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The photocurrent of germanium-doped indium-gallium oxide (GIGO) thin film transistors (TFTs)

can be observed when the device is exposed to a ultra-violet light because GIGO is a wide band

gap semiconducting material. Therefore, we decorated cadmium selenide (CdSe) quantum-dots

(QDs) on the surface of GIGO to increase the photocurrent for low-energy light, i.e., visible light.

A 10 nm GIGO film was deposited on the SiO2/Si substrate by a radio frequency sputter system.

Also, we prepared CdSe QDs with sizes of �6.3 nm, which can absorb red visible light. QDs were

spin-coated onto the GIGO film, and post-annealing was done to provide cross-linking between

QDs. The prepared devices showed a 231% increase in photocurrent when exposed to 650 nm light

due to the QDs on the GIGO surface. Measurements to construct an energy level diagram were

made using ultraviolet photoelectron spectroscopy to determine the origin of the photocurrent, and

we found that the small band gap of CdSe QDs enables the increase in photocurrent in the GIGO

TFTs. This result is relevant for developing highly transparent photosensors based on oxide semi-

conductors and QDs. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4906423]

Transparent electronics have been demonstrated with

various semiconducting materials such as organic semicon-

ductors, carbon nanotubes, two-dimensional nanomaterials,

and oxide semiconductors.1–5 Among the semiconducting

materials, oxide semiconductors are some of the most appro-

priate materials for high-performance transparent electronics

such as phototransistors and photosensors.6,7 Generally, an

amorphous oxide semiconductor is transparent due to the

wide band gap, and shows good electrical properties such as

high field effect mobility and high on/off ratio.8 For exam-

ple, a thin film transistor (TFT) made using indium-gallium-

zinc-oxide (IGZO), showed a field effect mobility of 12 cm2/

V�s and an on/off ratio of �108.9 Further, switching devices

for active-matrix liquid crystal displays (AMLCDs) and or-

ganic light emitting diodes (AMOLEDs) have been demon-

strated by using IGZO as an active layer for the devices.10,11

Also, a high-performance photosensor, which works in the

ultraviolet region, was developed using IGZO.12

Recently, an oxide semiconductor was synthesized to

improve the stability under various conditions including tem-

perature, an applied electrical field, and illumination stress.13

Germanium-doped indium-gallium oxide (GIGO) was

reported as a good active material for TFTs providing high-

stability and performance. A field effect mobility of

14.5 cm2/V�s and improved stability were achieved by addi-

tion of germanium and oxygen dopants.14 Therefore, amor-

phous oxide semiconductor materials are considered as

appropriate active materials for transparent electronics.

However, it is difficult to fabricate a transparent photo-

transistor using a wide band gap oxide semiconductor that

can be activated by a low-energy photon such as visible or

infrared light. There are efforts to fabricate such transparent

phototransistors using oxide semiconductors, which can

respond to visible light.15,16 However, more research is

necessary to develop a method to fabricate transparent pho-

totransistors with high-sensitivity and control of the electro-

optical properties of the devices. Quantum-dots (QDs) could

provide such a solution for the transparent phototransistors

based on oxide semiconductors because the band gap of QDs

can be controlled.17 Moreover, QDs can be used to fabricate

a hybrid structure with an oxide semiconductor to improve

the photocurrent.18

Therefore, we fabricated a hybrid film of GIGO and

QDs for the active semiconducting layer of phototransistors.

QDs have been used to improve the absorption of low-

energy photons such as visible light. In this way, we demon-

strated an improved photocurrent of phototransistors with

GIGO and QDs. Also, ultraviolet photoelectron spectroscopy

(UPS) was used to find the origin of the increased photocur-

rent. This method to improve the photocurrent, along with a

detailed study of the origin of the improvement, enables the

development of high-performance and transparent optoelec-

tronics such as phototransistors.

GIGO films (10 nm thick) were deposited on SiO2/Si

substrates by using a radio-frequency (RF) sputtering system

with a single ceramic target of Ge2O3:In2O3:Ga2O3

¼ 1:7:2 mole ratio.14 Photolithography and etching processes

were used to pattern the source and drain electrodes.

Subsequently, a 70 nm thick layer of silver was deposited
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using a thermal evaporator. The active area of the transistor

was defined using a patterned photoresist and a buffered ox-

ide etchant (BOE). The device has a channel length of 25 lm

and a width of 200 lm. Colloidal cadmium selenide (CdSe)

QDs were spin-coated on the surface of GIGO films, and

were dried at 180 �C for 30 min. The cross-linking process of

QDs was carried out by dipping the devices in a 20 mM

methanol solution of 1,7-diaminoheptane and annealing at

70 �C for 15 min. The electrical properties of the device were

characterized using a semiconducting parameter analyzer

(HP 4145B). Photocurrent was measured upon exposure to

various light sources (white light, 650 and 780 nm of laser

sources). The distribution of QDs on the surface of GIGO

films was investigated via scanning electron microscopy

(SEM). Also, the interfacial electronic structure between

QDs and the GIGO film was measured using UPS with a He

I discharge source.

A typical bottom-gate type TFT with a GIGO active

layer was fabricated. The electrical characterization is shown

in Fig. 1. Figure 1(a) shows the output curves with (solid

line) and without (dashed line) exposure to white light. The

applied gate voltage was from 0 to 30 V, and the voltage step

was 3 V. Figure 1(b) shows the transfer curves, which were

measured with a drain to source voltage (VDS) of 5 V. The

curves show typical properties of n-type TFTs. The inset in

Figure 1(b) shows a schematic of the GIGO TFT. There was

no significant increase in the drain to source current (IDS)

before and after exposure to light due to the wide band gap

of GIGO. Also, the field effect mobility was not significantly

changed regardless light exposure, that is, the field effect

mobility was 12.6 cm2/V�s before light exposure and 13 cm2/

V�s after light exposure. However, a negative shift in the

threshold voltage was observed after exposure to light. The

increase in trapped charges, which was induced by light ex-

posure on the GIGO film, caused this shift in the threshold

voltage to a negative value.19 Therefore, the device needs an

additional negative gate voltage to turn off after light

exposure.

Figure 2 shows the device characteristics of GIGO TFTs

decorated with CdSe QDs. The device shows typical n-type

TFT behavior. Figures 2(a) and 2(b) show output curves and

transfer curves with and without light exposure, and the inset

shows a schematic of the device, where the QDs are coated

on the GIGO surface. An increase in IDS was clearly

observed, as shown in Fig. 2. The IDS at a gate voltage of

30 V was increased by 191% with light exposure. Figure

2(b) shows a negative shift in threshold voltage with light ex-

posure, similar to devices without QDs. The increase in IDS

was due to an increase in photocurrent due to the QDs, which

have a smaller band gap compared to the GIGO. The band

gap of CdSe QDs was 1.83 eV, which was evaluated by UV/

Vis absorption. The field effect mobility of the device with-

out light exposure was 1.6 cm2/V�s. This value was smaller

than that of the device without CdSe QDs due to the small

IDS of the device. However, the field effect mobility

increased to 2.2 cm2/V�s with light exposure due to the

increase in photo-induced charge carriers. Further, the field

effect mobility was increased by �38%.

FIG. 1. (a) Output curves and (b) transfer curves of the 10 nm GIGO thin

film transistors with/without light. The transfer curves were measured with a

5 V drain voltage.

FIG. 2. (a) Output curves and (b) transfer curves (VDS¼ 5 V) of the 10 nm

GIGO thin film transistors with the additional QDs layer on the surface of

the GIGO film, as shown in the inset. The measurement was performed

with/without light.
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To confirm the QD effect on the increased photocurrent

of the GIGO-based device, different monochromatic light

sources (k¼ 650 and 780 nm) were used. Figure 3(a) shows

an SEM image of QDs, which was distributed uniformly on

the surface of GIGO. Figure 3(b) shows the photo-response

of the device for different powers of the 650 nm laser

source. The photon energy of the 650 nm laser was 1.91 eV,

which is smaller than the band gap of GIGO (Eb¼ 3.6 eV)

but larger than the band gap of CdSe QDs (Eb¼ 1.83 eV).

An increase in IDS was observed with increasing laser

power. The IDS in the dark state with a gate voltage of 20 V

was 0.537 mA, and IDS was increased to 1.24 mA with

100 lW laser exposure. The increased IDS was due to the

photocurrent, which was induced via absorption of photons

from the 650 nm laser. The increase in current with light ex-

posure was 231%. The same test was done on the device

without CdSe QDs, as shown in Fig. 3(c). The transfer

curves did not change according to the increase of the laser

power. Photo responses of the device with CdSe QDs at dif-

ferent power settings of the 780 nm laser are shown in Fig.

3(d). The photon energy of the 780 nm laser is 1.59 eV,

which is smaller than the band gap of GIGO and CdSe QDs.

There was no significant change in IDS with/without 780 nm

laser exposure on the devices. Figure 3(e) shows the respon-

sivity of the GIGO TFT, decorated with CdSe QDs, accord-

ing to the different light sources of 650 and 780 nm

wavelengths (Laser power¼ 10 lW). The device was

strongly photo-responded to the 650 nm light source, while

it did not show any significant responsivity to the 780 nm

light source. The external quantum efficiency (EQE) of the

device was calculated at VDS¼ 5 V and VG¼ 20 V.20 The

calculated EQE of the GIGO TFT with CdSe QDs was

1.25� 104 at 650 nm light source. Photo-response of the de-

vice as a function of the periodic on/off signal of the

650 nm laser source is shown in Fig. 3(f). In this figure, the

dotted line shows the periodic on/off signal of the laser,

while the solid line shows the response of the IDS of the de-

vice with GIGO and CdSe QDs. The response of IDS was

measured with VDS¼ 5 V and VG¼ 5 V. Periodic photo

responses are clearly observed, although there is a time

delay during the process from on-state to off-state. The slow

recovery process originated from the slow recombination of

trapped charges in oxide semiconductors.21 From Fig. 3, we

observe that a photocurrent was induced from the CdSe

QDs and increased the IDS of the devices based on GIGO

and CdSe QDs.

FIG. 3. (a) SEM images of the QDs on

the surface of the GIGO film. (b)

Change in the transfer curve with dif-

ferent intensity of the 650 nm laser

source. Device and schematic meas-

urements are shown in the inset. (c)

Transfer curves of the device without

QDs according to the different inten-

sity of the 650 nm laser source. (d)

Transfer curves of the device with

QDs according to the different inten-

sities of the 780 nm laser light source.

(e) Responsivity of the device with

QDs according to the different light

sources of 650 and 780 nm. (f) Photo

response of the GIGO thin film transis-

tor, decorated with QDs, according to

the periodic on/off signal of the

650 nm laser light.
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Figure 4 shows UPS measurements made to obtain the

interfacial energy band structure between CdSe QDs and the

GIGO film. Figure 4(a) shows the valence band spectrum of

the GIGO. The secondary electron cutoff energy (Ecutoff)

was 17.19 eV, and the highest occupied molecular orbital

(HOMO) onset (EHOMO) of the GIGO was 3.34 eV, as shown

in the inset of Fig. 4(a). The energy level distance from the

Fermi level (EF) to EHOMO was 3.34 eV. Figure 4(b) shows

the valence band spectrum of the QDs on the GIGO film.

The Ecutoff and EHOMO of QDs were measured as 17.41 and

1.6 eV, respectively. The ionization energy (Eion) was calcu-

lated by using the following equation:

Eion ¼ hv–ðEcutoff � DbroadÞ þ ðEHOMO þ DbroadÞ: (1)

Here, hv (21.2 eV) and Dbroad (0.1 eV) indicate the incident

photon energy of the UPS and the total broadening of the

spectrometer, respectively.22 Eion of the CdSe QDs was

5.59 eV, and Eion was calculated to be 7.55 eV for the

GIGO film. In order to understand the increase in photocur-

rent, Figure 4(c) shows the interfacial energy level diagram.

A photon with energy sufficient to overcome the band gap

of CdSe QDs can be absorbed and induces conductive car-

riers from the HOMO to the LUMO state of QDs. The

induced conductive carriers then flow through the conduc-

tion band of GIGO, as shown in Fig. 4(c). Therefore, the

CdSe QDs on the wide band gap GIGO surface increased

the photocurrent even with exposure to light in the visible

range.

We fabricated GIGO TFTs, which were decorated with

small band gap CdSe QDs on the surface. An induced photo-

current was observed in the device during exposure to a

650 nm laser, even though the photon did not have sufficient

energy to induce a photocurrent from the wide band gap

GIGO devices. The origin of the photocurrent was the

induced conductive carriers from the light absorption of

small band gap CdSe QDs. An interfacial energy level dia-

gram between CdSe QDs and GIGO film was obtained from

UPS measurements, and these measurements confirm the ori-

gin of the increased photocurrent in the device. The small

band gap of the CdSe QDs enables an increase in photocur-

rent with low-energy photons on the device based on wide

band gap semiconductors. These results would be helpful to

develop highly transparent photosensors based on oxide

semiconductors and quantum-dots.

This work was supported by the Center for Advanced

Soft-Electronics funded by the Ministry of Science, ICT, and

Future Planning as Global Frontier Project (CASE-

2014M3A6A5060946). This work was also partially

supported by a research project of the National Research

Foundation of Korea (NRF-2013R1A1A1A05007934).

1J. F. Wager, Science 300, 1245–1246 (2003).
2X. Qian, T. Wang, and D. Yan, Org. Electron. 14, 1052–1056 (2013).
3E. Artukovic, M. Kaempgen, D. S. Hecht, S. Roth, and G. Gr€uner, Nano

Lett. 5, 757 (2005).
4S. K. Lee, H. Y. Jang, S. Jang, E. Choi, B. H. Hong, J. Lee, S. Park, and J.

H. Ahn, Nano Lett. 12, 3472–3476 (2012).
5R. L. Hoffman, B. J. Norris, and J. F. Wager, Appl. Phys. Lett. 82,

733–735 (2003).
6W. Y. Weng, S. J. Chang, C. L. Hsu, and T. J. Hsueh, ACS Appl. Mater.

Interfaces 3, 162–166 (2011).
7Y. K. Su, S. M. Peng, L. W. Ji, C. Z. Wu, W. B. Cheng, and C. H. Liu,

Langmuir 26, 603–606 (2010).
8K. Nomura, H. Ohta, A. Takagi, T. Kamiya, M. Hirano, and H. Hosono,

Nature 432, 488–492 (2004).
9H. Yabuta, M. Sano, K. Abe, T. Aiba, T. Den, H. Kumomi, K. Nomura, T.

Kamiya, and H. Hosono, Appl. Phys. Lett. 89, 112123 (2006).
10J. H. Lee, D. H. Kim, D. J. Yang, S. Y. Hong, K. S. Yoon, P. S. Hong, C.

O. Jeong, H. S. Park, S. Y. Kim, S. K. Lim, S. S. Kim, K. S. Son, T. S.

Kim, J. Y. Kwon, and S. Y. Lee, SID Int. Symp. Dig. Tech. Pap. 39,

625–628 (2008).
11J. K. Jeong, J. H. Jeong, J. H. Choi, J. S. Im, S. H. Kim, H. W. Yang, K. N.

Kang, K. S. Kim, T. K. Ahn, H.-J. Chung, M. Kim, B. S. Gu, J. S. Park, Y.

G. Mo, H. D. Kim, and H. K. Chung, SID Int. Symp. Dig. Tech. Pap. 39,

1–4 (2008).
12T. H. Chang, C. J. Chiu, W. Y. Weng, S. J. Chang, T. Y. Tsai, and Z. D.

Huang, Appl. Phys. Lett. 101, 261112 (2012).
13J. S. Park, K. S. Kim, Y. G. Park, Y. G. Mo, H. D. Kim, and J. K. Jeong,

Adv. Mater. 21, 329–333 (2009).
14K. H. Lee, K. C. Ok, H. Kim, and J. S. Park, Ceram. Int. 40, 3215–3220

(2014).

FIG. 4. UPS measurements of the secondary electron cutoff and valence

region of (a) GIGO and (b) GIGO with QDs. (c) Interfacial energy level dia-

gram of QDs and GIGO.

031112-4 Lee et al. Appl. Phys. Lett. 106, 031112 (2015)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

61.16.135.116 On: Wed, 28 Jan 2015 08:05:32



15H. W. Zan, W. T. Chen, H. W. Hsueh, S. C. Kao, M. C. Ku, C. C. Tsai,

and H. F. Meng, Appl. Phys. Lett. 97, 203506 (2010).
16P. Pattanasattayavong, S. Rossbauer, S. Thomas, J. G. Labram, H. J.

Snaith, and T. D. Anthopoulos, J. Appl. Phys. 112, 074507 (2012).
17J. Jasieniak, M. Califano, and S. E. Watkins, ACS Nano 5, 5888–5902

(2011).
18S. Ghosh, S. Hoogland, V. Sukhovatkin, L. Levina, and E. H. Sargent,

Appl. Phys. Lett. 99, 101102 (2011).

19K. H. Lee, J. S. Jung, K. S. Son, J. S. Park, T. S. Kim, R. Choi, J. K.

Jeong, J. Y. Kwon, B. Koo, and S. Lee, Appl. Phys. Lett. 95, 232106

(2009).
20S. Lee, S. Ahn, Y. Jeon, J. Ahn, I. Song, S. Jeon, D. Yun, J. Kim, H. Choi,

U. Chung, and J. Park, Appl. Phys. Lett. 103, 251111 (2013).
21K. Ghaffarzadeh, A. Nathan, J. Robertson, S. Kim, S. Jeon, C. Kim, U. I.

Chung, and J. H. Lee, Appl. Phys. Lett. 97, 143510 (2010).
22Y. Yi and S. J. Kang, Thin Solid Films 519, 3119 (2011).

031112-5 Lee et al. Appl. Phys. Lett. 106, 031112 (2015)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

61.16.135.116 On: Wed, 28 Jan 2015 08:05:32



Applied Physics Letters is copyrighted by AIP Publishing LLC (AIP). Reuse of AIP content
is subject to the terms at: http://scitation.aip.org/termsconditions. For more information, see
http://publishing.aip.org/authors/rights-and-permissions.


