage 

to the sample surface during the measurement. Figure 9 shows the AFM image of the 

8 nm IGZO film. As can be seen, the film surface is smooth, and without any 

discontinuity. The average roughness is within ±0.5 nm. 
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Figure 9. AFM image of 8 nm IGZO film. 

Regarding film thickness, there are several methods to measure it. For example, for a 

thick and soft film (>100 nm), one can mechanically make a scratch of the film on the 

substrate, and measure the film thickness from the step formed by using a profilometer. 

Similar step can also be generated by etching part of the film area. However, for a thin 

film (<10 nm), profilometer usually cannot give accurate result. On the other hand, 

ellipsometry is more suitable for the thin film case. 

Ellipsometry measures the change in the polarization state of light reflected from 

sample. Specifically, the difference between a polarized light shined before and after to 

the sample is recorded, which may be parametrized by the difference in amplitude ( ) 

and phase shift ( ) that carries the film properties information. By fitting to model with 

known materials' parameters (optical constants), the fitted film parameters, as well as 

the film absorption and thickness, can be extracted. The advantage of ellipsometry is 

that it has resolution down to sub-monolayer level. Besides, since it obtained data by 

fitting with models, even the sample composed of multiple layers with different 

materials, as long as the standard parameters of each material is known, one can get 

reliable measurement of the targeting layer by properly choosing different optical 

functions for each layer. Regarding the IGZO/SiO2/Si sample in this study, ellipsometry 

allows the determination of IGZO thickness and absorption spectra directly from the 

stacked sample. The thickness for different layer(s) and concentration of solution is 

summarized in Table 1, and the absorption of '0.01 M double layer' is shown in Figure 
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10. As expected, the IGZO film is only sensitive to short wavelength (<400 nm), due 

to its wide band gap nature. We note that in the following content, we refer '0.05 M 

single layer' film as '3 nm' film, and '0.1 M double layers' film as '8 nm' film. 

Table 1. IGZO thickness for different layer(s) and concentration of solution, measured 

by ellipsometry (the spin coating speed is 3000 r.p.m. for each layer). 

Film composition 0.05 M single layer 0.1 M single layer 0.1 M double 

layers 

Film thickness 

(nm) 

2.6±0.3 4.9±0.3 8.4±0.4 

 

Figure 10. Absorption spectra of 0.1 M double layer IGZO film measured by 

ellipsometry. 

2.2.2 Film composition measured by X-ray photoelectron 

spectroscopy (XPS) 

XPS is a technique used to measure the element composition of the sample. More 

importantly, it not only shows what elements are within the sample, but also give 

information about how are the bonding environments of those elements. This is also the 

original motivation of performing XPS measurement, that is, we were once facing some 
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instability issue of the devices, which we believed were related to the density of oxygen 

vacancies in the film that might be detected by XPS.  

The working principle is illustrated in Figure 11. Under ultrahigh vacuum (~10-10 Torr), 

the sample material is irradiated by an X-rays beam. The depth that the X-ray penetrate 

is usually less than 10 nm. The electrons for different materials, as well as from different 

orbitals of same materials, are ejected into vacuum and collected. Finally, a XPS 

spectrum is generated by plotting the number of electrons detected per unit time with 

respect to the binding energy. Since the energy of X-ray is known, the electron binding 

energy of the emitted electron can be determined as: 

( )binding photon kineticE E E                                                                                           (3) 

Where Ebinding is the binding energy of the electron, Ephoton is the energy of the X-ray, 

Ekinetic is the kinetic energy of electron detected, and   is the work function of 

spectrometer. Consequently, since different materials have their own special spectrum 

which are well-studied, we are able to know the composition of the sample by 

comparing the measured spectrum and the data in literatures. The measurement was 

done with the help of Dr. Kamira Weinfeld at the Solid State Institute. 

 

Figure 11. Illustration of the working principle of X-ray photoelectron spectroscopy 

(XPS). 



20 
 
 
 

 

The sample sent to XPS measurement was a Si substrate with 100 nm SiO2, and coated 

with 3nm IGZO film with the atom ratio of In:Ga:Zn=70:15:15 (since the process have 

not been optimized then, and we were still working on the thin film sample). The 

spectrum of the tested simple is shown in Figure 12. The ratio of element concentration 

in the simple was further calculated and summarized in Table 2. As can be seen from 

the table, the atom ratio of In, Ga and Zn (76.3:19.4:4.3) is not precisely consistent with 

the ratio in the original solution (70:15:15). Part of its reason could be the experimental 

error during mixing the solution. However, we were not clear whether there were other 

factors contributed to this discrepancy.  

 

Figure 12. Spectrum measured from the sample. Lines of Indium, Zinc, Gallium, 

Oxygen, Carbon are observed, and quite weak signal of Silicon and Chlorine. 

Table 2. XPS result of the atomic concentrations (%) of sample the 3 nm IGZO sample. 

Zn2p In3d5 Ga3d C1s O1s Sample 

2.1 37.3 9.5 6.6 44.5 
Concentration 

(%) 

4.3 76.3 19.4   
Concentration 

(%, for In, Ga 

and Zn) 
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As said, the information of oxygen is a main interest of this measurement. Figure 13 

shows the XPS spectrum of oxygen 1s orbital (O1s). It was further de-convoluted and 

fitted by three near-Gaussian curves, centered at 530.4, 531.5, 532.5 eV, as calculated 

in Table 3. The oxygen environments in metal oxide can be divided into three categories: 

1. the dominant peak with shorter binding energy (A), refers to the oxygen atoms stably 

bound to metal atoms in the lattice; 2. The peak with medium binding energy (B), refers 

to the oxygen atoms which locate at an oxygen deficient region; 3. The peak with higher 

binding energy (C), refers to oxygen bound to hydrogen atom50. B having higher 

binding energy than A is because that at oxygen deficient region, the relative 

concentration of metal atoms increases which makes less oxygen atoms there bound 

more strongly to them. C has highest binding energy is simply because hydrogen is 

more electro-negative than metals. The amplitude of peak B can imply the amount of 

oxygen vacancies. Therefore, the ratio of the peak A and B is used to estimate the 

relative quantity of oxygen vacancies in the sample. Last, peak C is usually due to the 

water molecule at the sample surface. However, in the case here, it could also partially 

come from the oxygen in SiO2 beneath the IGZO film, since the penetration depth (~10 

nm) of X-ray could go beyond the IGZO film (~3 nm), and the binding energy of 

oxygen in SiO2 is also located at the value of peak C. This might also explain why we 

observed higher value of peak C than people usually reported19, 50. 

The XPS results here show that the measurement is indeed able to distinguish different 

oxygen species, which allows to indicate the transistor performance (film with high 

concentration of oxygen vacancies could lead to high conductive device). On the other 

hand, the active layer should be thick enough (>10 nm) in order to provide more reliable 

results. In addition, it is better to compare multiple samples from the same batch (use 

same solution, store in the same ambient for the same time duration) within one 

measurement, in order to reduce the variables during the process, and give better 

comparison among samples. All the above indicated that using XPS to monitor and 

enhance the stability of our sub 10nm films may not be so useful. However, at a later 

stage, we overcame the instability issue regarding device conductivity (see section 2.4). 
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Figure 13. High resolution XPS spectrum of the oxygen 1s orbital (O1s) measured from 

3 nm IGZO sample. 

Table 3. The binding energies and the functionalities of three different oxygen types in 

the sample that de-convoluted from the O1S orbital.  

XPS line Functionality Binding energy (eV) 

A Metal Oxide 530.4 

B Metal oxide 

"vacancies" 

531.5 

C Hydroxides 532.5 
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2.3 Transistor characterization 

2.3.1 Transistor parameters and their extraction challenges 

After gaining some knowledge about the properties of the IGZO film, we next move to 

study the thin film transistor with IGZO as active layer. Several issues we have come 

across with before reaching to the device with high performance. Here, we will first 

show the performance and parameters of a device with final optimized process. Later, 

also in section 2.4, the issues regarding device process and its related mechanism will 

be discussed.  

The electrical properties of TFT was characterized by a semiconductor parameter 

analyzer (SPA B1500 A, Agilent Technologies) inside the glove box. The transfer 

curves of TFTs were recorded with a gate voltage interval of 0.2 V and a delay time of 

0.2 second between two points. 

Figure 14a shows the transfer curve of a device underwent optimized process. The inset 

of the figure shows the device structure. Specifically, also partially mentioned in section 

2.1, the device is composed of an active layer from twice film spin coating of 0.1M 

concentration solution, with a final thickness of around 8 nm. Each layer is achieved by 

an annealing process of 450 degree for 3h. Then the periphery is etched by HCl, 

followed by a post-annealing at 170 degree for 3h. The transistor parameter is 

calculated and summarized in Table 4. It can be seen that the transistor shows typical 

n-type behavior, with low off current, decent field effect mobility, close to zero turn on 

voltage and negligible hysteresis. Besides, the transistor's subthreshold swing is an 

indication of sub-gap states and although this was optimized the value indicates the 

presence of such states as would be expected from amorphous materials. 
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Figure 14. (a) Transfer curve of IGZO TFT with optimized process. The inset shows the 

device structure. (b) The zoomed in plot of (a) at gate bias around turn-on regime, for 

Vd=1 V. The arrow indicates the sweep direction. 

Table 4. IGZO TFT parameters of the device in Figure 14a. The threshold voltage is 

extracted from transistor saturation regime by using Vd=10 V.  

Turn on 

voltage (Von, 

V) 

Threshold 

voltage (Vth,V) 

Field effect 

mobility (μsat, 

cm2V-1s-1) 

Subthreshold 

swing (S.S. 

V/dec) 

On/off ratio 

-0.6 0.72±0.04 2.26±0.17 0.26±0.03 106 

 

Although there is almost no hysteresis at the device's on-state, the hysteresis exists at 

the off state where the gate voltage is negative. After examining the current value from 

the three terminals, we conclude that this hysteresis behavior is due to the current 

through the gate, instead of the device itself. As shown in the Figure 14b, for the 

backwards gate bias sweep starting at the transistor turn-on point, the Ig is so large that 

it forces the Is and Id to be both at larger values than their forwards sweep, which leads 

to the hysteresis observed at off-state of the drain current in Figure 14a. Considering 

the fact that the gate leakage current is kept at noise level and showing no gate voltage 

dependent at on state, it implied that the possible conductive path from the film to the 

gate, through the periphery of the device, is effectively cut off. The hysteresis of gate 
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current, as well as its 'mountain like' asymmetric curve shape at on-state, is likely due 

to trap-like states charging and discharging while sweeping the gate back and forth. 

This was justified by the observation that by applying slower sweep, the hysteresis at 

off-state (Ig, Is and Id), and the height of the 'mountain', were both suppressed.  

Indeed, gate leakage current could cause several problems during device 

characterization, simply because IGZO is a relative high conductive solution-processed 

semiconductor, any conductive path formed between the active layer and the gate 

electrode will induce drain/source-gate current. This current sometimes can mask the 

true performance of the device, and accordingly cause some artifacts while extracting 

device parameters. Here are some examples. 

In some cases, if the gate leakage current is too high, then the major amount of current 

will go through source to gate, instead of flow as normal path as source to drain. At the 

beginning, we follow the practice of treating with regular solution-processed 

semiconductor. Namely, mechanically clean the device top surface to insulate the active 

area, or spin coating the film on a wafer first and dicing the substrate. However, both 

methods did not work properly. The devices usually show both very high drain and gate 

current (up to mA) even starting from very negative gate bias, where the device should 

be turned off. Figure 15a shows a device with reduced but still high gate leakage current. 

If we just look at the drain current, the device gives poor performance, with high off 

current, poor subthreshold swing, and low on/off ratio. Once we include the current 

through the gate, we found it even surpassed the off-current level. In addition, at on 

state, the gate leakage current keeps increasing with increasing of gate bias, since now 

the source to gate tends to be like a resistance. Thus, it shows that the device 

performance might not be true if high gate current appeared. Later we found that only 

through chemical etch (by using HCl) can we truly get rid of gate leakage current. 

Figure 15b shows the transfer curve of the same device as in Figure 15a, but after 

etching the periphery of the device. It shows that once the conductive path between 

source/drain to gate is blocked after the etching process, the device drain current shows 

significantly different behavior, which is believed to reflect the true device performance. 

However, the device in the Figure 15b is still not ideal, since the turn on voltage is 

around -20V. This point will be further illustrated in section 2.4.2. 
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Figure 15. (a) IGZO TFT (W/L=2 mm/50 μm) with high gate leakage current, before 

etching the periphery of the active layer. (b) The same device in (a), but after patterning 

the active layer by etching, showing low gate leakage current and different transfer 

curve behavior. 

Before implementing the etching method, we also tried a possible approach called 

'photo patterning'. We used a shadow mask during the UV-ozone treatment process, 

covering the device periphery without shined by UV light. Figure 16a shows the image 

of the annealed film after such a process. From the inset of the film's microscopic view, 

we can see that the 'photo patterning' does form a clear boundary between the area with 

and without covered by the shadow mask. The discontinuous white dots seen in the 

figure are the result of IGZO accumulated as droplet formed at the un-wetted SiO2 

surface. The figure also indicates that it is very likely the UV-light that plays a role of 

increasing surface wettability, instead of the generated ozone since it should spread 

over the whole substrate surface freely even to the area covered by shadow mask. Figure 

16b presents the device performance fabricated on the patterned film in Figure 16 a. 

The device gives clearly lowered gate leakage current compared to the one in Figure 

15a. However, the conductive path still exists, since the gate current still rises with the 

increase of gate bias. Especially when apply with a small drain voltage, the current from 

the gate still shares a non-negligible amount of drain current, which leads to inaccuracy 

if extracted parameters, such as linear channel resistance and linear mobility, from 
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transistor linear region (small drain bias). This is why we decided to move to chemical 

etching method mentioned before, which gives more reliable results.  

 

Figure 16. (a) IGZO film after performing 'photo patterning'. (b) IGZO TFT (W/L=2 

mm/50 μm) fabricated by the film in (a). 

Although etching the device periphery helps to get rid of the major gate leakage current, 

the fact that we do not perform the gate patterning would still cause several issues that 

again relates to the gate leakage current. The inset of Figure 14a shows the top contact 

TFT structure used in this work, where the highly doped Si acts as the substrate, as well 

as the gate electrode. Thus, the remained inevitable gate leakage current actually goes 

from contact-active layer to gate, through the gate insulator, which depends largely on 

the overlapping area between source/drain and gate electrodes.  

The device off-current would be influenced by the contact area. Figure 17a shows the 

transistor transfer curves of two devices on the same substrate, and channel length and 

width, but different drain contact area as depicted in Figure 17b. The smaller contact 

area of Device B is because that it lies at the edge of the substrate, and part of the 

electrode was unintentionally removed during etching the periphery. As seen, the 

device (Device A) with larger electrode also has higher gate current (the inset of Figure 

17a) and off-current than the device with smaller contact (Device B). This is because 

that at off-state, since source and gate are negative biased while drain is positive biased, 

the gate leakage current is favorable to flow from drain to gate, and this current level 
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depends on the overlapping area of the two electrodes. At the meantime, since the 

intrinsic off-current of IGZO TFT reported, with patterned gate, can reach to a quite 

low level (<10-12 A)48, the dominant current probed from drain at off-state here is 

flowing towards gate, instead of the theoretical off-current between source and drain. 

Hence, it explains the dependency of contact area and off-current. On the other hand, 

once the device is turned-on, since the drain current easily surpasses the gate leakage 

current by orders of magnitude, this dependency relation becomes negligible. Thus, it 

is artifact due to the contact geometry that leads to the two devices in the figure show 

the same on-state behavior but different off-current levels. It could also introduce 

inaccuracy if extracted on/off ratio of such device.  

 

Figure 17. (a) Transistor transfer curves (Vd=1 V) of the two devices (W/L=1 mm/25 

μm) with same channel length and width, but different area of drain electrode, as 

displayed in (b). The inset of (a) shows the current through gate before the transistors 

are turn-on. 

In a word, in this section, we have shown the transistor characterization methods and 

discussed several issues one might encounter while working with such a solution-

processed transistor structure. We pointed out that the gate leakage current should be 
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taken care of, and the best practice should be patterning both the active area and the 

gate electrode, in order to obtain the most reliable device characteristics. 

2.3.2 Influence of contacts on device performance 

Transmission line method (TLM) allows one to extract transistor contact resistance by 

using devices with different channel length while measuring current at the linear regime. 

/T ds d ch s d ch sdR V I r L R R r L R                                                             (4) 

RT is the measured transistor resistance, rch is the channel resistance per unit length, Rs 

and Rd are the series resistance (or the total series resistance, Rsd) at the source and drain 

contacts. By measuring the total resistance (RT) of devices with different channel 

lengths (L), for different gate bias, one can extrapolate the contact resistance (Rsd) for 

L=0. We used this method to calculate the contact resistance of Al (100 nm). Figure 18 

displays the transfer curves of Al contact devices with different channel length. They 

were all measured with a small drain voltage (1 V), to ensure a relatively large linear 

regime. It shows that all the devices have the same Von, which indicates their channel 

charges starts to accumulate almost at the same gate bias condition. This uniformity of 

device performance is critical to calculate the contact resistance. This is because that 

under this circumstance, it guarantees certain Vg at linear regime also induces the same 

amount of fermi level shift at IGZO channel, and the channel length becomes the only 

variable that leads to the drain current difference. 

Before extrapolating the contact resistance, we first calculated the transistor mobility at 

linear regime. As shown in Table 5, the extracted mobility increases with increasing of 

the device channel length. This fact implies that contacts resistance plays a role in 

mobility extraction. Specifically, the longer the channel the higher the channel 

resistance and more source-drain voltage would drop across the channel compared to 

shorter channel cases which exhibit smaller calculated mobility, assuming contact 

resistance is constant. 
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Figure 18. Different channel length IGZO transfer curve (Vd=1 V) with Al as 

source/drain contact. 

Table 5. IGZO TFT linear mobility for different channel length devices. 

Transistor channel length (μm) μlinear (cm2V-1s-1) 

25 1.45±0.1 

35 1.82±0.07 

45 2.2±0.06 

55 2.38±0.03 

75 2.81±0.06 

 

Figure 19 shows the contact resistance extrapolation of the devices in Figure 18. The 

calculated Vth is ~2 V, thus we used Vg=6 V, 9 V, 12 V, 15 V, to represents four Vg at 

linear regime (under Vd=1 V). For each channel length, there are two devices included, 

in order to acquire good fitting. The extrapolated contact resistance (ohm*mm) are: 

12705, 18332, 18975, 18742, for the four Vg from 6 V to 15 V. Ignoring the value for 

Vg=6V the contacts resistance is gate independent and is about 18.5 kmm. 

Accordingly, the apparent transfer length increases with higher Vg. If the transfer 

length theory holds for such thin films then, it indicates that due to the 8 nm ultra-thin 
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film, higher channel carrier density under larger Vg forces the injection area extend 

deeper inside the contact (longer transfer length), while keeps the resistance at the 

contact edge (contact resistance, where L=0) remain unchanged. The deviated fitting 

result with the low Vg value are associated with the relative resistance between the 

channel and the contact. If the contact resistance is significantly lower compared to the 

channel resistance, the inherent non ideality of the transistors will distort the extracted 

contact resistance. In fact, before we managed to enhance the reproducibility of our 

FETs, even negative contact resistance could be inferred from such analysis. 

 

Figure 19. Total device resistance (RT) as a function of the channel length (L), for IGZO 

TFT with Al source/drain contacts. 
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3. Organic-metal oxide hybrid phototransistor as 

a photo-sensor 

Having established the IGZO based TFT process, in this chapter, the research will 

continue in the direction of building optoelectronics device upon it. As stated before, 

the motivation is to make use of the advantages of both IGZO and organic materials, 

where IGZO gives good performance as TFT but only sensitive to short wavelength 

light, and organic materials can serve as good light absorber but with relatively poor 

charge transport capability.   

3.1 Device fabrication 

Shown in Figure 20 is the device structure of the phototransistor used as a photo-sensor 

in this chapter. We adopted the IGZO TFT structure established in chapter 2 as a base 

structure, and covered the channel area with an organic bulk heterojunction (BHJ) layer. 

The process of IGZO TFT fabrication was introduced already, where 8 nm IGZO was 

used to guarantee high quality film and good fabrication yield, and Si/SiO2 is used as 

gate/dielectric. We note that the thickness of source/drain contacts being 20 nm does 

not matter too much in this section, but does matter for the device in the next section. 

The idea is to produce as many device as possible through single fabrication, and at the 

same time enable us to reduce the unexpected variables during the process so as to make 

devices from this and next chapter better comparable. 

  

 

Figure 20. Device structure of IGZO TFT-based organic bulk heterojunction (BHJ) 

phototransistor.   

Si

IGZO(8nm)
SiO2

C70:DBP BHJ (50nm)

Al(20nm) Al(20nm)
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Organic semiconductors are generally divided into two categories: polymers, and small 

molecules. Polymers are usually processed via solution-process, due to their relatively 

large molecular weight. In contrast, small organic molecules are possible to be 

deposited through thermal evaporation. Thermal evaporation approach allows to better 

control the deposition thickness and supports both composite and multi-layer structures. 

The organic materials that are used in this work were: copper phthalocyanine (CuPc, 

Creaphy, Ultra-High-Purity), fullerene (C70, SES Research, purity 99.95%) and 

tetraphenyldibenzoperiflanthene (DBP, Lumtec, purity 99%). Their molecule structures 

and energy levels are denoted in Figure 21a51-55. They were thermally deposited in a 

vacuum deposition system (VINCI Technologies), as shown in Figure 21, with a base 

pressure of 6x10-7 mbar. To be specific, in order to obtain a homogeneous 50 nm 

C70:DBP BHJ layer in this section, the two materials were evaporated from two 

separated sources (C70 in source 1, and DBP in source 3) simultaneously. During the 

evaporation, their deposition rates and thickness (0.35 Å/s and 25 nm, respectively) 

were in-situ monitored by two independent quartz-crystal microbalances inside the 

vacuum chamber. After the fabrication, the device was kept in a nitrogen-fill glove box 

before characterization.  

 

Figure 21. (a) chemical structure of organic materials used in this work and their 

energy level diagram; (b) schematic of VINCI deposition system. 

As can be seen from the relative energy level of the materials used in this section, when 
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LUMO levels of IGZO and the two organic materials actually facilitate the electrons to 

accumulate at IGZO, while retain the holes insides organic layer. Besides, the bulk 

heterojunction of organic light absorber layer is believed to help the dissociation of 

light generated excitons and is also the place where charge  recombination occurs once 

the light is removed. As will be shown latter, this property allows the relatively fast 

response of the photo-sensor.  

3.2 Characterization methods 

3.2.1 Film characterization 

Since the thermal deposition provided good control of the film thickness and 

composition, we further perform its optical absorption spectra measurement. The 

measurement was done with a film grown on glass substrate, using an UV-Vis-NIR 

spectrophotometer (Cary 5000, Agilent) in the air.  

The machine measures the absorption optical density (O.D.) at the each point of 

scanned wavelength, according to Beer-Lambert law: 

. .1 1 1 10d O DA T e                                                                                        (5) 

Where A is the absorption, T is the transmission, α is the absorption coefficient, and d 

is the film thickness. 

During the measurement, an initial calibration scan was performed on a pristine glass 

substrate, with no organic film on it. After that, the sample with tested film was loaded. 

The obtained absorption spectra of 50 nm C70:DBP BHJ film was plotted in Figure 22. 

As plotted, the fabricated film shows broad absorption across the visible spectra, from 

400 nm ~ 750 nm. 
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Figure 22. Absorption spectra for 50 nm C70:DBP bulk heterojunction (BHJ, or mix) 

grown on glass. 

3.2.2 Device characterization setup 

The device electrical characterization was done using SPA B1500. The procedure was 

briefly summarized at the beginning of section 2.3.1. In addition, in order to 

characterize the device as photo-sensor in this chapter, we chose to illuminate the 

device channel area with a red LED (R5CA5111P, Roithner Lasertechnik) with a center 

wavelength of 625 nm. We did not use various wavelength of LEDs in this work, since 

we believed the organic layer here was only responsible for light absorption, merely 

participate in the charge transport of the transistor. Illuminating with different color of 

LEDs only leads to the variation of device output that supposed to mirror the absorption 

spectra of the organic layer, but without affecting the device mechanisms under study. 

We chose the LED with 625 nm wavelength since it falls close to the peak of the BHJ 

layer absorption spectra according to Figure 22.  

The measurement setup is shown in Figure 23. The LED was placed right on top of the 

sample, with a distance of 3 cm, in order to generate a uniform spot size that was able 

to cover the whole area of the device; while at the same time without sacrificing too 

much light intensity that the device will receive. The panel with LED was movable, 

which allowed one to load the sample when it was out of place, and perform the 
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electrical measurement during light illumination when it was switched back on. The 

pillar near the LED panel was used to fix the position of the LED with respect to the 

sample beneath, before and after placing the sample. We also marked the area on the 

holder of where to place the sample, so that every time the device can be placed at the 

same position. The light intensity of the LED was controlled by a function generator 

(KEITHLEY 3390 Arbitrary Waveform Generator). Before assembling the LED to the 

panel, the actual light intensity was calibrated using a standard Si photodetector (Model 

2031, NEW FOCUS), placing at the same distance (3 cm) away from the detector. 

 

Figure 23. LED illumination measurement setup. 

3.3 Device characterization results 

3.3.1 Device characterization under dark 

We measured the transistor transfer characteristic before and after the organic layer 

deposition, as plotted in Figure 24. We scanned the gate bias from -5 V to 15 V with 

drain bias of 1 V and 10 V, so that the transistor parameters can be easily extracted, as 

specified in Table 6. As can be seen from both the figure and the detailed value in the 

table, besides the slight hysteresis, there is a negligible change in the transistor 

characteristics in term of field effect mobility, threshold voltage, and subthreshold 

swing. This fact indicates that the deposition of organic does not interfere with the 
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charge transport of the IGZO TFT channel, and forms a good interface with IGZO top 

surface. The capping of organic layer also did not increase the off current of the 

transistor, due to the low conductivity of organic materials used. The extracted field 

effect mobility value (0.3 cm2V-1s-1) is lower than the values usually reported8, and it 

is also lower than the value calculated for the device in section 2.3 where we used the 

same IGZO process. We found this to be associated with the series resistance imposed 

by the 20 nm thin Al source/drain.  

It is not clear what is the reason behind the slight reduction in Vth upon the deposition 

of the organic capping layer. Throughout our work with IGZO FETs we encountered 

that the position of Vth is sensitive to the fabrication process and part of our effort was 

in stabilizing this process. Adding the capping layer changes the fabrication process by 

adding a few steps. Part of the added steps include holding the device in a vacuum 

chamber (evaporator) which may lead to oxygen deficiency and slight shift due to the 

resulting doping. Another mechanism could be associated with the junction formed 

between organic layer and IGZO. The IGZO film and the BHJ organic might have 

different Fermi energy levels that could cause charge transfer while forming 

semiconductor-semiconductor junction. The slight shift would suggest a ground state 

electron transfer from the organic to the IGZO. Such a transfer would require that, when 

separated, the Fermi energy of the organic layer would be above that of the IGZO. The  

reported Fermi energy level of IGZO varies in a range typically between 0.05~0.4 eV 

below its LUMO56-59, depending largely on the process and atom ratio. Similar spread 

could also be found for the organic materials52, 55. Namely, such charge transfer is 

plausible too. 
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Figure 24. Transfer curves of IGZO TFT-based organic bulk heterojunction (BHJ) 

phototransistor (a) before and (b) after deposition of the organic BHJ (mixed) layer. 

Inset to (b) shows the device structure. 

Table 6. Transistor characteristic before and after putting organic bulk heterojunction 

(BHJ). 

 )1-s1-V2cm( satμ (V) thV Subthreshold Swing   

)1-decV ( 

IGZO 0.33±0.02 0.60±0.06 0.26±0.03 

IGZO+organic BHJ 0.31±0.01 0.29±0.07 0.35±0.03 

 

3.3.2 Steady state light response 

After recording the device behavior under dark, we next measured its transfer curve 

under red light (wavelength centers at 625 nm) illumination with various intensity. 

There were 9 light intensity values being used in this part, varying from 10.9 μW/cm2 

to 7.92 mW/cm2, though for clarity some figures in the following only shows the results 

of some of the light intensities. A short discussion about the device light response 

mechanism will be mentioned at the end of the section.  
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To confirm the pristine IGZO TFT does not respond to the red light, we measured its 

transfer curve under light and found that its curve overlapped with the one under dark. 

The finding indicates that the IGZO TFT alone indeed did not show response to red 

light.     

The IGZO/BHJ transistor transfer characteristics under light are shown in Figure 25, 

for two drain biases, 1 V and 10 V. Here, only the curves of the forward sweeps are 

plotted. Some hysteresis-related behaviors will be shortly discussed in the next section 

as part of the transient light response properties. We first note that during the 

measurement under light, the device showed no light bias stress effect. Namely, the 

current level for each point in transfer curve was stable no matter how many sweeps 

were performed, or what range of gate bias that was chosen. From Figure 25, comparing 

with the transfer curve in the dark, for both drain biases under light, the transfer curves 

mainly show: 1. Rise of current level; 2. Negative shift of Von (Vth), with both effects 

enhanced with increasing light intensity; 3. For Vd=1 V, the off-current shows slight 

gate bias dependence. Regarding 3, we note that it is a kind of artifact that there is some 

charging effect at the first loop of gate sweep (Vd=1 V), where the high initial drain 

current is due to the gate current (by analyzing the current relation as in Figure 14). We  

believe ideally, the off-current for Vd=1 V should be relative flat as Vd=10 V. Thus , 

we correct it as shown in Figure 25b. We note the correction could reflect more realistic 

drain current behavior, but it still may not be accurate. We also apply same correction 

in Figure 26 and Figure 24, for Vd=1 V. 
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Figure 25. Transfer curves of IGZO-organic bulk heterojunction phototransistor 

under different light intensities for (a) Vd=1 V, (b) Vd=1 V after correct the off-

current part, and (b) Vd=10 V. 

The shapes of the transfer curve alone cannot give quantitatively description of the 

device behavior under light. The photo responsivity is the ratio between the photo 

induced current and the unit incident illumination light power, which is define as:  

ph light dark

in in

I I I
R

P P


 

                                                                                                (6) 

Where Iph is the light generated photo-current, which is equal to the difference between 

the drain current under light Ilight, and dark Idark. Pin refers to the incident light power, 

which is calculated by multiplying the light intensity and the device channel area. The 

photo-responsivity for the two drain biases are plotted in Figure 26. We eliminated few 

points for Vd=1 V for Vg=1~3 V under 107 μW/cm2 light illumination, since the photo-

current is too low to give a difference between Ilight and Idark. Consequently, the Iph is 

immersed in the noise level of the Idark. As displayed, the responsivity shows clear gate 

bias dependent. With relative constant at off-state and increases with Vg at on-state. At 

the same time, for each point in the measurement, higher drain bias gives higher 

responsivity. Above 3 A/W responsivity is achieved at Vg=5 V, Vd=10 V, and at light 

intensity of 107 μW/cm2. 
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Figure 26. Photo responsivity of IGZO-organic bulk heterojunction phototransistor 

under different light intensities for (a) Vd=1 V, and (b) Vd=10 V. 

It is also clear in the figure that for each gate bias, the highest responsivity always 

happens at lowest light intensity, which is probably due to the higher exciton 

recombination loss when light intensity gets stronger. However, at Vg around -1 V, 

which is actually the Von point at the transistor dark transfer curve, the responsivity 

curves for different light intensities overlaps with each other within this small range. 

This indicates that the different light intensities give same responsivity. In other words, 

the light response is linear with light intensity. In order to better observe this effect, we 

plotted the Iph with respect to light intensity, by choosing four Vg (-2.4 V, -0.8 V and -

0.6 V, 4 V) to represent the situation of off-state, around Von (-0.8 V and -0.6 V), and 

on-state, as shown in Figure 27. Here we use Vd=10 V for the illustration, since a similar 

cross point also appears for Vd=1 V in Figure 26a.  It is noted that all the 9 different 

light intensities were used while plotting the figures, in order to obtain good fittings. 

As can be seen, for both the off- and on-states, the light responses are sublinear, which 

might be fitted as a logarithmic relation with responsivity (the slope between two points) 

decreasing for higher light intensities. On the other hand, for Vg=Von  -0.8 V or -0.6 

V, the responsivity shows good linear behavior, with the value of 5~7 mA/W across a 

wide range of light intensities.  
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Another parameter used to describe the linearity of response is known as linear dynamic 

range (LDR). LDR is expressed as the number of order of magnitude of photocurrent 

over which photo-sensor's responsivity is linear. It is calculated as following60: 

*

1020log ( / )photo darkLDR I I                                                                                          (7) 

Where 
*

photoI  is the maxim photo-current that is still linear with respect to light intensity 

(Figure 27e f). The calculated values for gate biases -0.8 V and -0.6 V are 51.95 dB and 

54.42 dB, respectively. We suppose the device actual LDR value will be higher, since 

we did not observe the point that the device starts to lose linearity, from the light 

intensities range used here. 
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Figure 27. Photocurrent as function of light power intensities of IGZO-organic bulk 

heterojunction phototransistor under (a) Vg=-2.4 V; (b) Vg=-0.8 V; (c) Vg=-0.6 V;(d) 

Vg=4 V; (e) Vg=-0.8 V (log scale); (f) Vg=-0.6 V (log scale). 

Photosensitivity is another figure of merits of photo-sensor, which normalizes the 

photo-current with respect to the dark current at the given gate bias. It is defined as:  
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The photosensitivity of the device with Vd=1 V and 10 V are shown in the Figure 28. 

We can see from the plot that at off-state the photosensitivity is relatively constant with 

gate bias, and at on-state it decreases with gate bias. There is a peak appearing at gate 

bias around Von for all the light intensities. This is because from the Figure 25, the 

transfer curve around Von in the dark gradually shifts to the transistor subthreshold 

region, where the drain current increases rapidly, thus results in orders of higher 

photosensitivity than other gate biases. Again, though the dark current level for Vd=1 V 

is smaller than Vd= 10 V, it still gives smaller photosensitivity for certain gate bias and 

light intensity. Combining the observation from Figure 28 and Figure 27, we can 

conclude that the as-fabricated device shows highest photosensitivity as well as linear 

response under the same bias condition (Vd=10 V and Vg=-0.6 V), which make it 

attractive for photo-sensor application.  

 

Figure 28. photosensitivity as a function of Vg of IGZO-organic bulk heterojunction 

phototransistor for different light intensities, with (a) Vd=1 V, and (b) Vd=10 V.  
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transistor channel is responsible for both light absorber and charge transport, which is 

different from the case here. These studies showed the transistor photo response 

consisted of two effects. Photoconductive effect at off-state, due to the increase 

conductivity of the channel under light that leads to a linear dependent light response. 

Photovoltaic effect at on state, on the other hand, due to the reduced electron injection 

barrier under source since the accumulation of light generated holes beneath it, whose 

photo-current showed logarithmic dependent with light intensity. The photovoltaic 

effect is also considered as the reason for the transistor Vth shift under light62. Though 

they were based on 2DEG transistors, and it actually assumed a very small Vth shift in 

the derivation, some later studies that are based on organic phototransistors indicated 

the two effects might be also applicable, by showing good fitting in the device light 

response characteristics for on-and off-states24, 65-66. People also proposed that photo 

generated charges trapped in channel would act as local gate, and induced more charges 

in the channel, as well as caused Vth shifts38, 67.  

However, there is little analytical modeling study done on phototransistors that 

composed of a channel semiconductor and light absorber. The experimental 

observations varied among the literatures: only increase in the off-current68, only shift 

in the Vth
69, and shift in Vth accompanies by increase in off-current42, were all been 

reported. The complications are likely to originate from the fact that the device consists 

two materials, their different combination might lead to different device mechanisms. 

The property at the interface of the two layers could also be complex. Regarding the 

results in this work, we first note that the device shows both Vth shift and off-current 

increase. However, the Vth shift does not result in the curves being shifted by a constant 

value towards negative gate bias but rather it seems that the amount of shift decreases 

at positive gate bias. 

A qualitative explanation of the device mechanism here is described as following. 

Under light illumination, excitons are generated in the organic layer, and the bulk 

heterojunction helps them dissociate into free electrons and holes. The electrons which 

are in the C70 can easily transfer to the IGZO, mainly through diffusion.  Holes residing 

in the DBP are blocked from transferring to the IGZO and hence can temporarily 

accumulate in the organic BHJ layer (see the energy profile depicted in Figure 21). 
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These holes accumulated under light can act as local gate that induce transistor transfer 

curve shift to negative. We note the shift is not parallel, with the effect weaken at higher 

Vg. This could be due to that high electron density in the transistor channel at high Vg 

inhibits the holes to further accumulation in the DBP part of BHJ layer. The nonlinearity 

of light response at on-state and off-state is possible due to the higher exciton 

recombination lose at higher light intensity. Nevertheless, at gate bias around Von, this 

lose might be compensated since the transistor transfer curve shifts from off-state to 

subthreshold or saturation region, where a large current increase can be obtained. Last, 

we note that the electrons injection from contact into the organic layer is also possible 

for both off- and on-state, which should be taken into the consideration for the detailed 

modeling work in the future research.  

3.3.3 Transient light response 

Figure 29 shows the transistor transfer curve under 4.5 mW/cm2 light illumination with 

Vd=10 V, its back and forth gate sweep, as well as the curve right after the light is 

removed. As displayed, the transistor is able to return to its original status without any 

noticeable delay, with the recovery of both the off-current level and the Vth shift.  

We also found that the hysteresis behavior is observable when the device is under dark, 

comparing with under light. In addition, from Figure 24 in section 3.3.1, we notice that 

the hysteresis at positive gate bias occurs only after the deposition of organic layer. We 

attribute this effect to the IGZO channel effectively extending into the C70 part of the 

organic layer which in turn holds or “traps” them. The extension of the channel beyond 

the 8nm IGZO and into the organic layer is discussed in the simulation part of the next 

chapter (4.4.4). The slow release of electrons from the C70 could be due to its 2-3 orders 

lower electron mobility or population of its low energy states which act as traps. Such 

negative charging of the top surface reduces the mobile electron density at the IGZO 

channel making the reverse sweep of lower current values. However, when the device 

is under light, due to the large amount of photo-generated charges, the effect of trapped 

charges becomes less significant, which leads to the suppressing of hysteresis behavior. 

Nevertheless, we should point out the exact nature and origin of the proposed trap states 

at the interface still need more investigations. 
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Figure 29.  Transfer curve of IGZO-organic bulk heterojunction phototransistor under 

dark, under light power of 4.5 mW/cm2 and immediately back to dark.   

Another approach to demonstrate the relatively-fast (or not long) response nature of the 

photo-sensor is the transient response through light switching measurement. The 

measurement was done by fixing Vd=10 V and gate bias at -2.5 V, -0.8 V, and 4 V 

sequentially, which represents the stress condition for off-, around turn-on, and on-state. 

The light illumination was turned-on and -off periodically with different intensities. At 

the meantime, the SPA was sampling the drain current at a time interval of varying 

between 5 ms and 100 ms, depending on its acquisition procedure. The results for the 

three different gate biases are shown in Figure 30. We note that at Vg=-2.5 V, since the 

current for either dark or light was so low that approached the SPA noise level while 

working on the sampling mode, which led to the non-smooth current output, as 

displayed in Figure 30a. Thus, we smoothed the curve presented by the black line in 

the plot.  
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Figure 30. Photo-switch behavior of IGZO-organic bulk heterojunction phototransistor 

under different light intensities. (a) At Vg =-2.5 V, the black line indicates the photo-

current after smoothing the noise current. (b) At Vg =-0.8 V. The insets are zoomed up 

plots of the rise and fall time for light intensities of 4.5 mW/cm2 demonstrating that the 

50 ms rise and fall times are limited by the SPA resolution/settle time. (b) At Vg=4 V 

showing the long decay time associated with the Von shift. 

As depicted in the figure, for all the bias conditions, the device shows switching that is 

limited by the SPA sampling time. Such recovery is consistent with the observation in 

Figure 29. Specifically, the large relative difference between light and dark current level 

for Vg=-2.5 V and Vg=-0.8 V caused the SPA to reduce its sampling rate (see inset of 
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ms for Vg=-2.5 V and Vg=-0.8 V, respectively. For Vg=4 V the sampling was kept at 

5ms and the rise time was resolved at ~9 ms (not shown). 

The sampling performance of the SPA does not allow to compare the rise times. 

However, it is clear that the fall time for Vg=4 V is slower than the other two bias 

conditions (off-state and around turn-on point). If we extract its fall time as the time 

duration between 10 %~90 % of the photo-current, it turns out to be ~5.8 s. The slow 

fall time at on-state can be understood by considering the mechanism proposed at the 

end of section 3.3.2. As mentioned above, the electrons that are generated under light 

in the organic BHJ layer prefer to transfer to IGZO channel. That transfer forces the 

electron and hole pairs (EHPs) to separate between the organic layer and the IGZO 

although the scale of separation remains of the order of 10nm as in the BHJ layer itself. 

The light generated electrons that transferred to the IGZO contribute directly to the 

current in the high mobility IGZO. The holes that remain at the DBP part of the BHJ 

layer cause a Vth shift and thus make an indirect contribution to the current, as the case 

when the device is biased at Vg=4 V. These could be net positive charge or the dipoles 

created due to charge separation in the BHJ. The Vth shift is sometimes referred to as 

voltaic effect. Once the light is turned off, the light generated electrons that transferred 

to the IGZO are quickly swept out and are small part of the initial fast fall time. The 

recombination of the holes takes significantly longer time as the excess holes at the 

DBP part of the BHJ need to find their way to the IGZO/DBP interface. This slow 

recombination results in the long tail that extends seconds. Admittedly, further 

investigation is required to provide a completed description about the device behavior 

here. Nevertheless, it is consistent with the investigation described in the next chapter. 

To further confirm the correlation to the steady state measurement done at the last 

section, we plotted the photo-current versus light power intensity from the photo-switch 

measurement in this section. We use Vg=-0.8 V as an example, and display the result in 

Figure 31. As shown, the response still shows good linear fitting, and more importantly, 

the slop (responsivity, 4.9 mA/W) fits to the value obtained from the last section (4.8 

mA/W, from Figure 27b). This indicates that the fabricated device was stable and able 

to restore its original status after undergoing various characterization in these two 

sections. It also means there is no any long-term charge retention behavior under 
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illumination happens insides device, no matter what kind of stress is performed (gate 

sweep from off- to on-state, or stress the device at certain bias condition). This is a very 

important feature since it will be used to compare with the device in the next chapter.  

 

Figure 31. Photocurrent as function of light power intensities of IGZO-organic bulk 

heterojunction phototransistor, with data extracted from photo-switch measurement.   
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4. Organic-metal oxide hybrid phototransistor as 

a photo-induce memory 

In last chapter, we demonstrated a phototransistor acts as a photo-sensor, by using an 

IGZO TFT and capping its channel with C70/DBP organic BHJ. The primary motivation 

of its next step is to examine the device performance by changing the configuration of 

the organic capping layer from BHJ to planar heterojunction (PHJ). As will be shown 

latter in this chapter that IGZO/PHJ device is no longer suitable for photo-sensor, but 

could function as a photo-induce memory. 

4.1 Device fabrication 

Figure 32 shows the IGZO/PHJ device structure. The IGZO TFT structure is the same 

as mentioned in chapter 3. However, here we deposit 40 nm C70, followed by a 20 nm 

DBP to form a PHJ structure, using Vinci evaporation system. The evaporation system 

and process details are addressed also in chapter 3. We chose to use 40 nm C70 

accompanied with 20 nm Al, in order to form a well-defined structure where the C70 

layer fully covers the electrodes so that the DBP layer would have no direct contact 

with the Al electrode. The importance of this design will be further addressed below. 

By applying the same device structure, we use 20 nm CuPc to replace DBP for the study 

in section 4.4.4, as well as replacing the whole capping layer with single layer C70 or 

DBP. The materials' energy level can be found in Figure 21 chapter 3. After the 

fabrication, the device was kept in a nitrogen-filled glove box. 
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Figure 32. Device structure of C70/DBP organic planar heterojunction (PHJ). 

4.2 Characterization methods 

The characterization methods are essentially the same as in the last chapter. The film 

optical absorption is first measured using UV-Vis-NIR spectrophotometer, with films 

grown on glass substrate. The result is depicted in Figure 33. We marked in the zoomed 

up plot the wavelength of the LED being used. We note that for all the films used in 

this thesis, the absorption at the LED wavelength only varies within a small range, 

between ~0.25 O.D. to ~0.32 O.D. In addition, we also adopted the same measurement 

setup as mentioned in chapter 3, for device electrical characterization and LED 

illumination. 
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Figure 33. Optical absorption spectra of organic materials in different structures. The 

zoomed in plot shows the absorption around 625 nm, which corresponds to the red 

LED used in this work. 

4.3 Optoelectronic characterization 

4.3.1 Observation of charge retention and the method of 

characterization 

As mentioned, the motivation of using PHJ was to compare the photo-sensor 

performance with BHJ. To this end, we first characterized the device in the same 

manner as its BHJ counterpart. Namely, measuring the transistor transfer curves under 

different light illumination intensities. However, as shown in Figure 34, under 30 

μW/cm2 light illumination, the transistor transfer curve kept shifting towards negative 

gate value. Moreover, in order to determine Von we extended the measurement range to 

more negative gate values, to obtain a complete transfer curve, resulting in a farther 

negative shift of the curve with the Von approaching the point where the sweep starts. 

Besides, once the light was removed, the curve (the dotted red line in Figure 34a) did 

not return to its original position in the dark, before the measurements under light 

excitation. On the other hand, if we chose to sweep the device only for certain range 

on-state Vg, we did not observe the curve shift (the green line in Figure 34b), as well as 
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no retention behavior once the light was removed (the purple line in Figure 34b, which 

overlaps with the red line dark curve).   

Regarding the observations, we first note that it will be difficult to characterize the 

device under light by using the regular transfer curve sweep, since the position of the 

curve depends on the bias range being used and how many sweeps have been performed. 

Secondly, the device shows light-induce memory behavior, and it is mainly active under 

Vg values that correspond to the transistor off-state. At the same time, we have also tried 

to measure the device under higher light intensities, and we found the only difference 

was just that the curve (in Figure 34a) under light shifted faster and more dramatically. 

Accordingly, we decided to change the measurement protocol as follows. First, the 

baseline performance is measured under dark conditions. Next, the light excitation is 

done with Vd=0 V and the gate bias at Vg=Von-8 V (8 volts below the transistor Von in 

the dark baseline). The light intensity is fixed at 30 μW/cm2 and is kept on for 30 s. 

Once the light is OFF, we measure the transfer curve to characterize the induced Von 

shift and repeat this measurement at time intervals to characterize the retention time of 

the shift. 

 

Figure 34. Transfer curve of IGZO-C70/DBP planar heterojunction devices. (a) The 

device was repeatedly scanned until the curve’s Von stabilized in accordance with the 

range used for Vg. The first curve on the right is the reference dark measurement. The 

other solid lines are under light exposure and for the Vg range of [-6 V to 4 V] orange, 
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[-8V to 2 V] blue, and [-10 V to 0 V] green. The dotted red line is measurement in the 

dark after the last measurement in light. (b)  After (a) the device was exposed to light 

only when Vg was in the on state [-2 V to 2 V]. In this case, no shift was observed. 

4.3.2 Characteristic of charge retention and memory behavior 

We then used the protocol mentioned above to characterize the IGZO/PHJ device. To 

first verify the observation that positive gate bias does not promote Von shift, we 

performed the protocol but with Vg=Von+5 V and Vg=Von+8 V. Indeed, no shift in Von 

was observed in this case (not shown). As previously mentioned, in section 2.3.1, since 

the Von of the as-fabricated device with organic capping layer, may vary due to the 

processing conditions, we excluded its effect in Figure 35, as well as in the figures that 

follow, by plotting the curves as a function of Vg-Von (t=0). The t=0 here represents the 

curve before the stress was applied. Figure 35 shows the C70/DBP PHJ device 

characterized as described in the above protocol (Vg=Von-8 V). For this negative gate 

bias, the light induces a shift of 4-5 volts in the transfer characteristics towards negative 

values. The curve measured immediately after the light was turned off is marked as 

t=0+.  Surprisingly, the curve shows very little recovery even after 9 days (see the 

dashed curve in the figure, the detailed device Von evolution can be found in Figure 39 

of section 4.4.4). The IGZO TFT subthreshold slope, together with the low off-current, 

enables 104 current modulation induced by light-writing with a 4-5 V shift in the 

transfer curve. Therefore, by merely changing the organic capping layer from BHJ to 

PHJ, the functionality of the device has been changed accordingly, from a photo-sensor 

to a photo-induced memory cell. 
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Figure 35. Transfer curves of IGZO-C70/DBP planer heterojunction device under dark, 

immediately after light stress and 9 days after light stress. The inset shows the device 

structure. 

4.3.3 Possible mechanism 

There are several possibilities that can promote the photo-induced memory behavior 

observed above. To begin with, the phenomenon called 'persistent photoconductivity 

(PPC)' is widely believed to exist in the metal oxide semiconductor. It enables the 

photo-current of metal oxide-based TFT last for long time (even days) after the light is 

removed, which is due to the photo excitation of sub-gap oxygen vacancies state71. 

However, the pristine IGZO TFT did not show photo response to the red light used here, 

as expected from the wide band gap of IGZO. Thus, PPC should not be considered as 

the cause. Secondly, the photo-generated charges could be trapped inside the organic 

layer, or at the IGZO/SiO2 interface. The trapped charges, most likely holes, can act as 

local gate and induce more electrons in the IGZO channel. However, we did not observe 

long-term memory behavior from the BHJ device in chapter 3, which indicates the 

organic layer itself, or IGZO/SiO2, is unlike to be the source of trapped charges. In 
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order to explain the observations, we believe that it is necessary to consider the structure 

property of organic capping layers, in chapter 3 (BHJ) and chapter 4 (PHJ) 

We thus propose that the Von shift is caused by hole accumulation in the DBP layer, 

which effectively acts as a 2nd gate. We suggest that the process leading to the hole 

accumulation can be understood with the aid of the schematic picture shown in Figure 

36. Light absorption (λ =625 nm) takes place in both organic layers, but exciton 

dissociation occurs at the C70/DBP planar junction. Electrons within C70 may transfer 

to the IGZO channel or be extracted at the Al contact. The holes generated at the DBP 

side of the junction are blocked by the C70 layer and may decay only through charge-

transfer recombination through sub-gap (or charge transfer) states at the junction with 

electrons on the C70 side. The choice of 20 nm Al accompanied by 40 nm C70 could 

guarantee that the DBP layer is not in contact with source/drain, thus the holes at the 

DBP would not leak to the electrodes. Consequently, the accumulated holes act as a 

counter gate electrode, with C70 serving as a dielectric layer, modulating the charge 

density in the IGZO TFT and thus shifting the transfer curve to negative gate voltages 

(leftwards).   

 

Figure 36. Mechanism of charge retention behavior in the C70/DBP planar 

heterojunction (PHJ) device. 
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4.4 Investigation of the charge retention behavior 

4.4.1 Kelvin probe force microscopy measurement (KPFM) 

The first confirmation of the proposed mechanism would the positive charges (holes) 

retention insides the DBP layer. To this end, we used Kelvin probe force microscopy 

(KPFM), an efficient method for surface potential measurement including molecular 

surfaces72-73, to physically probe the charge retention in the device channel area. This 

was achieved using a MFP-3D Infinity atomic force microscope (AFM) operated in 

KPFM mode. All measurements were done in a nitrogen-rich environment. This is 

because the small organic molecule may be sensitive to the moisture in the ambient and 

it may also change the surface energy. Specifically, we found that, if done in ambient 

air, the measurement value kept swinging during the measurement; while once the 

measurement was performed insides nitrogen, it was stable. 

The relative change in the surface potential of devices' top surface can be approximated 

from the measured contact potential difference (VCPD) calculated as following72: 

tip sample

CPDV
e

 
                                                                                                                (9) 

Where 
tip  is the potential of the AFM tip (~ 4.9 eV),  

sample  is the surface potential 

of the film, and e is the electronic charge. The measurement was performed on three 

different types of devices: unstressed, lightly stressed, and strongly stressed. An 

'unstressed' device was taken as a reference referring to a device without going through 

light stress; a 'lightly stressed' device was generated the way proposed in the above 

(stress at Vg= Von-8 V, with light power 30 μW/cm2 for 30 s) that leads to about 4.5 V 

leftwards shift of Von; a 'strongly stressed' device was obtained by stressing at Vg = Von-

25 V with the same light power and time duration that ended up with around 15.5 V 

negative shift of Von. Thus, ideally, the amount of holes accumulated insides top DBP 

layer should increase from the 'unstressed' device to the 'lightly stressed' device, with 

the maximum observed in 'strongly stressed' device. 

Figure 37 shows the VCPD map of the three devices, which gives a value of around 300 

mV, 260 mV, and 220 mV, for unstressed, lightly stressed, and strongly stressed 
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devices, respectively. The VCPD of unstressed device (300 mV) indicates the work 

function of sample (4.9-0.3=4.6 eV), which is close to the theoretical value if 

considering DBP is an intrinsic semiconductor with Fermi level at the middle of 

bandgap (HOMO: 5.5 eV, LUMO:3.5 eV, then Efermi: ~4.5 eV). The DBP is effectively 

p-doped once there are holes accumulated insides, which leads to the increase of work 

function (Fermi level goes downwards). This effect will in turn reduce the VCPD 

measured, which is in line with the trend observed in the figure.  

We note that the ultimate purpose of the KPFM measurement should be that one could 

correlate the VCPD measured with the value of the transistor Von shift. However, some 

effects might impede us from achieving this goal at the present stage as we do not know 

the voltage drop within the device and across its layers. For example, the distribution 

profile of the holes inside DBP is not known hence, it is not straightforward to deduce 

how many charges will be induced in the IGZO channel. In addition, we found that the 

KPFM measured value is sensitive to the distance between the tip and the sample 

surface, which might introduce some error to the measured VCPD. However, regarding 

the measurements here, we fixed the distance to be the same from the calibration and 

through the measurement. Hence, the qualitative analysis by comparing the relative 

VCPD of the three samples holds. 

 

Figure 37. Surface potential maps measured for C70/DBP capped IGZO transistors 

that were unstressed (a), lightly stressed (b), and strongly stressed (c). The full color 

range corresponds to 270-320 mV (a), 240-290 mV (b), and 180-230 mV (c). 
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4.4.2 Charge retention characteristic of the device with top 

source/drain contact 

The physical picture we have drawn above relies on the DBP layer accumulating holes 

and as C70 isolates it from the Al contacts, it retains its charges. To test this, we 

fabricated devices with the same C70/DBP PHJ but deposited the Al electrodes on top 

of the organic layer as shown in the inset to Figure 38a. In this top contact structure, Al 

was deposited after the organic layers, where we used a higher rate (3 Å/s) to make the 

Al partially penetrate inside the organic layer and reduce the series resistance to the 

IGZO channel. We note that the original Von of the fabricated device was at ~ -9 V (not 

shown), which was slightly more negative compared to the regular organic capped 

IGZO TFT shown before, with bottom contact. This is largely attributed to avoiding 

the post-annealing step due to the presence of the organic layers. We recall that this was 

required to bring Von close to zero as in the case of pristine IGZO TFT in chapter 2. 

Figure 38a shows the transfer curves before and after light exposure using the same 

protocol as for the bottom contact PHJ reported in Figure 35. The light exposure is 

taken to be t=0 and each curve is marked by the time it was taken and the number of 

that sweep in the measurement sequence. The figure shows that the device transfer 

curve completes full recovery within 20 minutes, which happens to be the 7th 

measurement sweep. The same measurement sequence was repeated several times and 

the results were the same. The clear and relatively fast recovery in this top contact 

structure supports the notion that holes reside in the DBP layer and that making physical 

contact with the Al electrode allows them to exit the structure. If this is indeed the case, 

one could expect the source-drain bias to play a role too. To this end, we altered the 

measurement sequence and especially, the first measurement after light exposure was 

taken only at t=10 min. Figure 38b shows that in the absence of measurement sweep 

(drain-source bias) the recovery is significantly slower. In Figure 38a, after 10 minutes 

the recovery is almost of the entire 5 V shift, while in Figure 38b, the 10 minutes 

recovery is of only ~1 V. Once the measurement sequence continues, the recovery 

process (Figure 38b) becomes faster and the transfer curve fully recovers after about 8 

sweeps (35 minutes). Namely, the recovery process in this structure takes place through 

two mechanisms. First, when no bias is applied, the holes diffuse towards the contact 

where they would recombine. Second, when a bias is applied, the holes drift towards 
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the contacts and recombine at the contact interface. This drift related mechanism is 

responsible for the faster recovery once the sweep sequence commences. 

 

Figure 38. Transfer curves of top-contacts IGZO-C70/DBP planar heterojunction 

device under dark, before and after light exposure. The light exposure is taken to be 

t=0, and each curve is marked by the time it was taken and the number of that sweep 

in the measurement sequence. (a) The first measurement is taken immediately after light 

exposure, at t=0+. (b) The first measurement is taken 10 min after light exposure. The 

inset to (a) shows schematically the device structure. 

4.4.3 Expand the discussion generality into different materials 

The results reported above are all in favor of the holes being retained at the DBP and 

do not leak/recombine across the C70/DBP interface. To verify if this can be linked to 

the quality of the interface, we followed reference74 and replaced DBP with CuPc as 

the top layer in the phototransistor and measured the charge retention (Von shift) as a 

function of time. In the study74, people have shown that the dark leakage current in 

organic PHJ photodiodes originated from the sub-gap states of the two organic 

materials, at the PHJ interface. The observation was correlated to the strength of the 

sub-gap optical absorption signature of the charge-transfer states, for different PHJ 

organic films. 
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Figure 39 summarizes the Von shift with respect to time for all the devices mentioned 

thus far, as well as two devices capped by a single layer only (DBP or C70). The 

absorption spectra from different films can be found in Figure 33. We note that of each 

point in the figure, for certain type of device, the transistor transfer curve was able to 

almost overlap with other points, with only certain shift in Vg. Hence, in order to 

properly characterize this recovery, we recorded the shift by comparing the Vg at Id=1 

nA for the forward sweep of Vd=10 V, to represent the relative 
onV  between the two 

time points. Regarding the device with C70/CuPc capping layers, one can clearly see 

that charge retention is still observed; however, the retention time of the disordered 

C70/CuPc interface is shorter than that of the better ordered C70/DBP interface. This 

observation can be understood from the study mentioned above, by considering the 

charge-transfer (CT) states in organic PHJ as a source of leakage. Specifically, 

C70/CuPc photodiode shows a stronger signal and longer tail of sub-gap states compared 

to C70/DBP. The lower reverse leakage current of C70/DBP reported in ref 74 correlates 

with the longer retention time reported here. 

 

Figure 39. (a) Von shift with time following light stress at t=0 and for different organic 

capping layers. The curves at the bottom depict the negligible shift observed for single 

layers of C70 (squares) and DBP (triangles). (b) The % of the Von shift on a linear axis 

scale for the bilayer bottom contact devices only. 
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Regarding the single layer devices, they show a negligible Von shift despite the fact that 

they still exhibit absorption comparable to the bilayer devices (see Figure 33). This 

could be due to several reasons such as: 1. The organic/IGZO interface may be leaky 

and holes in the organic layer recombine with electrons in the n doped IGZO, 2. The 

interface with IGZO is not efficient at exciton dissociation, 3. The direct contact 

between the organic layer and the electrodes allows the holes to be swept out. 

4.4.4 Device simulation 

The combined experimental results above indicate that positive charge accumulates at 

the top layer. Another feature observed in Figure 34 is that the light stress effect is only 

sensitive to the negative gate bias. In order to better understand the charge accumulation 

mechanism of the PHJ device, we performed 2D numerical simulation using the 

Sentaurus tool. The simulation was run with the aid of Gil Sheleg in our group. The 

device structure and layers were set to replicate the fabricated devices. The only 

difference was that we used 15 nm IGZO in the simulation to simplify the numerical 

calculation. Regarding light excitation, we set the exciton dissociation and charge 

generation at the donor/acceptor junction to be the electron and hole generation at the 

donor (DBP) and only at the 10 nm adjacent to the DBP/C70 interface. This ensures 

that holes are generated only at the DBP and that electrons generated at the DBP can 

cross to the C70 through diffusion. The charge generation rate was set at 1018 cm-3s-1 to 

match the estimated light absorbed at the LED intensity used (~30 μW/cm2). 

Recombination processes were bimolecular (radiative) in the layers and trap-assisted 

surface recombination at the interfaces. Other relevant parameters are summarized in 

Table 7. 
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Table 7. Simulation parameters of different materials. 

 IGZO 70C DBP 

), effective DOS in the 3-(cm cN

conduction band 

4.4E18 4.4E20 4.4E20 

the  ), effective DOS in3-(cmv N

valence band 

4.2E18 4.2E20 4.2E20 

(eV), electron affinity  4.15 4 3.5 

(eV), bandgap gE 3 2.1 2.1 

 )1-s1-V2Electron/Hole Mobility (cm 5/4 1.4E-3/1.7E-3 1.4E-4/1.7E-4 

 

Figure 40 shows the hole and electron density distribution across the device layers, at 

the middle of the channel, under different gate biases and with or without light 

excitation. The turn-on voltage in the simulation appeared to be at -1 V, which was 

different from the experiment. As mentioned before, the exact turn-on voltage relates 

to several factors, such as storage condition of IGZO TFT, vacuum deposition process, 

etc., which are impossible to consider them in the simulation. Hence, the gate bias of -

1.3 V and +3 V were chosen to be below and above the simulated turn-on voltage and 

thus representing off and on states, respectively. Figure 40a shows that without light 

illumination, the hole density is very low across the layers. Under illumination, there is 

an increase of hole density at the DBP layer and the hole density that accumulates is 

only significant in the off state.  The light-induced accumulation of holes at the DBP 

and in the off state is in line with the conclusions drawn above based on the 

experimental data.  

In order to explain these phenomena, we examine the electron density distribution in 

Figure 40b. As shown, light excitation has very little effect on the electron density and 

we mainly observe the electron accumulation at the IGZO under positive gate bias.  The 

inset to Figure 40b shows that the channel extends into the C70 layer resulting in an 

electron density of 1016 cm-3, or above, at the C70/DBP interface. This is a result of the 

IGZO thickness being just 15 nm and the low mismatch between the IGZO/C70 LUMO 

levels. Namely, the enhanced electron density at the C70/DBP interface suppresses hole 

accumulation in the DBP layer. We suggest that in the real device, the mechanisms that 
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suppress hole accumulation/generation could be electron-exciton annihilation75, 

recombination across the interface. At the meantime, we found for the stressed device, 

the memory effect was unable to be erased even a sweep was performed at on-state in 

the dark (as shown in Figure 34(b), the second sweep in the dark did not make transfer 

curve to shift back). This observation indicates that 'electron-exciton annihilation' is 

more like the reason. In other words, the reason why holes are unable to accumulate by 

sweeping at on-state under light, is because that the holes which supposed to 

accumulate is annihilated during their exciton stage, before dissociation to free holes. 

Only forcing electrons to accumulate in C70 by biasing the device at on-state, will not 

lead to recombination with the holes in DBP that already have accumulated.   

 

Figure 40. Simulation results of (a) hole and (b) electron density distribution across 

the layers (IGZO: 0-15 nm; C70: 15-55 nm; DBP: 55-75 nm). Results are shown for 

with or without light generation and under bias condition of Vg=-1.3 V (off-state) or 

Vg=3 V (on-state). The inset of (b) plots the distribution in log scale. 

4.4.5 Reliability of the observation 

Regarding the long-term charge retention behavior in C70/DBP PHJ device above, it is 

important to guarantee the reliability of this observation. For instance, as stated in 

section 2.4.1, the pristine IGZO TFT will show negative transfer curve shift if kept 

insides the low oxygen partial pressure environment, such as nitrogen-filled glove box. 

If this effect also happens to the organic-capped device, one might doubt the results 
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validness, since the negative shift of IGZO TFT is against the recovery direction of the 

memory device. To test this, we kept track on the transistor transfer curves of two 

organic-capped devices, for the same period during plotting Figure 39, by storing them 

insides the glove box but without performing light stress measurement.  

Figure 41 shows the transistor transfer curves for the two devices after 9 days insides 

glove box. Unlike the behavior for pristine IGZO TFT in section 2.4.1, the two devices 

here do not show observable shift even after 9 days. We attribute this to the fact that 

once the organic layer is deposited on the transistor channel, the path of gas interaction 

that is responsible for the negative shift of transistor transfer curve between the IGZO 

and the ambient, has also been blocked. Therefore, the stability of the organic-capped 

transistor supports that the observation of charge leakage/retention is not affected by 

the possible leftwards shift of IGZO TFT. 

 

Figure 41. Device transfer curve by storing inside nitrogen-filled glove box (GB), for 

device (a) with C70/DBP, (b) C70/CuPc. The insets show the device structures. 

4.5 Comparison with other memory devices 

The functionality of the organic PHJ device demonstrated in this chapter can be referred 

as a write-once read-many-times memory (WORM), but written by light instead of 

electrically. Traditionally, in EEPROM (electrically erasable and programmable read-
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only memory), a floating gate structure in the middle of the dielectric layer is used to 

store the charges, which effectively modulate the gate field and influence the transistor 

threshold voltage76, as shown in Figure 42a. By adopting the similar floating gate 

concept, people reported photo-induced memory by inserting photo-sensitive organic 

material inside the gate dielectric layer77, as shown in Figure 42b. In such structures, 

the floating charges are subject to the gate field, promoting charge leakage during the 

read process. However, for the memory device proposed here, we believe it is 

inherently immune to 'read times' test, since the trapped charges are placed outside the 

transistor structure without influenced by the gate field. Admittedly, this nature also 

prevents the device to be erasable. Specifically, we have tried to erase the signal by 

applying high gate bias, at either sweep mode or pulse mode.  Nevertheless, the transfer 

curve did not show any recovery in either case. 

 

Figure 42. (a) Classical EEPROM (electrically erasable and programmable read-only 

memory) structure, by employing a floating gate. Copy from reference76; (b) photo-

induced memory, with photo-sensitive organic materials inside gate dielectric layer. 

Copy from reference77. 

On the other hand, as for typical WORM devices, it is a common practice to apply bias 

across a material, until to a certain voltage that a conductive filament has been generated 

so that the conductivity of the material changes accordingly78-80. The WORM device 

here however, relies on light and gate field (no drain bias needed) rather than current to 

be programmed, which consumes no electrical power.  

Care should also be taken about while evaluating the charge retention capability of 

memory devices. 10-year is usually the retention criterion for commercial flash memory. 

When people reported memory devices in the research lab, they chose to record the 

(a) (b)
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device performance maxim up to 105 second, and extrapolate the data to 108 second, 

which refers to the charge retention of 10-year, as shown in Figure 43. However, this 

method is obviously not accurate. This is because 105 second is less than 2-day, it is not 

reasonable to judge the device performance after 10 years by using the data from 2 days, 

though in the logarithmic scale there is only three orders difference. For instance, from 

Figure 39a, we observed a dramatic charge retention loss between 105 and 106 second, 

though before 105 second the curve is relatively flat. 

 

Figure 43. Two examples of how people usually evaluating charge retention capability 

of memory devices, by recording data less than 105 seconds to extrapolate data for 108 

seconds. (a) is copied from reference77. (b) is copied from reference81. 

  

(a) (b)
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5. Conclusion and future work 

This chapter summarizes the results presented in this thesis, and suggests several 

directions for future work. 

Chapter 1 gives an introduction of materials and basic device structure used in this 

research. It explains some of the materials properties of metal oxide semiconductors 

and organic semiconductors, and their advantages in TFT and photo-sensors 

applications, respectively. In the next chapter, the process of high-performance 

solution-processed IGZO TFT is shown. The thin film and the device were 

characterized. We found the 8 nm ultra-thin IGZO film was smooth, though with small 

discrepancy, shown by XPS, in term of atom ratio prepared from the solutions. We also 

presented that several factors could influence device characterization and stability. 

Specifically, gate current would affect drain current, thus should be minimized by 

etching the device periphery. The ambient air composition and annealing condition 

would very much affect device characteristic, causing possible shift in the transfer curve. 

Besides, the contact resistance effect should be taken care when we extract device 

mobility.  

Chapter 3 and 4 present a hybrid phototransistor composed of IGZO as TFT channel, 

and organic donor-acceptor combination as light sensitive material. We first 

demonstrated, in chapter 3, that the phototransistor could function as a photo-sensor, 

by using a C70/DBP BHJ layer on top of the IGZO TFT channel. Under red light 

illumination, the device shows increase in the off-current, with negative shift of transfer 

curve. Such sensor gives relatively fast response, with sensor parameters, such as 

sensitivity and responsivity, being able to be modulated by gate bias.  

In addition, in order to better study the device physics of the hybrid phototransistor, we 

changed the organic capping layer structure from a BHJ to a PHJ, as shown in chapter 

4. Upon realizing the bias stress effect and memory behavior of such PHJ device under 

light, we modified the characterization protocol to study this surprising phenomenon. 

We proposed that the memory effect was because of the holes retention inside the DBP 

layer of PHJ, which acted as a top gate that increased the charge density inside IGZO 

channel. This hypothesis was first confirmed by physically probing of the retained holes 
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using KPFM. Second, a device with electrodes in contact with DBP-the hole retention 

layer, showed poorer memory performance further supported the theory. More 

importantly, by studying the charge retention of different donor materials, the origin of 

such charge retention/leakage mechanism was revealed to relate with the sub-gap states 

at the PHJ. We next used simulation tool to claim that the programming process of this 

photo-induced memory was insensitive to positive gate bias, where the high density of 

electrons in the C70 inhibited the accumulation of holes inside the DBP. Last, by 

showing there is no observable transfer curve shift of IGZO TFT with organic capping 

layer keeping inside glove-box, we made sure that the possible ambient instability of 

IGZO TFT did not play a role in the proposed memory device. Overall, in this chapter, 

a photo-induced WORM memory is successfully demonstrated. The device retained 4 

order of current  modulation even after 9 days. The novel device structure promises the 

memory will not lose upon reading process. Programming relying on photon and 

electrical field are also the advantages of this device. Since the easiness of the 

fabrication (solution-processed and thermal deposition), we believe this device will be 

attractive in future low cost memory applications.  

We suggest the optimizations can be considered from following aspects. To begin with, 

regarding the memory device, it is vital to find PHJ with low sub-gaps states that is 

believed to elongate the charge retention time. Also, the thickness of the organic 

materials inside PHJ layer might also play a role in charge retention, which can be 

engineered further. Similarly, in BHJ photo-sensor, there is still room to find the 

optimal mixture ratio of the two materials. Last, reducing the process temperature of 

IGZO TFT will make the device application more appealing.  
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Appendix. Performance variation and instability 

issues of IGZO TFT 

While developing the device fabrication process towards the optimized performance, 

shown in Figure 14, we came across some effects that could introduce variations in 

device performance and affect the stability of the device. By discussing the effects of 

film thickness and annealing conditions we illustrate the sensitivity of the fabrication 

process. 

A.1 Film thickness and storage condition 

Device performance depends largely on the thickness of the IGZO active layer. 

Different IGZO thickness can be achieved through several methods. For instance, 

higher concentration of precursor solution usually leads to thicker films, and diluted 

solution gives thinner one. The thickness can also be controlled by the spinning speed.  

In addition, the film thickness can be accumulated by repeating the cycles of spin 

coating and annealing. 

As mentioned, one would expect to get the same thickness by either using a high 

concentration solution or utilizing multiple layers made of a diluted solution. However, 

people found for certain film thickness, multiple layer approach gives better film quality 

and transistor performance, since the pin-holes generated by previous layer can be filled 

by the subsequent coated layers, which densify the film and provide better quality 

transport channel82.  

In this work, we compared the device performance with two different thickness: 3 nm 

and 8 nm, made of single layer 0.05 M concentration solution and double layer 0.1 M 

concentration solution, respectively. The device transfer curve is plotted in Figure 44a, 

and its parameter is calculated in Table 8. 
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Figure 44. Transfer curve of IGZO TFT (W/L=2 mm/50 μm) with  active layer thickness 

of 3 nm, from single layer 0.05 M  concentration solution. (a) Device still shows 

workable characteristic. (b) Device performance degraded after film patterning.  

Table 8. Characteristics of the device in Figure 44a. The Vth is calculated from 

transistor saturation regime by using Vd=10 V.  

Turn on 

voltage (Von, 

V) 

Threshold 

voltage 

(Vth,V) 

Field effect 

mobility (μsat, 

cm2V-1s-1) 

Subthreshold 

swing (S.S., 

V/dec) 

0.2 1.38±0.03 0.13±0.03 0.167±0.01 

Comparing with Table 4, thicker film shows more negative Von, as well as Vth. This 

relation could be attributed to the fact that thick film contain more free carriers in its 

bulk, and thus it require more negative gate bias to be turned off83. Some people also 

correlate Vth and thickness by considering ambient condition84. It is well known that the 

back channel of metal oxide tends to absorb oxygen from the ambient environment85. 

The attached oxygen attracts electrons in the IGZO film and form a depletion layer 

under the back channel surface. Hence, it is possible that the thinner film is already 

fully depleted, while the thicker one is not, if we assume the depletion depth is between 

the thickness of the two films. Then the device with thicker film will be easier to turn 

on even at a small negative gate bias. On the other hand, a slight positive bias is required 
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to switch on the thinner one, in order to compensate the depletion layer formed due to 

the ambient oxygen. However, the detailed mechanism here still need to be further 

investigated quantitatively. 

Secondly, the thicker film also gives higher field effect mobility. This is due to that the 

thinner film might suffer from charge scattering from the back surface and thus 

effectively reduce the charge mobility. Indeed, the 3 nm ultra thin film is vulnerable 

especially once the patterning process is performed. The yield of the device in Figure 

44a is quite low, usually only less than 40% of the devices will survive after patterning; 

while the yield of 8 nm device is ~100 %. In most of the cases, the devices with thin 

active layer leads to poor performance, as shown in Figure 44b. The low current level 

and severe hysteresis indicate the channel responsible for charge transport is destroyed 

significantly. On the other hand, it is possible that further increasing in the film 

thickness would reduce the effective mobility, since then the effect of the series 

resistance through the bulk semiconductor between source/drain contact and channel 

will arise86.  

The extracted off current and subthreshold swing are both smaller in the thinner film 

than the thicker one. At the subthreshold regime the “channel” extends to large 

distances87 and in the case of sub 10 nm thick film it will be defined by the film 

thickness. In case where the film contains traps than the larger trap sheet density of the 

thicker film would reduce its subthreshold swing84.  

We also examined the effects of different storage environment on the device 

performance. In particular, we characterized the devices by keeping them in either the 

ambient air (clean room condition, temperature 22.5 ℃, RH~42 %) or nitrogen-filled 

glove box (GB). Since all the fabrication (spin coating and annealing, etc.) were done 

in ambient air, we started with the device in this condition as well. We first found the 

device performance stayed stable for a long time (more than one week) for both 

thickness film devices, if keeping under air ambient. Then we recorded the devices 

transfer curves before and after moving them from air to nitrogen-filled GB. Figure 45 

plots the results for two thickness device right after sent into to GB (the measurements 

are always done insides GB), and after 4 (8 nm thick film) or 8 (3 nm thick film) days 

storing at GB.  



74 
 
 
 

 

 

Figure 45. IGZO TFT transfer curves before and after keeping inside nitrogen-filled 

glove box (GB) for (a) 8 days (3 nm thick film), and (b) 4 days (8 nm thick film). 

From the above figures, firstly it appears that the transistor transfer curve of both 

devices show negative shift (~-2 V for the thick film within 4 days, while only ~-0.3 V 

for the thin film even up to 8 days). Regarding the thick film device, since its effect is 

more pronounced, we further performed the following test. After 4 days in the GB, we 

took the device out and kept it again in the air ambient. As displayed in Figure 46a, 

once the device was back in the air, the transfer curve shift, as well as the S.S., both 

tended to recover. We further took the device in and out of the GB for few more cycles, 

and found the pattern can be repeated. 

Several papers reported the transfer shift of IGZO TFT, and they mainly attributed the 

effects on oxygen and water molecules85, 88-89. They claimed that oxygen adsorption 

formed a depletion layer while water adsorption tended to generate an accumulation 

layer, both from the top surface down at the transistor back channel. In addition, more 

oxygen vacancies can be generated in oxygen deficient ambient (such as nitrogen-filled 

GB) according to the mass-action principle, and act as shallow electron donor states57, 

90. In a word, combining these possibilities, oxygen induces positive shift in transfer 

curve, and water leads to negative shift. A step further, one would expect oxygen 

deficiency environment induces negative shift, and low humidity gives positive shift. 
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Since what we observed was negative transfer curve shift keeping the device in the GB 

(water: 0.6 ppm, oxygen: 3.5 ppm, both are in the deficient condition comparing with 

ambient air), and positive shift in the air, it is safe to say under the circumstance here 

the oxygen should be the main cause that responsible for those shifts. However, we 

pointed out the water did play a role in the curve shift as well. As plotted in Figure 46b, 

if we took out the device from GB, but transferred it into a dry air GB (same oxygen 

pressure as in the air, but with RH<2 %), the curve almost recover to its original position 

within 1 day, even with a large shift at the beginning. Comparing with Figure 46a, 

device in oxygen-only environment shows faster recovery than in oxygen+water 

environment, which proves water might have a counter effect as oxygen and itself along 

might cause negative transfer curve shift. Some studies also use heat treatment to 

manipulate the water content in the ambient and test its effect on device perforamnce88. 

However, it is susceptible that temperature will also change film's physical property, 

and make the mechanism more complicated. 

 

Figure 46. IGZO TFT transfer curves with 8 nm thick active layer. (a) Following Figure 

45b, after keeping the device in nitrogen-filled glove box (GB) for 4 days, the device 

was transfer to the ambient air and stored there for 3 days. (b) Another device from the 

same bunch but keeping in nitrogen-filled GB for 7 days, which leads to a larger shift 
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of the curve than the device in (a). However, it only took 1 day for the curve to almost 

recover to its original state by storing it to a dry air GB.  

Together with the shift in the transfer curve, the device with thick film also gradually 

shows increase of subthreshold swing (S.S.). It is reported that oxygen vacancies could 

induce both shallow electron donor states and deep electron trap states in the sub-gap 

of IGZO, depending on the local structure of oxygen vacancy sites57, 90, which could 

explain the S.S. increase here. 

Back to Figure 45, we also notice there is a more significant transfer curve shift in the 

device with thick film (~-2 V in 4 days) than the thin one (~-0.3 V in 8 days). The 

relation between the film thickness and the amplitude of transfer curve shift can be 

understood as following. As said, in the nitrogen-filled GB, there is an accumulation 

layer formed from the channel top surface downwards, which acts as a compensation 

to the depletion layer generated in the oxygen, before the device is moved into the GB. 

Accordingly, the process of the compensation is easier to achieve in thin films, with 

less changing of the doping level before and after the compensation, comparing with 

thick films, as mentioned above, who might have thicker depletion layer at the 

beginning.  This explains why thick film device undergoes larger transfer curve shift 

once in GB. The reason of S.S. degradation in the thick film device is not clear yet. In 

addition, we believe more rigorous experimental and modeling work need to be 

conducted in order to fully understand the mechanism here. 

A.2 Annealing condition 

Film annealing is the method used in solution-process semiconductor fabrication, to 

convert the liquid form film to the solid one. In particular, regarding IGZO film, there 

are usually three steps of annealing. 1. Low-temperature pre-annealing: to vaporize the 

solvent; 2. High-temperature annealing: to develop an active layer through a series of 

reactions; 3. Post-annealing: to stabilize the film properties and achieve preferable 

electrical characterization of the fabricated device. Among this, the high-temperature 

annealing comes right after low-temperature pre-annealing, which is also the first step 

after spin coating. Thus, we can generally call these two steps as main-annealing. On 
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the other hand, the post-annealing is performed after the device structure is completed, 

and comes as the last step in the device fabrication process.  

The main physical and chemical reactions of the film happens through main-annealing. 

During this process, the film typically undergoes: 1. (60-130 ℃) solvent vaporization, 

precursors materials decomposition and hydrolysis; 2. (190-210 ℃) dehydroxylation 

and alloying; 3. (300-420 ℃) crystallization91. However, we note that the temperature 

in the above steps depends largely on the type of the precursors, and the atomic ration 

in the prepared solution. For instance, chloride precursor decompose much more 

difficult than acetate (middle) and nitrate one (easiest), resulting in around 10% Cl left 

even at 350 ℃92. Besides, people also reported that the higher the In ratio, the higher 

the crystallization temperature is; while Ga element helps to reduces the crystallization 

temperature91. That is why people usually observed IGZO in the amorphous state, even 

up to 600 ℃93, since high quality solution-processed IGZO TFTs usually contain high 

In ratio. However, annealing at a temperature that is too high even before the 

crystallization temperature, is believed to enhance the generation of oxygen vacancies94, 

which leads to a far negative Vth. At the meantime, studies suggested using high 

pressure during annealing95, or combustion additives in the precursor solution96, to 

reduce the annealing temperature. People also revealed annealing with wet oxygen 

atmosphere gave more stable device comparing annealing in dry oxygen, due to the 

elimination of unstable chemical bonds assisted by H2O
97-98. Overall, after analysing 

the literature, we chose to use nitrate precursors with atomic ratio of In:Ga:Zn=70:15:15, 

and annealing in clean room condition (RH~42 %) at 100 ℃ for 3 min followed by 

450 ℃ for 3 h. 

A low temperature post-annealing at the final step of fabrication is important to obtain 

a transistor with preferable characteristic. The device without being applied this 

annealing step tends to be strong n-doped with very negative Vth. For instance, we found 

device with 3 nm active layer thickness, whose gate leakage current was still not too 

high to overpass the drain current that enabled us to perform measurement right after 

film annealing and electrodes deposition, was very conductive and unable to be turned 

off even for Vg=-40 V. By keeping the device in air, the Von gradually moved right 

wards, stabilizing at ~0 V after 3-4 days. In contrast, by performing etch and final 
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annealing at 170 ℃ (the channel was covered by PMMA during etch, thus only the 

heating treatment might change the film property), we obtained device with Von~0 V 

immediately, as plotted in Figure 44. 

Nevertheless, there is few studies mentioning this post-annealing process in the 

fabrication. One study gives a simplified and intuitive explanation by considering 

asymmetrical density of state for donors and acceptors in the film48. They argued that 

high temperature annealing always resulted in more donors than acceptors that gave 

very negative Vth. A final low temperature annealing adjusted the dopant self-

compensation level99 that stabilize the donors and acceptor density, as described by the 

following equation:  

 exp[ ( ) / ]E C C Fn N E E kT                                                                                        (10) 

Where nE is the electron density, NC is the effective density of states at the conduction 

band edge EC, EF refers to fermi level, k is the Boltzmann constant, and T is the 

temperature. The equation tells that higher T give higher nE. Thus, the temperature tends 

to be crucial (should around 150-200 ℃, suggested in the study), since if annealing at 

high temperature one would again get highly n-type film. They also found the process 

of bringing Von to ~0 V would take much longer time if keeping the device in the air at 

room temperature, which is in line with our observation.  

In addition, though it was not mentioned in the study the influence of annealing below 

the expected temperature (150-200 ℃), we found from experiments that lower 

temperature gave inferior device performance. To be specific, by performing post-

annealing just above 100 ℃ (eg. 115 ℃, it should higher than the boiling point of water 

since the devices were washed in water before annealing), though the device still gave 

Von ~ 0 V right after the annealing, its Von showed fluctuation by keeping in ambient air 

(not shown). Though the mechanism here clearly requires more investigation, one 

possibility could be that 115 ℃ was not sufficient to fully vaporize the water inside the 

film, thus the residual water might cause more active interaction with ambient that leads 

to the variation in the device performance with time.   

Admittedly, this is a simple model and does not tell the comprehensive physical 

mechanisms behind it. For example, one would argue that it does not hold since the 
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final temperature is always room temperature. This leads us to think the time duration 

that the film stays at certain temperature might also be critical. What we found in the 

experiment was that it indeed required certain time to make the reaction to be completed. 

Figure 47a shows the device kept at 165 ℃ for 2.5 h (Von~0 V), while Figure 15b shows 

another device from the same batch but post-annealing at 165 ℃ for 1 h (Von~-20 V). 

The Von of the device in Figure 15b did come to around zero which was similar as the 

device below, but was after ~4 days keeping in the air (not shown).  

There were some studies based on sputtering or pulse laser deposition (PLD) IGZO 

film might provide some hints to the above phenomenon100-101. Figure 47b plots the 

film conductivity changing with time through Hall measurement, under certain 

temperature conditions. It indicates that it requires certain time to stabilize the film 

conductivity during annealing. They explained it by considering oxygen diffusion 

insides film, and its time and temperature dependent diffusion efficiency. However, we 

point out the material physics between sputtering or PLD IGZO is very different from 

its solution-processed counterpart. There are obviously more efforts needed to 

understand the influence from film annealing. Finally, we chose to perform the post-

annealing at 170 ℃ for 3 hours, since we found it resulted in the devices usually with 

Von ~-1 V. 

 

Figure 47. (a) IGZO TFT fabricated using solution-processed in this work, with post-

annealing at 165 ℃ for 2.5 hours. Comparing with the device in Figure 15b, which 
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post-annealed at 165 ℃ for 1 hour, the device here shows Von close to 0 V. (b) IGZO 

film fabricated by sputtering. The changing of conductivity (obtained by In-situ Hall 

measurement) with time, when annealed the film in the oxygen at different temperature, 

copy from reference100.  
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