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Abstract—The electrical and photosensitive characteristics of
amorphous indium-gallium—zinc—oxide (a-IGZO) thin-film tran-
sistors (TFTs) related to the oxygen vacancies Vo are discussed.
With the filling of Vo of ratio from 14 to 8, the electron density
of the a-IGZO channel decreases from 7.5 to 3.8 (x10'® em~3);
the saturation mobility of the TFT decreases from 3.1 to
1.4 em?/(V - s); the threshold voltage increases from 7 to 11 V
for the TFT with a lower on-current; and the subthreshold slope
increases from 2.4 to 4.4 V/dec for the TFT with a higher interface
defect density of 4.9 x 10'! cm~2, the worst electrical stability of
AVin ~ 10 V, and a hysteresis-voltage decrease from 3.5 to 2 V.
The photoreaction properties of a-IGZO TFTs are also sensitive
to the oxygen-content-related absorption of the a-IGZO channel.
With the lowest content of oxygen in the channel, the TFT has
the largest photocurrent gain of 50 pA (V; =30V;V, =10V)
and decrease in Vi, (JAVin| ~ 5V) at a high light intensity. The
light-induced change of TFT characteristics is totally reversible
with the time constant for recovery of about 2.5 h.

Index Terms—Absorption, amorphous indium—gallium-zinc—
oxide (a-IGZO) thin-film transistor (TFT), electrical and photo-
sensitive characteristics, oxygen vacancies.

1. INTRODUCTION

HE AMORPHOUS InGaZnO4 (a-IGZO) thin-film tran-

sistor (TFT), due to its superior characteristics such as
high field-effect mobility, low threshold voltage, transparent
and low-temperature deposition, etc., is now studied for large-
area devices such as TFT backplanes in flat-panel displays [1].
As the n-type oxide semiconductor, a well-known mechanism
in a-IGZO for doping is that the oxygen vacancy Vo generates
two free electrons in the conductor band and works as a shallow
donor. The electron concentration changes with the O content
in the a-IGZO film, which influences the electrical character-
istic of the a-IGZO TFT greatly [2]. For display application,
aside from the stability under the bias/current stress, the light
sensitivity of the a-IGZO TFT, particularly the influence of
irradiation with visible light is of great importance [3]. Due
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to the amorphous structure, a significant contribution of defect
states to the absorption is expected. It is also known that the
absorption depends on the electron concentration of the film [4].
Therefore, it is useful to know how the O content in the a-IGZO
channel affects the light sensitivity of the a-IGZO TFT.

Despite the great progress in the device development [5],
[6], there is a little report of the relation between the channel
composition and the TFT performance, e.g., how Vp affects
the reliability for optimizing the deposition process of the TFT,
because the developing of other high-stability materials such as
ZrInZnO [7] or HfInZnO [8] TFTs will not only increase the
manufacture cost but also lose the virtues of a-IGZO. Further-
more, the mechanisms of the enhanced reliability are seldom
studied. About the photosensitivity of the a-IGZO TFT, mainly
the effects of the passivation layer [9], the device structure [10],
and the photostability [11] are studied, and the effect of the Vo
value of a-IGZO is seldom researched for controlling its optical
properties and reducing the deposition process of the TFT. The
recover dynamics of the TFT after photo illumination are rarely
discussed either, which is very important for application in the
display panel.

In this paper, the relation between the content of the Vo, value
of the a-IGZO channel and the electrical and photosensitive
characteristics of the a-IGZO TFT is discussed. In particular,
the mechanism of the electrical-stress reliability and the photo
responsibility of the TFT affected by Vo are discussed. The
recover dynamics of the TFT after photo illumination are also
discussed.

II. EXPERIMENT

The TFTs of the bottom-gate structure are fabricated on the
substrates of the n-type silicon wafer using the shadow-mask
process. The substrates are cleaned by acetone, methanol, and
deionized water in an ultrasonic bath in turn. A 100-nm-thick
SiO4 layer is thermally oxidized on the substrate in a furnace
(> 1100 °C). As the active layer, 40-nm a-IGZO thin films
are deposited by radio-frequency (RF) magnetron sputter using
a InGaZnOy target at room temperature with a flow rate of
10 sccm for the Ar gas and different flow rates of the Oy gas
(from 0 to 2 sccm) for controlling the oxygen content in the
film, and the sputtering power is 80 W. Then, the source/drain
electrodes of the 40-nm-thick indium tin oxide are deposited
by RF magnetron sputter. The TFT channel is designed with
a width of W =2 mm and alength of L = 100 pum. After
fabrication, the TFTs are annealed in a N, atmosphere at
350 °C for 1 h to improve the electrical property and reliability.
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Fig. 1. XPS spectra of a-IGZO films.

The oxygen content of a-IGZO films are measured by
X-ray photoemission spectroscopy (XPS; Thermo VG
ESCALab 250). The absorption spectra of a-IGZO films
are measured with a Lambda 900 spectrometer. The sheet
resistivity R of a-IGZO films are measured by the four-probe
method. The electrical properties of the TFT are tested by
a semiconductor parameter analyzer (Keithley SCS 4200).
The measurements of electrical properties for films and TFTs
are made on at least three film samples and six devices with
different oxygen contents. While studying the photoreaction,
the TFTs are exposed to the light of a light-emitting diode with
A =425 nm and the power density P, increased from 1 to
10 mW/cm?. A sequence of electrical characteristics are
recorded and studied with the increasing P,. All calculation
equations for the TFT are referred from Kagan and Andry [12].

III. ELECTRICAL CHARACTERISTICS

Fig. 1 shows the XPS spectra of O in a-IGZO films. The
peaks are clearly resolved into two components centered at
530 and 532 eV. The low-binding-energy component centered
at 530 eV is attributed to O?~ ions in a-IGZO. The high-
binding-energy peak located at 532 eV is corresponding to the
existence of weakly bound oxygen species on the films’ surface
such as —CO3, —OH, or adsorbed O [13]. It is found that the
peak area of O in the film increases while that of the surface O is
almost constant for the three a-IGZO films. The peak energies
of the surface oxygen and the oxygen in the film for three films
are almost the same, respectively. The calculated atom ratio
from the peak area is listed in Fig. 1. It is found that all the
atom ratios of ZnO, GasO3, and In,O3 are the same, i.e.,1:3:9
(calculated by XPS results), while those of the deficient oxygen
decrease from 14 to 10 to 8, indicating the filling of V, and
the decrease in the electron concentration, as inferred from the
defect equation of a-1GZO, i.e.,

a-1GZ0 — %02(9) T+Vo +2e” (1)
with the rule that stoichiometric a-InGaZnQ, is intrinsic be-
cause the sum of charges is zero.

The measured sheet resistivity R and the calculated electrical
conductivity o by equation o = 1/(Rd) for a-IGZO films are
listed in Table I, in which d is the thickness of the film. It is
found that R increases and o decreases with the increase in
the O content in the a-IGZO film due to the film being closer
to stoichiometric with fewer structural defects. Fig. 2 shows
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TABLE 1
SUMMARY OF TFT PERFORMANCE PARAMETERS
Channel
Parameter InjgGagZn0Oy3 | InigGagZnOyy | InjgGagZnOyg
R (K Q/[) 25+02 3.240.1 7.140.1
o (102S/cm) 1.0£0.1 0.840.1 0.440.1
1 (cm?/(V.s)) 31404 2.0%0.2 1.4+0.3
Vin (V) 742 8+1 1142
S (V/dec) 24+02 2.8+0.1 44402
N; (10t em?) | 2.3+03 2.8+0.1 494023
AVin (V) 45402 540.1 10+0.3
Von (V) 441 341 241
Ne (10'°cm™) 75403 5.610.1 3.8+0.3
AV (V) 354+04 25402 2+0.4
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Fig. 2. Transfer characteristics of a-IGZO TFTs.

the transfer characteristics of a-IGZO TFTs with parameters
summarized in Table I. All data in Table I are showed with
mean values and standard deviation. It is found that the oxygen
content of the a-IGZO channel has significant effects on the
device performance. With the increase in the oxygen content,
the on-current /,,;,, and the saturation mobility s decrease, and
the threshold voltage V;1, and the subthreshold slope S increase.
The electron density N, in the a-IGZO channel corresponding
to the turn-on voltage V5, is estimated as

_ C?, Von

N,
° gte

@)
where C}; is the gate insulator capacitance per unit area, q is the
elementary charge, and ¢, is the thickness of the channel layer.
In this case, C; = 12 nF/ecm?, and ¢, = 40 nm. As shown in
Table I, N, decreases with the increasing O content, and this
is consistent with the XPS results. As for the n-type TFT, V}y,
decreases, and ps increases for the high-/V, channel, leading to
high I,,, as referred from the equation of the drain current in
the saturation region (V; > V, — Vin), i.e.,

o CiMsW

I
d 2L

(Vg = Vin)™. )

The interface-state defect densities [V; are calculated by

1 )
kT /q q
where e is the constant, S is the subthreshold slope, ¢ is the

electron charge, k is the Boltzmann constant, and 7 is the
temperature.
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Fig. 3. Electrical-stress time evolution of the I4-Vj characteristics for
a-IGZO TFTs.

Fig. 3 shows the positive gate voltage stress (PGVS) induced
shift of the transfer curve. The calculated AV}, values after a
1500-s stress are listed in Table I. It can be seen that AV},
increases and the stability decreases for the TFT with a higher O
content in the channel, which is due to the fact that the TFT has
higher V;y,. Generally, the TFT with higher V;;, has more defects
at the interface between the channel and the dielectric, as seen
from the calculated N;, and has worse stability, as discussed in
[14],i.e., the TFT with large positive V4, values corresponds to
the TFT that is strongly influenced by the trapping in interface
states and/or bulk traps in the semiconductor band gap and
therefore has worse stability. The intrinsic cause is that the
TFT with more VO in the channel has larger N., as shown
in Table I. An increase in N, is consistent with a shift in
the zero-gate-bias Fermi level toward the conduction band.
As the zero-gate-bias Fermi level shifts toward the conduction
band, a larger fraction of interface traps and/or traps within the
semiconductor are filled, resulting in the reduced trapping in
the gate dielectric and/or at the channel/dielectric interface N;
and a corresponding increase in the electrical stability, due to
the fact that the phenomenon of a positive AV}, value with an
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Fig. 4. Hysteresis curves for a-IGZO TFTs.

applied PGVS results from the negative charge being trapped
at the insulator/active interface or getting injected into the gate
dielectric.

To gain more insights into the effect of the O content in the
a-IGZO channel, the hysteresis of a-IGZO TFTs were exam-
ined, as shown in Fig. 4. The transfer curves were subjected to
a hysteresis loop under a sweeping V,, from —10 to 30 V with
the same sweep speed. V;y shifts to a more negative voltage
for the hysteresis loop during the return sweep. It is found that
the hysteresis value AV}, decreases with increasing O content
in a-IGZO. The negative V;y, shift indicates that electrons were
detrapped at the channel/dielectric interface or rejected from the
dielectric to the channel. The suppression of the hysteresis for
the a-IGZO film with the higher O content is attributed to an
oxygen excess leading to the decrease in the electron density
and the trap states. In this case, the hysteresis and the stability
of the TFT have no apparent relation.

IV. PHOTOSENSITIVITY

Fig. 5 shows the absorption spectra of a-IGZO films. It is
found that the absorption increases with the decrease in the
O content in the film. The relationship between absorption
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Fig. 5. Absorption spectra of a-IGZO films.

coefficient and the concentration of free electrons can be
written as

N.g*)\?

8megnTm*c3

®)

where a, N., q, A, €9, n, 7, m*, and c are the absorption
coefficient, the concentration of the free electron, the electron
charge, the absorption wavelength, the dielectric constant in
the vacuum, the refractive index, the relax time, the effective
mass of the free electron, and the optical velocity, respectively
[4]. It can be found that the absorption increases with the
concentration of the free electron, which is consistent with
Fig. 5. The band gap of a-IGZO films are calculated with
(ahv)'/2 ~ (hv) by the Tauc plot, and the values are from 2.6,
2.8, to 2.9 eV, respectively, showing the band-gap widening
effect for the film with a low electron density. The result shows
that only the photos with energy higher than 2.6 eV exhibited
the photoelectric effect.

Fig. 6 shows the transfer characteristics of a-IGZO TFTs
with an increase in the light power density P;. While, toward
higher P;, Vi, and, concomitantly, /,, show a clear saturation,
a further increase in I,g with higher intensities can be seen. The
increasing number of photo-induced carriers as P, increases
is the most plausible explanation for this trend. There are
different energy levels within the semiconductor optical band
gap, which is the characteristic of different defects such as
deep or shallow states, in the limit; when the incident radiation
has energy higher than the band gap, the photons are readily
absorbed by the semiconductor. A variation of P, is always
fixed in the same energy level, changing only the number of the
photo-induced charges that can be created within that energy
level. Increasing P, will allow for more energy states to be
filled and will therefore allow increasing the conductivity of
the channel (increasing the density of states in the volume of the
semiconductor layer, thus increasing I,g) and facilitating the
formation of the conduction channel (the charge defect states,
situated near the interface between the semiconductor and the
dielectric), which is the reason for lower V;;, and higher I, as
Py increases.

The extracted photocurrent gain Al;, decreasing
Vin (JAV4n|), and the change of mobility ug are showed
in Fig. 7. It can be found that Al; and |AV4y,| increase for
the more oxygen-deficient a-IGZO channel and that ;1g values
are constant during the light illumination. The photocarrier
dynamics are referred from Forbes et al. [15]. During the photo
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Fig. 6. Transfer characteristics of a-IGZO TFTs with an increased light power
density.

illumination, the generation of photoelectrons AN can be
expressed as

ANE:&ﬂﬁ(l—er%> (6)

where [ is the rate of production for photoelectrons, a is the
absorption coefficient of the a-IGZO channel at A = 425 nm
as shown in Fig. 5, I is the light intensity, 7; is the life of
photoelectrons, and ¢ is the illumination time of 30 s in the case.
Al in the saturation region can be expressed as

CiMsW

ALy = -

(Vg — Vin) AVin. @)

Inferred from (5)—(7), with the high electron density /N, in
the a-IGZO channel of the low O content, the a-IGZO channel
has the highest absorption, leading the TFT with high AN and,
therefore, large |AV;y,| and Al during the photo illumination
and long time to the saturation behavior, which is consistent
with the results in Figs. 5-7 that the TFT with more Vo in
the channel is more sensitive to light. It can be explained
that the channel has a higher density of electrons with more
Vo. The absorption due to a low density of electrons can be
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easily bleached out at elevated light intensities (the saturable
absorber). Alternatively, the occupation of a lower density of
traps for charge carriers may reach its saturation value earlier
(at a lower intensity and, thus, a lower charge carrier density).

The light-induced change in the TFT characteristics is totally
reversible. Fig. 8 shows the recover dynamics in the dark after
the photo illumination of the a-IGZO TFT with the channel of
Ini18GagZn0ss. It is found that, after the light is turned off,
the transfer curve shifts to the right in 12 h to the initial dark
state before the light illumination, with a decrease in /5 and
an increase in Vi, and pus. After the light is turned off, the
photocarriers disappear by

AN = ﬁa[rge% (®)

where AN is the decrease in the electron density N, in the
channel; ¢ is the recovery time; 79 is the time constant for the
recovery; and 3, o, and [ are the same as those in (6). N,
can be calculated by (1). AN as a function of the recovery
time is showed in Fig. 8(b). Using relation In(AN) ~ t/7s,
To is calculated from the slope of the fitting line. In this case,
To is about 2.5 h. Different time constants for the recovery
depend on the photoelectron-induced absorption, as shown in
(5) and (8).
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Fig. 8. Recover dynamics in the dark of the a-IGZO TFT after photo illu-
mination with an intensity of 10 mW/cm?2. (Dark: Initial state before light
illumination; L10: State after light illumination of 10 min; Loff: State of
light-off; R1-R12 h: States of recover after light-off.

The photocurrent decay and the V;y, recovery are shown in
Fig. 8(c) and (d). Gorrn et al. [3] has verified that the transient
of the V4, recovery and the decrease in conductivity shows a
similarity. The conductivity is proportional to the density of
free electrons, which can be expressed as (8). Therefore, the
model [see (7) and (8)] is also valid for the photocurrent decay
and the V;y, recovery of the TFT, which are governed by the
change of the space charge in the channel near the interface to
the dielectric.
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V. CONCLUSION

In conclusion, it has been found that the oxygen content of
the a-IGZO channel has significant effects on the electrical
and light-sensitivity characteristics of the a-IGZO TFT. For
the a-IGZO with a higher O content of the lower density of
electrons, the electrical and photosensitive characteristics of
the TFT degrade. The photosensitive behavior of a-IGZO TFTs
depends on the absorption of a-IGZO. For the a-IGZO channel
with high absorption, the a-IGZO TFT has large photocurrent
gain and shift of V4, after the light illumination. The light-
induced change in the TFT characteristic is reversible with
the recovery time constant, depending on the photoelectron-
induced absorption.
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