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Modeling of polycrystalline ZnO thin-film transistors
with a consideration of the deep and tail states®
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We report a model of the carrier transport and the subgap density of states in a polycrystalline ZnO film for

simulating a polycrystalline ZnO thin film transistor. This simple model considering the deep and the band tail states

reproduces well the characteristics of polycrystalline ZnO thin film transistors. Furthermore, using the developed model,

we study the effects of defect parameters on the electrical performances of the polycrystalline ZnO thin film transistors.
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1. Introduction

Oxide semiconductors, such as zinc oxide (ZnO),
indium gallium zinc oxide (IGZO) and indium tin ox-
ide (ITO), have received considerable attention due
to their potential applications and interesting proper-
ties, which include its low-temperature process, trans-
parency, good stability and large-area uniformity.* 3!
Among those materials, ZnO has the simplest com-
position and a relatively low cost. The polycrys-
talline ZnO (poly-ZnO) thin film is composed of
nano grains with grain sizes ranging from 10 nm
to 100 nm.

deposited using many growth techniques including
(5]

The grain boundaries (GBs) can be

sputtering,!*) molecular beam epitaxy (MBE),
[6]

pulse
laser deposition'® and metal-organic chemical vapour
deposition (MOCVD).[") Those small grains and dense
GBs result in a semi-insulating film, which is necessary
for the enhancement-mode thin film transistor (TFT)
fabrication.

Despite the rapid improvement of the ZnO TFT
performance, many physical properties of the ZnO
TFT are still not well understood. There are only a
limited number of publications related to the modeling
and simulation of ZnO TFTs.[8=1% Although a model
to explain the fundamental transport properties of
poly-ZnO TFTs based on the mid-gap deep states has
been investigated,®! the model cannot reproduce well
the characteristics of poly-ZnO TFTs in the above-
threshold region. The above-threshold characteristics
of the silicon-based TFTs have been found to strongly
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depend on the band tail states.!'!] Amorphous IGZO
TFT models using the density of states containing
both the tail and the deep gap states have been de-
veloped, and they reproduce well the characteristics
of the amorphous IGZO TFTs.['? In this paper, we
report a model of the poly-ZnO TFTs based on the
tail and the deep states, which can reproduce well the
characteristics of the poly-ZnO TFTs in both the sub-
threshold and the above-threshold regions.

2. Modeling

Figure 1 shows the device structure used in the
modeling. The transistors to be modeled were fabri-
cated on heavily doped silicon substrates, which were
used as the gate electrodes as well. The gate dielec-
tric was a thermally grown SiOq layer. The thickness
of the channel layer processed using radio frequency
(RF) sputtering at room temperature was controlled
by an alpha step. After the channel layer, the source
and the drain Al electrodes were deposited by vac-
uum evaporation and then appropriately etched. The
detailed fabrication information about the ZnO TFT
can be found in the literature.l'3 The experimentally
optimized dimensions (channel length L = 35 pm,
channel width W = 2 mm and gate oxide thickness
tsio2 = 280 nm) were used to achieve the best TFT
performance. In this paper, we study the transistors
with channel layer thicknesses tz,o of 15 nm, 25 nm,
50 nm and 70 nm, which are labeled as TFT A, TFT
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B, TFT C and TFT D, respectively, for convenience
in the following.

sourcen(_L: 35 o, drain
tzn0 7777 < ZnO
tsio, = 280 nmC Rl Si0,
heavily doped
silicon
gate

Fig. 1. Device structure used in modeling ZnO TFT.

For our modeling and simulation study, a com-
mercially available device simulator ATLAS!Y was
used. In the device simulator, we specified ZnO as the
active channel layer material. The ZnO thin film was
defined by many 15/25/50/70 nm thick nano grains
and the GBs between them. The GB was modeled as
a thin semiconductor layer having defect states par-
allel to the ZnO film thickness, and the regions on
both sides of the GBs were assumed to be completely
defect-free. All necessary material constants of ZnO
are listed in Table 1.

Table 1. Material constants of ZnO for device simu-

lation.
Parameter Value
Energy gap at 300 K 3.4 eV
Beta coefficient for temperature

920 K

dependence of bandgap

Alpha coefficient for temperature

dependence of bandgap 8 x107* eV/K

Dielectric constant 8.12

Saturation velocity for the electric

field dependent mobility 3.2x 1077 cm/s

Low-field electron mobility 150 cm?/V-s
Electron affinity 4.29 eV
Donor level 0.03 eV

Donor concentration 5 x 1016 cm—3

The density of the defect states (DOS) g(E),
which dominates the properties of amorphous or poly-
crystalline TFTs, was specified as a combination of
four parameterized components:!*® an acceptor-like
exponential band tail function gra(FE), a donor-like
exponential band tail function grp(FE), an acceptor-
like Gaussian deep state function gga (£) and a donor-
like Gaussian deep state function ggp(E), where F
denotes the state energy. As ZnO in this work was an
n-type semiconductor and the ZnO TFTs operated in
the n-channel mode, we considered only the acceptor-
like states. Finally, g(F) is given as

9(E) = gea(E) + gra(E), (1)

Ega — E\?
gca(E) = Nga -exp |— (%ﬁ) . (2)
GA
F — E,
gra(E) = Na - exp ( W ) ) (3)
TA

where Eca denotes the peak energy, Nga is the den-
sity at the peak energy and Wga is the characteristic
decay energy for the Gaussian distribution of gga (E).
For the exponential distribution of gra(E), E. is the
conduction band edge, Nta is the conduction band
edge intercept density, and Wy is the characteristic
decay energy.

We used the drift-diffusion (DD) simulation
model, in which the basic equations used are similar to
those used for a single-crystal device except that the
trapped charge is included in the Poisson’s equation
and a modified Shockley-Read-Hall (SRH) recombi-
nation term is used in the carrier continuity equations.
Also, we employed the band-to-band tunneling model
to deal with the off-state carrier transport.

3. Results and discussion

Figures 2(a)-2(d) respectively show the fitting re-
sults to the experimental datal*3lunder a drain-source
voltage (Vpg) of 30 V. In the figures, Ipg is the drain
current and Vg is the gate voltage. According to
Fig. 2, TFT B and TFT C each have a better surface
morphology and a large saturation current, although
their grain sizes are smaller. The saturation current of
the device is mainly determined by the surface prop-
erty of the ZnO film rather than its grain size.['3] From
the fittings, we can see that the model reproduces the
experimental data well. The optimized fitting defect
parameters are listed in Table 2.

The Nta parameters shown in Table 2 are at
102 order of magnitude, which are similar to that
in a-Si:H.['®) It is necessary to discuss the influence
of the tail states on the performance of the poly-ZnO
TFT. The tail states near the conduction band edge
are due to the microscopic disorders in the material
network.['”] In the poly-ZnO film, due to the insuffi-
cient crystallization during the low-temperature pro-
cess, the actual grain size is generally below 100 nm,
which is much smaller than the general grain size in
the poly-silicon material®® and will strengthen the
disorders in the ZnO network greatly. As the degree of
the microscopic disorder increases, the density of the
tail states is increased, and the effect of the tail states
on the transistor characteristics becomes stronger.
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Fig. 2. Simulation and measurement results of (a) TFT A with a thickness of 15 nm, (b) TFT B with a thickness
of 25 nm, (¢) TFT C with a thickness of 50 nm, and (d) TFT D with a thickness of 70 nm.

Table 2. Defect parameters.

Device TFT A TFTB TFT C TFT D
Film thickness/nm 15 25 50 70
RMS/nm 5.43 1.89 2.82 6.5
Grain size/nm 60 30 35 55
GB width/nm 2 1 1 2
Ega/eV 1.7 1.7 1.7 1.7
Waa/eV 0.33 0.28 0.3 0.3
Nga/10® cm=3.evV—1 538 4 7.3 2
Wra /eV 0.117  0.12 0.145  0.145
Nrta/1021 cm=3.eV—1 2.7 3.6 3 3
app /em™1 V72571 2% 1016 1 x 1012 7 x 1014
bpp/107 V- cm™! 5.5 6.5 6.5 -
QF/10'2 cm—2 1.4 1.3 2 2.8

It was mentioned in Ref. [13] that the root mean
square (RMS) values of the ZnO film surfaces of
TFT A, TFT B, TFT C and TFT D were 5.43 nm,
1.89 nm, 2.82 nm and 6.5 nm, respectively. In our
paper, we characterize the RMS difference by the
fixed oxide charge density (QF), which is the inter-
face charge at the ZnO/SiO2 boundary. According
to Table 2, with the active layer thickness increasing
from 25 nm to 70 nm, the interface charge increases
from 1.3 x 10'? cm ™2 to 2.8 x 10'2 cm~2. Parameters

app and by, in Table 2 are the user-definable param-
eters in the band-to-band tunneling model, which are
adjusted during our simulation to reproduce well the
off-state current. The difference between the param-
eters of tunnel is reasoned by the differences in the
surface morphology and the thickness of the channel.

To probe the reliability of the modeling and the
influence of each DOS parameter (Na, Wra, Nga,
and Wga) on the device characteristics, the transfer
characteristics of the poly-ZnO TFT were simulated.
In each panel of Fig. 3, only one DOS parameter is
varied, while the other parameters are kept the same
as those listed in Table 2.

Figures 3(a) and 3(b) show the simulated trans-
fer characteristics of the ZnO TFT when parameters
Nrta and Wrp are changed, respectively. The depen-
dence of parameter Nra/Wra on the on-current and
the subthreshold swing is strong. With the increase
of parameter Npa /Wrra, the on-current decreases, and
the subthreshold swing rises greatly, which prove that
it is necessary to consider the effect of the band tail on
the GB model of the ZnO TFT for an improvement of
accuracy. In n-channel TFTs, when the applied gate
voltage is less than the threshold voltage, the quasi-
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electron Fermi level lies within the acceptor-like deep
states, which results in the strong dependence of the
threshold voltage on the parameter of the deep state,
such as Nga and Wga. As the applied gate voltage
increases, the transistor enters into the above thresh-

1072
E
1074k
<
~ E
A
= 6
107°%F
L —g— Npy=2.5%x10*" cm3-eV~!
—0— Npp=3.0X10*' cm ™ 3-eV !
1078k —A— Npy=3.5x10" cm%eV~!
. . . . . .
0 20 40 60 80 100
Vas/V
—0— Nga=8.2X10" cm™%eV~! (c)
—2L
1077F o NG, =7.3%10" cn eV ! i
—A— Nga =6.3x10" cm™3-eV_L 4 A
E A b
. 40.06
< 10_4 E i Q
~ <
A 3 40.04 >~
wn
~ ‘ EQ
10—(7 E 4
E 40.02
10-8F h
10.00

Fig. 3. Influence of DOS parameters (a)Nta, (b)Wra,
(Vbs =30 V).

Figures 3(c) and 3(d) show the results of the sim-
ulation for different values of deep state parameters
Nga and Wga. To study the dependence of the deep
state on the threshold voltage and the mobility ex-
plicitly, the Ill)/S{VDS curves are also shown in the fig-
ures. It is well known that the threshold voltage and
the subthreshold performance of TFTs are related to
the number of the deep state. It is indicated that the
deep states are influenced by the subthreshold and the
turn-on voltages, the latter is defined as the voltage
at which the drain current increases sharply. It is in-
teresting that the mobility is independent of the deep
state parameter. The deep state parameters Nga and
Waa mainly influence the subthreshold part perfor-
mance, and the tail state parameters Npa and Wy

mainly affect the above-threshold part performance.

old voltage operating conditions and the Fermi level
moves towards the conduction band lying within the
acceptor-like tail states. Due to their higher concen-
tration, the influence of the tail states becomes domi-
nant compared with that of the deep states.
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4. Conclusion

In this paper, a model of poly-ZnO TFT consid-
ering the deep and the tail states in the grain bound-
ary regions is proposed, which can reproduce the ZnO
TFT transfer characteristic well, including the sub-
threshold and the above-threshold performances. In
order to verify our conclusion, we simulate four sam-
ples with channel layer thicknesses of 15 nm, 25 nm,
50 nm and 70 nm with the proposed model and com-
The dependence of the TFT
performance on the parameters of the deep and the
tail states is analysed. We find that the deep state

mainly affects the subthreshold characteristic, while

pare their differences.

the tail state influences the above-threshold charac-
teristic, which is due to the position of the Fermi level
in the energy band. The model we proposed in this
paper shall be generally useful for designing poly-ZnO
TFT devices and circuits.
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