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Abstract

We study the amorphous In-Ga-Zn-O thin-film
transistors (TFTs) properties under monochromatic
illumination (A=420nm) with different intensity. TFT
off-state drain current (lps o) Was found to increase
with the light intensity while field effect mobility (pes)
is almost unchanged; only small change was observed
for sub-threshold swing (S). Due to photo-generated
charge trapping, a negative threshold voltage (Vi)
shift is also observed. The photofield-effect analysis
suggests a highly efficient UV photocurrent
conversion in a-IGZO TFT. Finally, a-1IGZO mid-gap
density-of-states (DOS) was extracted and is more
than an order lower than reported value for a-Si:H,
which can explain a good switching properties of the
a-1GZO TFTs.

1. Introduction

With the high field-effect mobility and excellent
switching properties, amorphous In-Ga-Zn-O (a-
IGZO) thin film transistor (TFTs) are being
considered as possible new material for next
generation active-matrix flat panel display (AM-FPD)
[1] or imager. Since the TFT pixel electrode circuits
for these applications can be exposed to light during
operation, study of the a-IGZO TFT photo-electric
properties is very important for optimizing future
device structure and pixel circuits design.

a-IGZO was found to be highly visible light
transparent with optical energy band gap (Tauc gap)
of ~3eV [2]. We studied the wavelength dependent a-
IGZO TFT photosensitivity under broad-band
illumination (A=365~660nm) and found that the a-
IGZO TFT is stable under visible light (A=460~
660nm). Under UV illumination (A<400nm), TFT off-
state drain current (Ips o) increases and the change is
consistent with the Tauc gap of the a-IGZO [3].
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Fig. 1. Bottom gate a-1GZO TFT structure used in
this study.

In this paper, we further explored the light intensity
dependent TFT response along with the photofield-
effect analysis. We presented, for the first time, the
photofield-effect of the a-1IGZO TFT under UV-
monochromatic photo illumination that was used for
extraction of the a-1GZO density-of-states (DOS).

2. Experimental

Fig. 1 shows a bottom gate a-IGZO TFT structure
used in this study. A heavily doped (n"") silicon wafer
with 100 nm thermal oxide layer was selected as the
gate electrode and insulator, respectively. A 40nm
thick a-1GZO (In:Ga:Zn=1:1:1) active layer was
deposited on the substrate by a pulse-laser deposition
(PLD) system [4] and the deposition was done in an
oxygen atmosphere without any intentional substrate
heating. Before the source/drain electrodes deposition,
a macro-island was formed by edge-dipping/etching
of the substrate in dilute HCI solution. The 50nm thick
aluminum (Al) source/drain electrodes were deposited
through stencil mask openings by thermal evaporation.
Finally, the device was thermally annealed in air at
300°C for 5 minutes.

Electrical measurement of the a-1IGZO TFT were
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TABLE 1. Key TFT Electrical Properties

a-1GZO TFT (W/L=1040pm/35um)
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Unit | cm?Vs | V | Videcade | A
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Fig. 2. The schematic of experimental setup used in
this study

carried out with a probe station system located in a
light tight box. The transistor electrical properties
were measured by a PC controlled Agilent 4156
semiconductor parametric analyzer. During photofield
effect measurement, photo excitation was provided by
a He-Xe lamp in combination with narrow band filters
and an optical fiber. The monochromic light passed
through a fiber cable and probe station microscope,
which is used to focus the illumination on the specific
device. Fig. 2 shows the schematic of experimental
setup used in this study. For each measurement, light
intensity (irradiance, | (uW/cm?)) was calibrated by
Oriel 70260 radiant power meter with the photodiode
sensor attached. All measurements were done at room
temperature in ambient air. Optical absorption
spectrum on a-1GZO thin film is also collected. At the
UV wavelength that was chosen for this study
(A=420nm), our sample has absorption coefficient
o = 7l4cm™ which corresponds to an optical
penetration depth (6=1/a) of 14um. Since & is much
larger than the thickness of the channel a-1GZO layer
(40nm), the illumination is uniformly absorbed
throughout the thickness during measurement.

3. Results and discussion

3.1 Dark TFT Electrical Properties

Saturation region TFT transfer characteristics were
measured under dark. During drain current (lps)
measurement, the drain voltage (Vps) was set at 12V
while the gate voltage (Vgs) was varied from -5~12V.
Threshold voltage (V) and field-effect mobility (pes)
were extracted from the best linear fit (90~10%) of the
Ips?-Vgs data and the standard MOSFET Ips formula
was used:

W

I s = et Coy Z (Ves Vi, )2 1)

+ IMID 2007 DIGEST

* Ips_off IS the off-state drain-current and “on/off ratio”
is the drain current ratio between on and off states.

where C,y is gate insulator capacitance per unit area.
The subthreshold swing (S) was also extract from TFT
transfer characteristic in the subthreshold region,
using the following equation:

s_ (0"09('%)]1 @).

dVgs

Key TFT properties are further summarized in Table 1.
They indicated our TFT has good electrical
performance and is suitable for photofield-effect
analysis.

3.2 TFT Electrical Properties under Illumination

We applied a monochromatic light (A=420nm) to
uniformly illuminate the TFT channel area directly
through probe station microscope. The wavelength
was chosen to match the absorption properties of the
a-1GZ0. Fig. 3 shows the TFT transfer characteristics
measured under dark and with different irradiance
levels (E) up to 10uW/cm®. We further extracted TFT
parameters for each individual level and plot them as
a function of light intensity (Fig. 4). lps o Was found
to increase with the illumination intensity, along with
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Fig. 3. a-1GZO TFT Ips-Vgs curves for dark and
different irradiance levels (1) in (a) semi-log
plot and (b) linear plot.
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Fig. 4. Dependence of TFT Ips off, AVin, S, pers and
on-current (lps on) ON the irradiance level.

a negative shift of threshold voltage (AVy,). S raises
from 0.28 to 0.37 V/dec at 1=10uW/cm® This is
primarily due to the increase of Ips o+ and can be seen
clearly under threshold voltage normalized transfer
curves (Fig. 5). The pes almost remains unchanged
during this study. The result indicates a strong UV
photon absorption in a-IGZO layer and electron-hole
pairs generated by photo-excitation cause the bulk
conductivity to increase. It is worthy to notice that the
negative AVy, has also been observed in wavelength
dependent photo-sensitivity study [3]. The device can
return to its original dark states by baking at 100°C for
few minutes. With no applied heat, the device will
regain its dark states after a much longer (days) period
of time. We speculated that the charge trapping (one
possibility is hole trapping) is responsible for AVy,.
This was further supported by the fact that all the TFT
transfer curves share the same threshold voltage
normalized turn-on voltage (about -2V) as illustrated
in Fig. 5.

3.3 Photofield-Effect Analysis

The photofield-effect theory was originally
developed by Schropp et al. and later used to explain
the photoconductivity under a controlled gate bias in
a-Si:H TFT [5-7]. It was also successfully used to
analyze the electrical properties under illumination in
organic polymer TFT [8]. The analysis begins with the
definition of photo-current (I,,) as the difference
between TFT drain current under illumination and
dark:

Iph = IDS_iII =1 DS _dark (3).
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Fig. 5. Threshold voltage normalized (lps is plotted
as a function of effective gate voltage, Vgs-
V) a-1GZO TFT transfer properties for
dark and different irradiance levels (I).

As illustrated in Fig. 6, the I, has power-law
dependence (y) with the irradiance level (I):

lnoc 17 (4)
and vy is a function of Vgs-Vy. Dash lines in Fig. 6 are
linear fit for y and it can be further described by an
analytical theory.

The theory assumes a symmetrical overlap of the
acceptor (Na=Ng+aE) and donor (Np=N;- oE) states
around mid-gap, where E is energy, N; is a constant
and o is the linear characteristic energy slope. Thus,
the total density-of-states (DOS) around mid-gap
(Np*+Na =2Ny) is a constant.
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Fig. 6. Dependence of photocurrent (l,,) on
irradiance at various Vgs-Vy, Vvoltages.
Dash lines are linear fits for power-law
dependence coefficients gamma (y).
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Fig. 7. Gamma factor (y) of a-1GZO TFT versus
Vss-Vin at a wavelength of 420nm.

The dependence of y on Vgs-Vyy is given by following
formulas:

y= 70(1_ (VG\S/'_V:h)?VFB ]’ for (Ves Vi) > Vg (58)
ac ~Vre

Yo , for (VGS _Vth)<VI;B (5b)

Veg'=Ves-Vin gak  aNd  Voc'=Vec-Vin gak. Yo 1S @
material dependent constant. Veg and Vi, g are flat
band voltage and dark threshold voltage, respectively.
Vc is also called critical voltage and is defined as:

1/2 /2
VGc = dinS (gsemi] (ZNf)3

g & a

(6)

ins

where di is the gate insulator thickness (=100nm), €
and eqm; are dielectric constants for gate insulator (3.9
for Si0,) and a-1GZO (=10), respectively. Fig. 7
shows the y extracted from Fig. 6 as a function of
Vss-Vy, and the experimental data closely follow the
analytical model (eq.5). The yo is extracted to be near
1.0 which indicates that a-IGZO TFT is efficiently
converting the UV-illumination to photocurrent in off-
region. We then extracted the critical voltage (Voc)
and flat-band voltage (Veg) to be 4.44V and 1.99V,
respectively. In order to determine the mid-gap DOS
characteristic slope a, we first determined the total
mid-gap DOS, 2N , by using the following formula

[9]:
2N, =(—S 'Og(e)—llﬁ )
kT/q q

where S is the TFT subthreshold swing. The 2N; for
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our a-IGZO TFT is estimated to be ~10" cm?V*
which is consistent with what has been extracted using
SPICE modeling [10]. By substituting all the
parameters into eq.6, a is calculated to be 7.76x10'
cm?eV? The extracted a-1GZO TFT mid-gap DOS is
more than a order lower than the previously reported
values for a-Si:H TFT [11]. The finding is supporting
a good switching property of the a-IGZO TFTs that is
experimentally observed.

4. Summary

In conclusion, we present a detail study on intensity
dependent photo-response of the a-IGZO TFT under
UV monochromatic illumination. By adapting the well
developed photofield—effect theory, experimental data
can be modeled and the a-IGZO mid-gap DOS
properties were extracted. Compared to the a-Si:H
TFT, a low subthreshold swing (S) in a-1GZO TFT is
primarily due to a low mid-gap DOS. In addition, TFT
photo-current is strongly proportional to the UV light
intensity in off-region with a high photo-to-current
conversion efficiency. This shows the potential for
using a-1IGZO TFT as UV-light photo-sensor / imager.
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