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ABSTRACT: Persistent photoconduction (PPC) is a phenom- Epn (Visible lighty

enon that limits the application of oxide semiconductor thin-film Peroxide formation orlE)
transistors (TFTs) in optical sensor-embedded displays. In the X, MT
present work, a study on zinc oxynitride (ZnON) semiconductor OsygRRreh O,:,Oz, Vat
TFTs based on the combination of experimental results and Vo lovel leve
device simulation is presented. Devices incorporating ZnON P E
semiconductors exhibit negligible PPC effects compared with :
amorphous In—Ga—Zn-O (a-IGZO) TFTs, and the difference (B! Agm(,_:)
between the two types of materials are examined by Generatio
monochromatic photonic C—V spectroscopy (MPCVS). The C

latter method allows the estimation of the density of subgap Vo level o
states in the semiconductor, which may account for the different Bz E Fe

behavior of ZnON and IGZO materials with respect to

illumination and the associated PPC. In the case of a-IGZO

TFTs, the oxygen flow rate during the sputter deposition of a-IGZO is found to influence the amount of PPC. Small oxygen flow
rates result in pronounced PPC, and large densities of valence band tail (VBT) states are observed in the corresponding devices.
This implies a dependence of PPC on the amount of oxygen vacancies (V). On the other hand, ZnON has a smaller bandgap
than a-IGZO and contains a smaller density of VBT states over the entire range of its bandgap energy. Here, the concept of
activation energy window (AEW) is introduced to explain the occurrence of PPC effects by photoinduced electron doping, which
is likely to be associated with the formation of peroxides in the semiconductor. The analytical methodology presented in this
report accounts well for the reduction of PPC in ZnON TFTs, and provides a quantitative tool for the systematic development of
phototransistors for optical sensor-embedded interactive displays.
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B INTRODUCTION

The recent development of high-resolution and large size flat
panel displays has driven considerable progress in the field of
amorphous oxide semiconductors (AOSs), as thin film
transistor (TFT) arrays incorporating such materials with
high carrier mobility act as fast switching or driving elements in
active matrix liquid crystal display (AMLCD) or active matrix
organic light emitting diode (AMOLED) panels.' ™ Although
devices based on conventional hydrogenated amorphous silicon
(a-Si:H) exhibit relatively low field-effect mobility (<1 cm* V™"
s7!), TFTs incorporating oxide semiconductors such as
amorphous In—Ga—Zn—O (a-IGZO) exhibit high mobility
exceeding S cm® V™' s7! in commercially available products.>®

A potential application of large area flat panels involves the
realization of interactive information displays, which allow the
users to input information into the hardware, for example, in
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the form of light signals.7_9 In this regard, the integration of
photosensors is necessary in order to have the hardware detect
and process the incoming signals. The incorporation of light
sensitive TFT devices is the most straightforward way to
implement photodetectors in display backplanes. The use of
semiconductors that react to photon radiation is therefore
mandatory, and high mobility oxide semiconductors indeed
meet such requirements, providing considerable photocurrent
in the off region.”

However, oxide semiconductor devices exhibit a typical
phenomenon known as persistent photoconduction (PPC),
which is detrimental regarding their stability under illumina-
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tion.”'°™"* Exposure to light results in the formation of
electron—hole pairs, which do not recombine spontaneously
when the light is turned off. The excess carrier lifetime may last
as long as several days, which induces undesired electrical
conductivity in oxide semiconductors even in the absence of
light, hence the name PPC. Because of such effects, the
threshold voltage of oxide semiconductor TFTs shifts in the
negative direction upon prolonged operation, compromising
the product reliability.

An alternative semiconductor of choice that exhibits fast
recovery after illumination is zinc oxynitride (ZnON), a
material with a small bandgap (~1.3 V) that usually exhibits
relatively high electron mobility (>30 cm? V! s71).!>1571
While providing relatively large photoresponsivity in the off
region, once the light is turned off, TFTs based on ZnON
recover the initial dark off current levels and threshold voltage
immediately. The present work involves the study of the sub-
bandgap state distributions in a-IGZO and ZnON semi-
conductors based on monochromatic photonic C—V spectros-
copy (MPCVS) and device simulation. Sputter-deposited
IGZO films using different oxygen flow rates are analyzed
first, and the distribution of valence band tail (VBT) states in
the bandgap is found to be related with the amount of PPC
effect in the corresponding devices. The concept of VBT states
cannot be directly compared between a-IGZO and ZnON, as
the bandgap of ZnON is smaller than that of a-IGZO (~3.3
eV). Nevertheless, the density of subgap states over the entire
range of the ZnON bandgap is smaller than that in IGZO films.
It is suggested that the absence of oxygen-related VBT states in
ZnON results in fast electron—hole recombination, resulting in
negligible PPC. The concept of activation energy window
(AEW) is introduced to explain the occurrence of PPC effects
by photoinduced electron doping, which is likely to be
associated with the formation of peroxides in the semi-
conductor. The analytical methodology presented herein
explains well the reduction of PPC in ZnON TFTs, and
provides a quantitative tool for the systematic development of
photonic devices or optical sensor-embedded interactive
displays.

B EXPERIMENTAL SECTION

Device Fabrication. All samples were prepared on glass substrates.
Prior to device fabrication, the substrates were chemically cleaned
using aqueous mixtures of H,SO,—H,0,, followed by deionized water
rinsing. Bottom-gate and top-contact TFTs were fabricated using
standard semiconductor fabrication process as shown in Figure 1.

First, 200 nm-thick molybdenum (Mo) was sputtered at room
temperature on the substrate and patterned photolithographically to
form the gate electrodes. Then, a stack of silicon nitride (SiN,) and
silicon dioxide (SiO,) films was deposited sequentially at 350 °C by
plasma-enhanced chemical vapor deposition (PECVD) to form the

Molybdenum
I a-1GZ0 / a-znON
I sio.

SiNx

Figure 1. Schematic diagram of the thin film transistor devices
fabricated in the present work.
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gate insulator. Two different types of semiconductors were employed
next. For a-IGZO active layers, 50 nm-thick IGZO thin films were
grown at room temperature by direct current (DC) magnetron
sputtering using a single In,Ga,ZnO, target. The deposition was done
with various gas mixing ratios of Ar/O, = 35/20, 35/40, 35/60 sccm at
a fixed total pressure of S mTorr. On the other hand, for ZnON active
layers, thin films of ZnON (S0 nm thick) were deposited at room
temperature by reactive radio frequency (RF) magnetron sputtering. A
Zn metal target was used, and the deposition was done using a gas flow
rate ratio of Ar/O,/N, = 5/1/100 sccm. The active islands were
patterned by a wet etch process. Subsequently, a 100 nm thick SiO,
etch stopper layer was deposited at 200 °C by PECVD. After
patterning the etch stopper by dry etching, 200 nm thick Mo was
sputtered at room temperature and patterned to form the source-drain
electrodes. Finally, a 100 nm-thick SiO,/100 nm thick SiN, bilayer was
deposited as the passivation layer. The fabricated devices were
annealed in air for 1 h at 250 °C.

Electrical Characterization and Device Simulation. Devices
with channel width/length = 50/30 um were characterized at room
temperature. All electrical properties were measured using an Agilent
4156C precision semiconductor parameter analyzer, and the threshold
voltage (Vr), subthreshold swing (SS), and the field-effect mobility
(upg) were extracted in compliance with the gradual channel
approximation.'® The V. was defined as the gate voltage that induces
a drain current of 10 nA. The photoresponse of the drain current (Ipg)
was observed using a halogen lamp with a luminance of 112,000 Ix as
the light source. The variation of Ipg was observed as a function of
time while switching the lamp on and off. The subgap density of states
(DOS) profiles were extracted from the capacitance—voltage (C—V)
characteristics of the TFTs. The density distribution of acceptor-like
subgap states, g,(E), and that of donor-like subgap states, gp(E), were
extracted by using the frequency-dependence of C—V and the
photonic response of C—V characteristics, respectively. For the latter,
a monochromatic light with 532 nm wavelength was used. The
current—voltage (I—V) characteristics were calculated by combining
the extracted DOS and a subgap DOS-based device simulator
(DeAOTS). The peroxide electron doping concentration, Ny, was
extracted by fitting the measured I—-V curves with the calculated ones
over a broad range of Vg and Vpg.

B RESULTS AND DISCUSSION

The transfer characteristics of the IGZO and ZnON devices are
shown in Figure 2a, b representing the drain-to-source current
(Ips) as a function of gate-to-source voltage (V) by a linear
and a logarithmic scale, respectively. Figure 2c shows the
output characteristics of the devices indicating good saturation
at large VDS values, and Figure 2d illustrates a comparison of
the field effect mobility values of the TFTs in both linear and
saturation regimes.

Note the superior field-effect mobility for the ZnON device,
whereas in the case of a-IGZO devices, the field-effect mobility
decreases with an increase in oxygen gas flow rate used during
the sputter deposition. It is suggested that the concentration of
oxygen vacancies (V) decreases with increased oxygen flow
rate, resulting in fewer free carrier electrons in 1GZ0.1972
Also, the threshold voltage becomes more positive as the
amount of oxygen incorporation becomes larger. The
representative electrical parameters reflecting the device
performance, including saturation field-effect mobility, thresh-
old voltage, and subthreshold swing (SS), are listed in Table 1.

A schematic diagram illustrating the types of subgap states is
shown in Figure 3, where E: denotes the conduction band
minimum and Ey, is the valence band maximum. In the present
work, the distribution of conduction band tail (CBT) states,
gepr(E), and that of valence band tail (VBT) states, gypr(E),
are considered for the interpretation of the device behavior with
respect to illumination. For n-type semiconductors, the Fermi
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Figure 2. Transfer characteristics of the a-IGZO and ZnON TFT devices represented by a (a) linear and (b) logarithmic scale for Ig. (c) Output
curves collected at a fixed Vg = 12 V. (d) Field-effect mobility values of the different devices.

Table 1. Electrical Parameters Extracted from the a-IGZO
and ZnON TFT Devices

params a-IGZO ZnON
Ar/0,/N, 35/20/0  35/40/0  35/60/0  5/1/100
Hegsar (cm?*/(V's)) 7.83 7.75 8.42 67.0
Ve @Ipg=10nA (V)  2.89 473 7.19 —-0.19
SS (mV/dec) 627 697 712 585
c-Cph xtraction range, Ep,
E Extract E
A Invalid rangei (Photo response range) 4
S >ie >
~ |
Se i gvet(E) gest(E)
gvet(E) SO | extracted at extracted at
Fitting line ~ Kdepletion region accumulation region|
1
]
1
|
1

Oxygen vacancy
energy level
-t

Ey :

Ec

E,

Figure 3. Schematic diagram of the sub-bandgap states, which may be
distinguished as valence band tail (VBT) states and conduction band
tail (CBT) states. Only the region that can be probed by the incident
photon energy may be extracted, and the distribution of VBT states
below is simply extrapolated.

energy level lies in the gcpr(E) region during carrier
accumulation in the channel, and lies in the gypr(E) region
while the channel is depleted. The CBT states consist of
acceptor-like tail states (grp) and acceptor-like deep states
(gpa), whereas the VBT states include donor-like tail states
(grp) and donor-like deep states (gpp). It is well-known in the
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field of oxide semiconductors that the donor-like tail states arise
from the amorphous structure, whereas part of the donor-like
deep states originate from the presence of oxygen vacancies
(VO)'21—23

The conduction band tail states play an important role in
determining the electrical performance of the devices, whereas
the valence band tail states influence the stability with respect
to bias stress or PPC.*
understand how the distribution of subgap states affects the
a-IGZO and ZnON TFTs regarding their performance and
stability. As reported in earlier publications, monochromatic
photonic C—V spectroscopy (MPCVS) was performed in order
to use the C—V properties measured in the dark and under
photon radiation to extract the subgap states density

> It is therefore important to

distributions.”® The symbols in Figure 4a represent the
experimentally assessed density of subgap states in the energy
range from the conduction band minimum down to the energy
provided by the incident photons (532 nm wavelength). The
profiles of the states below the deepest level accessible are
extrapolated logarithmically, represented by dashed lines.

Figure 4b shows the conduction band tail (CBT) states on a
linear scale for all devices. The extracted subgap distributions
were modeled and plotted as shown in Figure 4c, using the
following equations:

8opr(E) = g, (E) + g1, (E)

C
—FC|+N
KT ) TAeXP(

(em™ev7h

N, E—E
= e _—
DASXP KTon
(1)
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Figure 4. (a) Experimentally extracted density of subgap states for all devices and (b) conduction band tail states near the conduction band
minimum represented by a linear scale. (c) Modeled distributions of subgap states using exponential and Gaussian distributions. (d) Schematic
illustrating the V-related defects in a-IGZO and their negligible effects in ZnON semiconductors.

Table 2. Parameters Used for the Modeling of Sub-Gap State Density Profiles

params a-1GZO ZnON
Ar/0,/N, 35/20/0 35/40/0 35/60/0 5/1/100
gepr(E) (em™ ev!) Nrpa (em™3ev) 1.35 x 10" 2.70 x 10" 1.79 x 10' 1.36 x 10"
KTpa (eV) 0.026 0.027 0.115 0.013
Npy (ecm™3eV") 7.24 x 107 1.04 x 10 1.10 X 10 143 x 10"
kTps (eV) 0277 0347 0942 0.189
gusr(E) (cm™3eV™!) Nyp (em™ eV™?) 9.20 x 10" 4.63 x 10" 4.59 x 10" 9.39 x 10'
kT (eV) 0435 0463 1.622 0.732
Npp (ecm™3eV!) 1.77 X 10"
Epp (eV) 1.98
kTpp (eV) 0418
gVBT(E) = gDD(E) + gTD(E) highly likely tbat this peak is related.mth .the presence of
) oxygen vacancies. Former reports available in the literature
Epp — E estimated the position2 302f7the V, energy level at approximately
= Npp X exp| — T 1-1.5 eV above Ey;"’ however, the latter resulted from
DD theoretical calculations, and the position observed in the
E._E . present work may differ by approximately 0.5 eV. Although the
+ Npp X exp ;27 [em™ V7] exact position of the Vi, peak may vary according to the
TD ) properties of the deposited IGZO material, this is the first Vo

The parameters used to fit the subgap distributions are listed in
Table 2.

The extracted DOS distributions clearly vary with the
amount of oxygen incorporated during the sputter growth of
IGZO semiconductors. For oxygen-deficient IGZO (Ar/O, =
35/20 sccm), a Gaussian peak is observed, centered at E = Ey, +
1.98 eV. This peak is not present when the oxygen content in
IGZO is increased (Ar/O, = 35/40 and 35/60 sccm). It is
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peak reported up to date observed by experimental extraction
of subgap states. The conduction band tail (CBT) states
decrease with increased V5 content in a-IGZO, whereas the
valence band tail (VBT) states exhibit the opposite trend. On
the other hand, the VBT concentration in ZnON near its Ey, is
considerably smaller than those of IGZO devices. It was
previously reported by ab initio calculations that the states
related to V are located below the valence band minimum of
N-rich ZnON as shown schematically in Figure 4d, and thus
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Figure S. (a) Experimental setup for PPC evaluation. (b) Photocurrent as a function of time for the a-IGZO and ZnON devices, with the light
switched on and off. (c) Normalized current levels indicating the recovery behavior after the light is turned off. (d) Normalized current levels
immediately after light is turned off, reflecting the fast recovery of ZnON TFT.

PPC effects could be suppressed.'>'® The next results involve
the PPC evaluation of a-IGZO and ZnON devices upon
repeated exposure to visible light, and how their response to
photon radiation is related to VBT states.

Figure Sa illustrates the experimental setup for PPC
evaluation. Each exposure of the TFTs to light was maintained
for 150 s and between each exposure the devices were let to
recover for 200 s. For each device, the V5 was fixed at the value
inducing Ipg = 10 pA, and the Ipg variations were monitored as
a function of time, for two sequential exposures to light. Figure
5b shows the photoresponse of the a-IGZO and ZnON devices.
Note the fast increase in photocurrent for ZnON upon light
exposure and its steplike decrease upon switching the halogen
lamp off. In contrast, the a-IGZO devices exhibit exponential
increase and decrease in photocurrent, however do not reach
the initial value measured in the dark for several hundred
seconds, a situation in which PPC is apparent. The IGZO with
smaller oxygen content is more sensitive to illumination,
exhibiting a large increase in photocurrent. Also, faster recovery
than oxygen-rich IGZO devices is observed when the light is
turned off, as indicated by the normalized current levels in
Figure Sc, d.

It was formerly reported that defects related to oxygen
vacancies may trap hole carriers in ZnO-based materials and
prevent the electron—hole recombination after exposure to
light.>** However, the results presented in this work suggest
that higher concentrations of oxygen vacancies (i.e.,, low oxygen
incorporation such as Ar/O, = 35/20 sccm) induce faster

photoresponse, generating higher free carriers by the excitation
of electron hole pairs, and faster recovery by their
recombination upon turning the light off. It is therefore
conjectured that the trapping of holes by oxygen vacancy
ionization (Vo + 2h* — V**) may not be the mechanism
inducing PPC in a-IGZO.

A more plausible theory involves the formation of metastable
peroxides upon illumination, which may act as net electron
donors (O*™ + O™ + 2h* + 2e™ — 0,>™ + 2¢7).* According to
ab initio calculations, the recovery process of the peroxide
(0> +2¢” = O + O*) is thermodynamically favorable, but
an energy barrier makes the recovery rather sluggish, which
results in PPC. The reported value of this energy barrier is
approximately 0.97 eV, which matches well with the
experimentally observed activation energy of 0.9—1.0 eV." It
may therefore be understood that the PPC effect originates
from the excitation of electron—hole pairs from the valence
band tail (VBT) states, and the peroxide model describes well
the slow recovery in a-IGZO devices, whereas the VBT-
deficient ZnON TFT exhibits negligible PPC. Figure 6 is a
schematic diagram illustrating the ionization of oxygen
vacancies and the subsequent peroxide formation. Larger Vg
concentrations in a-IGZO induce larger gygr(E), which results
in larger densities of ionized vacancies (V") and peroxides.
Also, the larger the number of photoinduced electrons, the
larger is the probability of having them recombined with V>
or having the peroxides recover the original state (O,>” + 2e~
— O + 0?"). This explains well the relatively fast recovery of
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the a-IGZO device with the smallest amount of oxygen
incorporated (Ar/O, = 35/20 sccm).

In the case of ZnON semiconductors, direct band-to-band
generation and recombination of photoexcited carriers are
anticipated to take place, owing to the relatively small bandgap
(~1.3 eV). This is highly likely to be the mechanism that
governs the fast photoresponse and recovery of the ZnON
devices. Here, neither V ionization nor peroxide formation
takes effect.

To quantify the PPC effect, a concept of activation energy
window (AEW) is defined by the following equation®’

_ [ -3
ABW(E) = fEC-EP,,,Ef,-gVBT(E)dE (em™) (3)

The AEW represents the increment in electron doping
concentration, ANp, by the photoexcitation of VBT states. It
is assumed that a sufficient number of photons are available to
excite electron from all states that can be probed by the
incident photon energy within the bandgap. Figure 7 is a
schematic illustrating the concept of activation energy window,
and the quantification of AEW by integrating the area under the
VBT curves.

The AEW values are listed in Table 3. The Fermi energy
level for each case is determined by the electrical measurement
conditions such as Vg and Vpg.

Table 3. Activation Energy Window (AEW) for the a-IGZO
and ZnON TFTs

params 1GZ0O ZnON
Ar/0,/N, 35/20/0 35/40/0 35/60/0 5/1/100
Vos @ Ipg = 1.3 32 5.5 —-0.8

10 pA (V)
AEW (em™)  L11 x 10" 279 x 107 773 x 10" 2.67 x 10"

B CONCLUSION

The photoresponse behavior of a-IGZO and ZnON TFTs was
investigated by MPCVS extraction of sub-bandgap states and in
terms of persistent photoconduction (PPC). Although ZnON
devices exhibit superior performance than their a-IGZO
counterparts, they also undergo fast excitation and recovery
upon exposure to visible light. The PPC effect in a-IGZO is
most likely to originate from the formation of peroxides, rather
than V{, ionization. Direct band-to-band carrier generation and
recombination is anticipated to be the reason for fast
photoresponse and recovery in ZnON devices. The number
of valence band tail (VBT) states is directly related to the
number of photoexcited carriers, which is represented by the
activation energy window (AEW). The methodology presented
in this work, based on the subgap DOS extraction and device
simulation, is demonstrated to be a suitable tool for the design
of photosensors with high mobility and negligible PPC. ZnON
is an appropriate semiconductor that satisfies the latter criteria,
and is applicable to large-area interactive displays.
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