
IEEE ELECTRON DEVICE LETTERS, VOL. 37, NO. 9, SEPTEMBER 2016 1131
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Abstract— Hydrogen plays a crucial role in several oxide
semiconductors, where the amount of hydrogen significantly
influences the device performance. Thus, its manipulation in
oxide semiconductors is important for device performance. In our
investigation, we studied the effect of hydrogen on defects in
In–Ga–Zn–O semiconductor thin-film transistors (TFTs), as
it varies with Al2O3 atomic layer deposition temperature.
We found that the total trap-density (Ntot) extracted by the
sub-threshold slope and the trap density (Nt ) measured by low-
frequency noise (LFN) as well as the density-of-states analyzed
by capacitance–voltage decreased with increasing amounts of
hydrogen in the oxide semiconductor. Given that LFN data show
that mobility fluctuation is the major origins of noise and the
front channel of TFT is a major carrier transport region, our
results indicate that hydrogen effectively passivates the defects
in front channel of oxide semiconductor and contributes to
achieving superior device performance.

Index Terms— Defects, hydrogen, indium gallium zinc
oxide (IGZO), low-frequency noise (LFN), thin-film
transistors (TFTs).

I. INTRODUCTION

AMORPHOUS indium gallium zinc oxide semiconductors
(a-IGZO) have gained noteworthy attention in thin-film

transistor (TFT) community owing to their excellent electrical,
optical and physical properties [1]–[11]. However, the stability
of a-IGZO TFTs remains the most important and critical issue
because it has a certain number of defects in semiconductor.
Thus, both the defects in a-IGZO and their implications for
a-IGZO device performance need to be understood [6]–[9].
Hydrogen tends to exhibit strong bonding with oxygen in
oxide semiconductors owing to the chemical natures of both
elements [6]. Thus, hydrogen is always found in oxide
semiconductors and behaves as a defect passivator or shal-
low donor, depending on the amounts of hydrogen and
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Fig. 1. (a) Transfer (IDS–VGS) characteristics of a-IGZO TFTs with different
hydrogen amount. Inset shows Fourier-Transform Infrared Data. (b) SIMS
depth profile of hydrogen in a-IGZO TFTs with Al2O3.

oxygen [6]–[8]. Recently, various groups have reported on the
role of hydrogen as a defect passivator [8], [9], [12], leading to
improvement in the devices. However, the effect of hydrogen
on defects in IGZO and its influence on device performance
are neither clearly examined nor fully understood. In our
investigation, we studied the influence of hydrogen on defects
in a-IGZO TFTs. The amount of hydrogen was adjusted
by varying the deposition temperature (Tdepo) of the atomic
layer deposition (ALD) gate insulator. In order to examine
the defect densities, we employed various device analysis
methods, such as DC current voltage (I–V) and low-frequency
noise (LFN), as well as multi-frequency capacitance–voltage
(C–V) measurements [13]–[17]. Via systematic analysis, we
were able to understand the influence of hydrogen on
defects in a-IGZO TFT and its implication for the device
performance.

II. EXPERIMENT

We prepared bottom-gated TFTs with a-IGZO semicon-
ductor materials composited of 1:1:2.5 for cation elements
and InSnO source/drain electrodes by RF sputtering method
at room temperature and photolithography technique. For a
gate insulator, 176nm-thick Al2O3 dielectrics were prepared
by the ALD method at deposition temperatures of 150, 250
and 300 °C, respectively. For hydrogen diffusion step, we
performed annealing process at 250 °C in vacuum. The transfer
(IDS–VGS) characteristics of a-IGZO TFTs were evaluated at
VDS of 0.1 V [Fig. 1(a)]. The threshold voltage (VTH) was
determined by the VGS that induced an IDS of W/L×10 nA at
a VDS of 0.1 V. Fourier transform infrared (FTIR) spectroscopy
study was performed to detect the amount of hydrogen as seen
in the inset. The LFN was measured using a semiconductor
device analyzer with an AC-waveform generator. The multi-
frequency C–V was measured at frequencies. Medium and
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Fig. 2. Noise spectral density (SID) versus frequency for a-IGZO TFTs with
hydrogen amount.

low H at% samples shows large �Vth [Fig. 1a]. In order to
ensure reliable noise and multi-frequency C-V measurements,
we manipulated the bias stress condition as a pre-measurement
step. Then, � Vth was made to be negligible. The hydro-
gen amount in a-IGZO TFT with Al2O3 was detected by
Secondary Ion Mass Spectroscopy (SIMS). As seen in the
Fig. 1 (b). SIMS data on a-IGZO with Al2O3 Tdepo of 150,
250 and 300 °C present high, middle and low hydrogen (H)
concentration in the front channel and front/back interfaces.
The H at% was decreased with increasing Tdepo, which is
consistent with FTIR study.

III. RESULTS AND DISCUSSION

As illustrated in Fig. 1(a), the transistor characteristics of
an a-IGZO TFT are influenced by the Tdepo of Al2O3 and
the H at%. A high H at% a-IGZO TFT with Al2O3 at
150 °C presents a significantly high μlinear (17.8 cm2/V-s),
low sub-threshold slope (S) (0.12 V/dec) and negligi-
ble hysteresis (0.1 V) as compared to a middle H at%
TFT with 250 °C Al2O3 (μlinear of 8.5 cm2/V-s,
S of 0.17 V/dec. and hysteresis of 7 V) and a low H at% TFT
with 300 °C Al2O3 (μlinear of 2.1 cm2/V-s, S of 0.22 V/dec.
and hysteresis of 11.3 V). The S value can be changed to the
total trap density (Ntot ),

Ntot = Nbulk + Nit =
(

S log (e)
kT
q

− 1

)
Cox

q
(1)

where Nbulk is the bulk trap density, Nit is the interface trap
density, kT is thermal energy, q is the elementary charge
and Cox is the gate insulator capacitance [18], [19]. High,
middle and low H at% a-IGZO TFTs present values of
Ntot of 4.81 × 1011, 8.55 × 1011 and 1.34 × 1012 cm−2eV−1,
respectively. The Ntot of the low H at% TFT is 2.8 times
higher than that of the high H at% TFT.

To examine further the defect densities and to probe the
carrier transport mechanisms of TFT devices, we measured
LFN characteristics for various H at% a-IGZO TFTs. Figure 2
shows noise spectral densities (SID) versus gate overdrive volt-
ages |VGS - VT H | measured at VGS - VT H =1 V and VDS =1 V.
The magnitude of the measured SID fits well to the 1/ f γ

relationship, following the classical 1/ f noise theory [13]. The
method to find the dominant mechanism is to observe the
slope of SID/I 2

D versus |VGS - VT H | [13]–[16]. The carrier
number fluctuation (�n) model predicts SID/I 2

D ∝ |VGS -
VT H |−2, while the mobility fluctuation (�μ) model follows
SID/I 2

D ∝ |VGS - VT H |−1 [13]–[16]. Thus, the dependency of

SID/I 2
D on |VGS - VT H | was assessed in detail to determine the

carrier transport mechanism of various H at% a-IGZO TFTs

Fig. 3. (a) Normalized noise spectral density (SID/I2
D) versus gate overdrive

voltage, (b) voltage spectral density (SVG) versus gate overdrive voltage at
VDS = 1 V and f = 20 Hz., (c) normalized noise spectral density (SID/I2

D)
versus gate length at VDS = 1 V and f = 20 Hz and (d) extracted density
of states of a-IGZO TFTs with different hydrogen amount.

as seen in Fig. 3(a). The normalized SID varies as |VGS -
VT H |−m, with m in the range of 1 < m < 1.4 for all devices.
The �μ model is the major noise mechanism in a-IGZO TFTs.
However, when considering the deviations in m for all
a-IGZO TFTs from the predicted value of 1 using the
�μ model, it was not obvious enough that �μ comprises the
entire source of the LFN. It was reasonable to use the unified
�μ-� n model to determine the source of LFN [13]–[16].
From the theory unifying � n with correlated �μ, we can
define the input-referred voltage spectral densities (SVG =
SID/G2

M) and plot SVG versus |VGS - VT H | as seen
in Fig. 3(b).

SV G = SV F B
[
1 + αμe f f Cox (VGS − VT H )

]2 (2)

and

SV F B = λkT q2 Nt

f W LC2
ox

(3)

where SVFB is the flat-band voltage noise density, α is the
Coulomb-scattering coefficient, μe f f is the effective mobility,
Cox is the gate oxide capacitance, λ is the tunneling attenuation
coefficient (i.e., ∼0.11 nm for Al2O3), k is the Boltzmann
constant, T is the temperature, q is the elementary charge and
Nt is the trap density, f is the frequency [20].

Thus, all a-IGZO TFTs devices follow the � n model
with α = 7.55 × 105 Vs/C (high H at%), 8.05 × 105 Vs/C
(mid H at%), and 1.83×106 Vs/C (low H at%). The extracted
SVFB and Nt of a-IGZO TFTs are 8.19 × 10−10 V2/Hz and
1.17×1018 cm−3 eV−1 (high H at%), 3.35×10−9 V2/Hz and
4.67 ×1018 cm−3 eV−1 (mid H at%), and 1.87 ×10−8 V2/Hz
and 3.06 × 1019 cm−3 eV−1 (low H at%), respectively.
We should note that the Nt value of the low H at% TFT
is about one order of magnitude higher than that of the
high H at% TFT.

In order to classify the channel noise and contact noise,
the length effects of LFN data were monitored. The effect
of channel length (L) on the LFNs of various H at% a-IGZO
TFTs are presented in Fig. 3(c). The tendency and the value are
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TABLE I

THE EXTRACTED MODEL PARAMETERS OF DENSITY OF STATES

also observed in all devices with L from 5–20 μm. When the
channel noise governs, normalized SID is proportional to L−1.
When the contact noise is the dominant source of LFN, then
the normalized SID is proportional to L−2 [15], [16]. In our
investigation, the slope of the normalized SI D versus LG for
all tested a-IGZO TFTs was found to be around −1, which
indicates that LFNs were mainly generated in the channel
region [Fig. 3(c)].

Since the sub-gap density-of-states (DOS) of oxide TFTs
are the most important parameters for determining both device
performance and reliability, we examined the sub-gap DOS of
various H at% a-IGZO TFTs by multi-frequency C–V tech-
nique. Here, we extracted the f-independent gate capacitance
from the measured multi-frequency C–V data [17].

As a result, we obtained the DOS for three different multi-
frequency combinations with ω1, ω2 and ω3. Table 1 presents
the sub-gap DOS of high H at%, medium H at% and low
H at% a-IGZO TFTs, clearly depicting the superposition of
exponential tail states and exponential deep states.

g (E) = NT A × exp

(
(E − Ec)

kTT A

)
+ ND A × exp

(
(E − Ec)

kTD A

)
(4)

where the extracted model parameters are the acceptor-like
tail-state density (NTA), the acceptor-like deep-state density
(NDA), the acceptor-like tail-state energy (kTTA) and the
acceptor-like deep-state energy (kTDA) [21]–[23]. We need
to notice that the extracted sub-gap DOS of oxide TFTs is
influenced by the amount of hydrogen in a-IGZO TFTs. This
is consistent with the Ntot values extracted by S and the Nt
obtained from LFN data. Consistent with the sub-gap DOS
data, positive and negative bias temperature stress tests on
a-IGZO TFTs show that higher hydrogen at% correlates with
smaller threshold voltage shifts.

While bottom-gate TFT is fabricated, the active IGZO layer
was deposited via sputtering on top of the gate insulator.
Therefore, the surface of the gate dielectric in the vicinity of
the front IGZO channel was mainly damaged by the plasma.
In addition, during the CVD process for the SiO2 passivation
layer and/or sputtering process in oxygen ambient, excess
oxygen can be introduced to the IGZO layer and oxygen
interstitial states may degrade the quality of the IGZO TFTs.
Those states can be passivated by the hydrogen atoms diffused
from the gate insulator during post-annealing.

IV. SUMMARY

We studied the effect of hydrogen on defects of a-IGZO
TFTs. As presented in SIMS and FTIR results, the hydrogen
amount was varied with the deposition temperature of ALD
Al2O3. It decreases with increasing Al2O3 Tdepo (150, 250
and 300 °C). We found that the Ntot extracted by the S of the
DC I–V curve and the Nt by LFN as well as the DOS by C–V
were noticeably reduced when increasing the hydrogen amount

in a-IGZO TFTs. All these results indicate that hydrogen
effectively passivates defects in the front channel-interface of
TFT and reduces lattice scattering events. Even if the role
of hydrogen has been controversial in past works, our study
presents the finding that hydrogen plays a helpful role in ALD
Al2O3 stacked a-IGZO TFTs.
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