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a b s t r a c t

The demand for amorphous InGaZnO (a-IGZO) thin film transistors (TFTs) has increased due to their trans-
parent properties. In this paper, we report on the relationship between the subgap density of states (DOS),
field-effect mobility (lFE), and unit channel length resistance (rch) on the electrical properties of a-IGZO
TFTs. The three tested structures had the same channel width/length and gate insulator thickness with dif-
ferent gate insulator materials, SiNX, SiOX, and SiOX/SiNX. Compared to TFTs with low subgap DOS levels,
TFTs with high subgap DOS levels have low lFE values due to the relatively large rch values.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Amorphous InGaZnO (a-IGZO) thin film transistors (TFTs) were
developed to meet a large market demand in the display industry
due to their low temperature fabrication process and use in print-
able and transparent electronic applications. Furthermore, a-IGZO
TFTs have good electrical performance including high mobility
(>10 cm2/V) and a large drain current on–off ratio (>107) [1,2].
Understanding the role of subgap density of states (DOS), such as
the acceptor-like subgap DOS (gA(E)), is critical for analyzing the
electrical characteristics of a-IGZO TFTs. For example, Lee et al.
focused on the extraction of the subgap DOS in a-IGZO TFTs [3].
Hsieh et al. studied the effect of acceptor-like subgap DOS model-
ing parameters based on simulation fitting [4]. The unit channel
length resistances (rch) and contact resistances (RSD) become signif-
icant as TFTs are scaled down. Torsi et al. investigated RSD for the
non-ideality of ohmic devices [5]. RSD has a bigger effect on electri-
cal characteristics as the channel length decreases [6]. Since the
tested structures had a 50 lm channel length, the short channel
effect was negligible and the ratio of RSD to Rch was very low. Thus,
the electrical characteristics impacted by RSD were also negligible.
However, only a few studies on rch have been conducted. Studies

related to both the subgap DOS and the rch have not yet been con-
ducted [3,5].

In this paper, three types of gate insulators that include SiNX,
SiOX, and SiOX/SiNX were studied by modeling in order to investi-
gate the relationship between subgap DOS, field-effect mobility
(lFE), and rch. The modeling methodology for a-IGZO TFTs using
technology computer-aided design (TCAD) is presented. TCAD
was used to extract subgap DOS parameters while the correlation
between subgap DOS and rch was analyzed to evaluate electrical
performance.

2. Experiments and modeling scheme

The TFT test structures were fabricated on a glass substrate with
a 250-nm-thick Mo gate that was deposited by sputtering. Three
different gate insulators were deposited on the gate metal by plas-
ma enhanced chemical vapor deposition (PECVD). The 40-nm-thick
a-IGZO channel was deposited via sputtering using a polycrystal-
line In2Ga2ZnO7 target. The source and drain electrodes were then
deposited by sputtering with a Mo target. The TFT channel width
was 100 lm and the length was 50 lm. The information for the
three test structures is summarized in Table 1. The gate insulator
thickness was the same for the three test structures.

The electrical characteristics of a-IGZO TFTs were measured
using Keithley 236 source measure units. The drain bias was set
at 10.1 V while the gate bias was swept from �5 V to 15 V in
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0.2 V steps. A commercial ATLAS device simulator modeled the
average value of the initial transfer characteristics [7]. Four accep-
tor-like subgap DOS modeling parameters (NTA, WTA, NGA, and
WGA), the constant electron mobility (MUN), and the channel car-
rier concentration (Ccarrier) were used to build the TFT model. The
acceptor-like subgap DOS represented by the linear superposition
of exponential and Gaussian functions can be modeled as [4]:

gAðEÞ ¼ NTA � exp
E� Ec

WTA

� �
þ NGA � exp � EGA � E

WGA

� �2
" #

; ð1Þ

where NTA is the conduction band edge intercept density, WTA is the
characteristic decay energy, NGA is the total DOS, EGA is the Gaussian
distribution peak energy, and WGA is the characteristic decay energy
[7]. As Hsieh et al. indicated, NTA and WTA have the same effect on the
direction of the tail states. The effects are similar to the variation of
NGA and WGA in the Gaussian distribution part of Eq. (1). To compare
the overall parameter value changes, two parameters were selected
for both the tail and the Gaussian distribution. The former is repre-
sented by WTA and the latter is represented by WGA. Due to the
identical channel fabrication processes, Ccarrier was assumed to be
the same for all test structures. Three parameters were fixed in the
model. Ccarrier was 1 � 1016 cm�3 eV�1, NTA was 1 � 1018 cm�3 eV�1,
and NGA was 1 � 1016 cm�3 eV�1. MUN was assumed to be constant
for the a-IGZO channel modeling under the assumption that channel
properties did not change significantly during device operation [8].
It is reasonable to assume that MUN represents the different proper-
ties of gate insulators that only varied between the three test
structures [9].

The experimentally measured lFE was calculated by:

lFE ¼
Gm

W
L

� �
CiVDS

ð2Þ

where Gm is the transconductance, Ci is the gate capacitance per
unit area, and VDS is the drain bias. In this paper, the maximum
lFE (lFE(MAX)) is defined as the maximum value among the extracted
lFE within the range of the measured bias. It represents the mea-
sured mobility while MUN represents the simulated mobility. The
lFE(MAX) values for S1, S2, and S3 are 3.68 cm2 V�1 s�1, 5.79 cm2

V�1 s�1, and 6.8 cm2 V�1 s�1, respectively.

3. Results and discussion

3.1. Relationship between Subgap DOS and lFE

Fig. 1a depicts the initial measured and simulated transfer curves
at VDS = 10.1 V for S1, S2, and S3. Fig. 1a shows that the turn-on volt-
age (Von) of S1 is lower than that of all the other structures. Since the
modeling parameter WGA has a strong impact on the turn-on voltage
(Von) and the transfer curve [9], it is reasonable that the WGA of S1 is
smaller than that of S2 and S3. The subthreshold swing (SSUB) of S1 is
also bigger than that of S2 and S3. Corresponding to SSUB, WTA can
handle the on-current (Ion) and SSUB by controlling the tail states.
It is obvious that S1 has the biggest WTA among the test structures.
Nitrogen incorporation into silicon oxide is thought to enhance SSUB

for S3, resulting in the smallest WTA value. The on-current (Ion) of S3
is slightly greater than that of S2 and S1. Wanga et al. indicated that
nitrogen incorporation in oxide dielectrics causes atomic nitrogen

to passivate oxygen vacancies in the oxide dielectrics, resulting in
better performance [10]. The remaining modeling parameter,
MUN, is related to channel mobility. It is important to note that Ion

of S3 is the greatest because it has the highest MUN value, although
the WTA of S3 is not the smallest. The extracted values for MUN, WTA,
WGA, and the subgap DOS when Ec–E = 1.5 eV are summarized in
Table 2.

Fig. 1b represents the calculated subgap DOS for S1, S2, and S3
by substituting the extracted values of the modeling parameters in
Eq. (1). As shown in Fig. 1b, the subgap DOS is slightly larger in S2
than in S3 due to the effect of passivating oxygen deficiencies in S2,
as S2 contains more oxygen deficiencies [10]. Using the subgap
DOS, the relationship between simulation results and measure-
ments can be verified.

lFE ¼ ln
nfree

ninduced

� �
; ð3Þ

where ln represents band mobility, nfree represents free electron
concentration, and ninduced represents the total induced charge in
the channel [11,12]. Here, ln is equivalent to the mobility term de-
noted in our simulation by ‘MUN’. The simulated lFE can be obtained
by substituting the modeling data into the right-hand side of Eq. (3).
nfree is the extracted modeling data with the optimized subgap DOS
parameters (which are optimized WTA, NTA, WGA, and NGA, as listed
in Table II). ninduced is also extracted from the modeling data with-
out considering the subgap DOS values to express the total induced
charge in the channel. The ratios of nfree to ninduced for S1, S2, and S3
are 0.791, 0.854, and 0.849, respectively. All considered data were
obtained when VGS = 15 V. Simulated lFE values for S1, S2, and S3
are 4.50, 6.55, and 7.47, respectively. Fig. 2 shows the measured

Table 1
Structure information for the three test structures.

Structure
name

Total thickness
(Å)

Layers (thickness, Å) lFE(MAX)

(cm2 V�1 s�1)

S1 2000 SiNX(2000) 3.68
S2 2000 SiOX(2000) 5.79
S3 2000 SiOX(1000)/SiNX(1000) 6.8

Fig. 1. Modeling results for the test structures. (a) Measured (lines) and simulated
(symbols) transfer curves and (b) subgap density of states (DOS) for S1, S2, and S3.
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