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Abstract

‘We report on the fabrication of ultraviolet (UV)-sensing top-gate ZnO thin-film transistors (TFTs) with a poly-4-vinylphenol (PVP) polymer gate
dielectric on glass substrate. Our top-gate ZnO-TFT showed a field-effect mobility of 0.05 cm?/V s, maximum saturation current of 0.11 p.A at a
gate bias of 10 V and an on/off ratio of ~10? in the dark. Under UV illumination with a wavelength of 364 nm the ZnO-TFT exhibited ~4.7 WA for
a drain current (at the same gate bias of 10 V), which is ~50 times higher than without UV. Such photo-transistor action appeared more pronounced
under a depletion regime of 0V gate bias and the photo-to-dark current ratio was more than about 10*. By adopting this high UV-sensitivity, our
inverter device with the top-gate ZnO-TFT and a load resistance well demonstrated its optical gating behavior.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

ZnO-based thin-film transistors (TFTs) have attracted much
attention over the last several years because of the following
several potentials toward future electronic and optoelectronic
applications: replacing conventional amorphous-Si TFT [1,2],
realizing transparent electronics [3,4], and functioning as an effi-
cient photo-detector [5]. Especially, ZnO-based photo-transistor
has recently been one of the candidates as a ultraviolet (UV)-
detecting device for its high responsivity compared with diode
structure [5,6]. Usual types of ZnO-TFTs have been bottom-
gated so far and their gate dielectrics were inorganic materials
[1-6]. Those UV-detecting bottom gate ZnO-TFTs on SiO,/Si
substrate have quite a high mobility over 0.7cm?/Vs and
fast UV response due to the flat ZnO channel/SiO; dielec-
tric interface [5]. However, they also needs quite complicated
device processes such as ion-beam-induced (IBI) technique
for gate isolation and high temperature (over 1000 °C) oxida-
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tion. In order to solve the complications and also to introduce
glass-based inorganic—organic electronics for UV-detecting, we
previously reported a fabrication of top-gate ZnO-TFTs with
a low-temperature-deposited ZnO channel layer and a thick
organic poly-4-vinylphenol (PVP) dielectric [7]. Those top-
gate ZnO-TFTs showed a low mobility of ~3 x 1073 cm?/V s
due to a low deposition temperature for ZnO channel besides
the low capacitance of the thick organic dielectric. In the
present study, we increased the channel mobility of the top-
gate ZnO-TFT up to 0.05cm?/Vs by increasing the channel
deposition temperature and also realized a UV-detecting optical
inverter which dynamically operates at a low supplied voltage of
5V.

2. Experimental

The glass (Corning 1737) substrate was cleaned with acetone,
ethanol, and de-ionized water, in that order. Then a 200 nm-
thick ZnO film was deposited on the glass at 300 °C by radio
frequency magnetron sputtering in a vacuum chamber (with
basal pressure of 1 x 107® and working pressure of 10 mTorr
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Fig. 1. (a) Transmittance spectra taken from 450 nm-PVP and 100 nm-NiO, on glass substrate. (b) Atomic force microscopy image of the 300 °C-deposited ZnO film
surface showing an rms roughness of ~4.8 nm. (c) Schematic cross-sectional view of ZnO-TFTs (channel length, L =90 um, width, W= 1000 wm). Lights illuminate

the ZnO channel (dotted region) through the NiO, gate window.

composed of the mixture of Ar:O; =5:2). Fig. 1(b) shows the
atomic force microscopy (AFM) surface image of our 300 °C
deposited ZnO layer, that displays a rms roughness of ~4.9 nm.
Al source/drain (S/D) electrodes were deposited on the ZnO
through a shadow mask by thermal evaporation at room tem-
perature (RT) and then spin casting was performed to cover
the device with a 450 nm-thick PVP polymer dielectric layer,
followed by a curing process at 175°C for 1h in vacuum.
Our PVP dielectric showed a low capacitance of 7.4 nF/cm?
as estimated by capacitance—frequency (C—f) measurement [8].
Semitransparent conducting 100 nm-thick NiO, top-gate elec-
trodes with a sheet resistance of 60 /0] were finally deposited
by thermal evaporation [9]. Fig. 1(a) shows the transmittance
data of 100 nm-thick NiOy layer and 450 nm-thick PVP layer,
to be 30% and almost 100%, respectively in the optical range of
350-750 nm. Fig. 1(c) shows a schematic cross-sectional view
of our top-gate device, which has a nominal channel length (L)
of 90 wm and a width/length (W/L) ratio of ~11.

All electrical and photo-response characterizations were car-
ried out with a semiconductor parameter analyzer (Model HP
4155C, Agilent Technologies) at RT. Photo-response measure-
ments were performed under light illumination, as shown in
Fig. 1(c), with a light source (Oriel Optical System) which
employed a 500-W Hg(Xe) arc lamp and a monochromator
covering the range of 254-670 nm. The optical power of the
monochromatic light was measured by a UV-enhanced Si detec-
tor and in the present study the optical power density was fixed
to ~0.2mW/cm?. Since the NiO, gate electrode shows a trans-
mittance of only 30%, we expect that an effective UV-power
density for photo-response measurements would be even less
than 60 wW/cm?.

3. Results and discussions

Fig. 2(a) and (b) displays the output (drain current—drain volt-
age, Ip—Vp) and transfer (drain current—gate voltage, Ip—Vg)
characteristic of our ZnO-TFT. In Fig. 2(a) the TFT device
showed a typical transistor characteristic but with relatively low
saturation Ip level of 0.11 pA at 10V of V. From +/Ip—V and
log1olp—V curves in Fig. 2(b) the field-effect mobility in the
saturation region was obtained to be 0.05 cm?/V s with the on/off
current ratio of ~103 and threshold voltage was 3 V. Compared
with our previous device fabricated with thermal SiO, deposited
on p*-Si substrate [5], the present ZnO-TFT with PVP dielec-
tric is quite inferior in the aspect of mobility because the present
ZnO channel/dielectric interface is quite rough (~4.9 nm in rms
standard).

Fig. 3(a) and (b) depicts the static photo-response characteris-
tics of the ZnO-TFT. Under the UV illumination with 364 nm the
device showed photo-induced output curves where their current
level appeared ~50 times higher than that of initial output cur-
rent values. It is because the UV energy is nicely matched to the
band gap energy of ZnO (~3.4 eV). In contrast, green band pho-
tons with 550 nm wavelength (~2.3 eV) little contribute to the
current increase because the low energy photons mostly transmit
through the band gap of ZnO though they excite some amount of
carriers trapped in midgap states [10,11] According to the photo-
induced transfer curves (at 10 and 5 V drain bias) of Fig. 3(b), the
ratio between photo- and dark-Ip (photo-to-dark current ratio)
is as large as 10* times at 0 V gate bias (depletion regime) while
the ratio is only about 50 at 10 V (accumulation regime). Sim-
ilar results of UV detection were previously reported but with
bottom-gate ZnO-TFTs prepared on SiO,/p*-Si substrate [5].
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Fig. 2. (a) Ip—Vp output and (b) Ip—V transfer curves. The red-dashed line means gate leakage current (Ig) with respect to Vg, (that was less than 1nA). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

The responsivity, R of present UV-detector is derived by using
the following equation (1) [12]:

Al photo

R [A/W] = ey

P opt.
where Alpnoto is the value of photo-induced current and Poypt. is
the optical power of UV photons. A maximum value of respon-
sivity, R was obtained to be 1.1 and 10.5 A/W for Vp =5 and
10V, respectively, at a depletion regime gate bias (Vgs=0V).
The R value is relatively high compared to those of previously
reported UV detectors [13].

Fig. 4(a) illustrates an optical inverter set up prepared to
demonstrate the UV-induced optical gating performance of our
top-gate ZnO-TFT. The inverter consists of the ZnO-TFT and a
load-resister with 100 M €2, so that during the inverting action the

(a) 5.0

Ve=0~10V
(step 2V)

4.5

4.0
3.5
3.0
25

2.0

Drain Current (LA)

4 6
Drain Voltage (V)

(b)

dynamic UV response of our TFT might be measured. A sup-
plied voltage, Vpp and a gate-source voltage, Vgs (=0V) are
applied by a semiconductor parameter analyzer, and an optical
(UV) input is delivered through an optical fiber (with 1/20 Hz-
chopper system) from Hg(Xe) arc lamp and a monochromator
to the device. The basic concept of the optical inverter is based
on the electrical inverter composed of a transistor and a load-
resistor, except that input gate voltage pulse is now replaced
by UV pulse for optical gating [14]. In particular, the 100 nm-
thick NiO, top-gate electrode deposited on PVP dielectric is
known to possess a high work function (~more than 5eV) [7]
as well as some transparency over 30% in the UV—vis range of
350-750nm (Fig. 1(a)). The work function difference between
NiOy [7] and n-ZnO [15] bends the energy bands of both PVP
dielectric and n-channel ZnO, leading to a state of channel deple-
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Fig. 3. Static spectral photo-responses of our ZnO-TFT with organic PVP dielectric: (a) Ip—Vp output and (b) Ip—V¢ transfer curves under dark, green (550 nm),
and UV (364 nm) lights. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)



72

@) Vpp=10V (5 V)

R, = 100 MQ

optical fiber

hv,, (364 nm)

JUUL

He(Xe)

arc lamp

(b)

Qutput Voltage (V)

K. Lee et al. / Sensors and Actuators A 144 (2008) 69-73

1ok_Vop=10V

Vpp =5V t t
UV-on UV-off
| |

-
T

20 40 60 80 100

Time (sec)

Fig. 4. (a) Circuitry scheme of optical inverter set up with ZnO-TFT and 100 M2 load resistor (R ). The modulated input and inverted output signals were illustrated.
Iluminated UV light induces photocurrent in the depleted ZnO channel without any gate biasing when transmitted through the semitransparent NiOy electrode
window. Dynamic UV-response of the optical inverter as obtained under the 364 nm UV illumination modulated at 1/20 Hz at (b) Vpp =10V, and (¢) Vpp =5 V.

tion without any gate biasing, so that the 364 nm UV photons
generate photo-current as received into the depleted ZnO (after
transmitted through the NiO, and PVP).

The dynamic photo-response behavior of our optical inverter
is shown in Fig. 4(b) and (c) for Vpp =10 and 5V, respectively.
When the UV signal is on (UV-on), the output voltage signal
is off (Vou ~0V) and when UV signal is off (UV-off), the out-
put voltage signal is on (Vo ~10V). However, in the present
case, Vout for UV-off appeared to be only about 7.2 V, not attain-
ing to 10 V even during 10 s-long period while Vi for UV-on
rapidly showed 0 V within 300 ms. Although the UV signal was
abruptly turned off to stop the photo-carrier generation in the
ZnO channel, the carrier-transport could not be abruptly cut
because the depleted ZnO may still possess some density of UV-
induced carriers trapped in midgap states. Those photo-induced
carriers in midgap states would drift to drain under a Vpg (or
source-to-drain electric field) being escaped from traps but the
escape process usually takes long time [16]. Rising time (for
80% of maximum output signal) was thus estimated to be ~3 s
for the case of Vpp =10 V. As compared to the case of Fig. 4(b)
(Vbp =10V), our optical inverter in Fig. 4(c) displayed some-
what improved performance under a lower Vpp (=5V) but its
action was still slow. (V, attained to 4.3 V in 10 s with a rising
time of ~1.5s.)

It is worthy of considering that the previous UV-sensing as
obtained in bottom-gated ZnO-TFT prepared on 200 nm-thick
thermal SiO,/p*-Si substrate [5] occurred in only 10-20ms
under the same Vpp (of 5 V) while the present case took ~1.5s
which is two orders of magnitude longer. Since the ZnO chan-
nel deposition was performed at the same temperature of 300 °C
but the channel formed on a bottom gate dielectric SiO, with

much smoother surface (0.4 nm in rms roughness) and higher
capacitance, the bottom-gated ZnO-TFT showed much higher
field mobility (~0.7cm?/V s) than that of our top-gated TFT
(~0.05 cm?/V s) with a low capacitance organic dielectric that
meets a rugged ZnO surface to form an channel/dielectric inter-
face (see Fig. 1(b)). Besides the degraded mobility, the rugged
interface might have higher number of interfacial traps than a
smooth one because the rugged one has more effective interfa-
cial area. The traps in the rugged interface, also if located in
the midgap energy states, make the inverter dynamics slower.
However, our device is still worthy of note in that it is a
top-gate patterned device with novel inorganic—organic chan-
nel/dielectric layered structure on glass substrate and as a matter
of fact any UV-detecting device fabricated on glass has rarely
been reported so far. Moreover, it is also interesting to expect
a self-passivation or ambient-protecting effect by the polymer
dielectric layer deposited on ZnO channel as one of the technical
advantages of top-gated TFT device.

4. Conclusion

We have fabricated UV-detecting top-gate ZnO-TFT with
organic PVP dielectric on a glass substrate. Our top-gate ZnO-
TFT showed a field-effect mobility of 0.05 cm?/V s, saturated
drain current of 0.11 pA (at a gate bias of 10 V) and an on/off
current ratio of ~10° in the dark. Under UV illumination with a
wavelength of 364 nm the ZnO-TFT exhibited very high photo-
to-dark ratio of more than about 10* at a depletion regime gate
bias (0 V). By adopting this high UV-sensitivity, our inverter
device with the top-gate ZnO-TFT and a load resistance well
demonstrated its optical gating behavior although its dynamics
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were controlled by the channel/dielectric interface due to the
interface roughness and the numbers of interface trap located in
midgap states.
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