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High-performance thin-film transistors �TFTs�, in which the channel material consisted of amorphous indium-gallium-zinc oxide
�a-IGZO� with a bottom gate architecture, were fabricated for array applications. It was found that the dependence of the
field-effect mobility on the channel length was greatly affected by the value of the contact resistance �RC�. A high contact
resistance �RCW � 200 � cm� resulted in a significant drop ��22.3%� in the normalized field-effect mobility for the short
channel device �10 �m�, while contact-limited behavior was hardly seen for the device with a low contact resistance �RCW
� 23 � cm�. The difference in the channel length dependence of the field-effect mobility was comprehensively investigated based
on the conduction mechanism. The fabricated n-channel a-IGZO TFTs with W/L = 10/10 �m exhibited a field-effect mobility of
12.6 cm2/V s, threshold voltage of 4.7 V, on/off ratio of 108, and subthreshold gate swing of 0.56 V/decade.
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Active-matrix organic light-emitting diode �AMOLED� displays
have drawn more attention as a next-generation flat panel display
than active-matrix liquid-crystal displays �AMLCDs� because they
are thinner, lighter, faster, and more power efficient than AMLCDs.
Conventional polycrystalline Si thin-film transistors �poly-Si TFTs�,
which are used as a backplane for AMOLED displays due to their
high mobility and stability, suffer from the nonuniformity of their
mobility and threshold voltage, due to the presence of grain bound-
aries. To circumvent this problem, complex pixel circuits have to be
adopted, which limit the design of a high-resolution panel with a
high aperture ratio and cause the TFTs to have a low yield and, thus,
high cost.1,2 Amorphous silicon �a-Si� TFTs, which are used as
switching devices for AMLCDs, have the advantage of uniformity
and low fabrication cost. Their low mobility �1 cm2/V s�, however,
may be insufficient to drive large-area AMOLED displays,3 and
their device reliability also shows significant deficiencies.4 For ex-
ample, their threshold voltages are seriously shifted under a constant
drain current stress ��1 �A�, a problem that is attributed to either
the creation of defects in the a-Si:H layer or charge trapping in the
gate nitride.

Recently, amorphous indium-gallium-zinc oxide �a-IGZO� TFTs
have gained much attention as an attractive alternative to poly-Si
TFTs because they provide better uniformity in terms of their device
characteristics, including the threshold voltage and mobility, due to
their amorphous phase nature, and high mobility is attainable with
these devices even in the amorphous phase.5-9 Even though high-
performance a-IGZO transistors have been reported by a few
groups,5-9 there is still a lack of understanding of their transport
mechanisms, such as the carrier charge injection from the contact,
the bulk conduction of the a-IGZO semiconductor itself, and the
systematic correlation between the channel length �L� scaling and
the contact resistance.

In this paper, we report the fabrication of high mobility a-IGZO
TFTs with excellent uniformity in their device properties for array
applications. It is also shown that the a-IGZO transistors are contact-
limited devices. A detailed discussion on the carrier conduction
mechanism is given in order to provide information on the contact-
limited behavior of the a-IGZO transistors.

Device Fabrication

The n-channel a-IGZO TFT array with a bottom gate structure
with an etch stopper was fabricated on a SiO2/glass substrate with a
size of 370 mm � 400 mm. Lithographically patterned Mo
�200 nm� on the substrate was used as the gate electrode. SiNx

�200 nm� film as a gate dielectric layer was deposited by plasma-
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enhanced chemical vapor deposition. Subsequently, the a-IGZO film
with a thickness of 50 nm was grown by sputtering, using a poly-
crystalline InGaZnO target at room temperature. During sputtering,
the Ar/O2 gas mixing ratio, input power density, and chamber pres-
sure for sample A �and B� were 65/35 �and 72/28�, radio frequency
1.4 W/cm2 �and dc 2.0 W/cm2�, and 5.0 mTorr �and 3.4 mTorr�,
respectively. After defining the a-IGZO channel using photolithog-
raphy and wet etching, an etch-stopper layer was formed and then
patterned. Mo source and drain electrodes �300 nm� were formed by
sputtering, defined by photolithography, and then patterned by dry
etching. Finally, the sample was subjected to thermal annealing at
250°C for 1 h. In order to study the current conduction mechanism,
parallel devices with the structure of electrode/a-IGZO/electrode
were also fabricated. MoW sputtered on a SiO2/glass substrate with
a surface area of 50 mm � 50 mm was used as the bottom elec-
trode. Then, a-IGZO films were fabricated with the two sputtering
conditions mentioned above. The indium zinc oxide �IZO� top elec-
trodes, which had a circular shape with a diameter of 200 �m and
thickness of 200 nm, were deposited by sputtering in the same
chamber. The resistivity of the deposited IZO was 8 � 10−4 � cm,
as measured by a four-point probe, which was at least three orders of
magnitude smaller than that of a-IGZO. Therefore, the voltage drop
within the IZO electrode was negligible. The transfer characteristics
of the a-IGZO TFTs were measured at room temperature with an
Agilent 4156C precision semiconductor parameter analyzer.

Results and Discussion

Contact-limited behavior of a-IGZO TFT.— Figure 1 shows the
representative transfer characteristics of the a-IGZO TFTs. The stan-
dard deviations of the electrical parameters associated with the per-
formance of the transistors were determined by the evaluation of
nine points on one panel. Device A with the a-IGZO channel, which
was not optimized, exhibited the field-effect mobility ��FE� of
2.82 cm2/V s, the subthreshold swing �SS� of 0.87 V/decade, and
Ion/off ratio of �107, as shown in Fig. 1c. Device B, with an opti-
mized channel, showed the reasonable �FE of 12.6 cm2/V s, the
improved SS of 0.56 V/decade, and a high Ion/off ratio of 108 �see
Fig. 1b and c�, which are much better than those of the a-Si TFT.
The lower �FE and higher SS for device A indicate that the density
of state of the IGZO channel material for device A is larger than that
for device B. Thus, the larger leakage current of device A would
come from the increasing trap-assisted tunneling via the larger gap
state. We note that chemical and structural analyses on samples A
and B did not show a detectable difference in anion composition
ratio inductively coupled plasma–mass spectrometry, thin film den-
sity �X-ray reflectivity�, and film roughness �X-ray reflectivity and
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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atomic force microscopy�. One can possibly conjecture that a faster
deposition rate of dc sputtering in sample B may result in subtle
alleviation on the electrical trap creation.

It is interesting to mention the uniformity of device parameter.
The long-range standard deviations �370 mm � 400 mm� of the
threshold voltage �Vth� and gate swing for device B were 0.25 V and
0.06 V/decade, respectively. Surprisingly, the short-range unifor-
mity �SRU� of Vth was dramatically improved, which is essential for
high-quality displays without pixel nonuniformity. The achieved
standard deviation of the SRU was �0.017 V �not shown�, indicat-
ing that the very simple pixel circuit consisting of 2Tr + 1Cap is
sufficient for the high-quality driving of the AMOLED display with-
out any pixel nonuniformity.

Figure 2a shows the dependence of the apparent �FE on the
channel length for device A. The apparent maximum �FE of the
a-IGZO TFTs decreased from 3.63 to 2.82 cm2/V s as the channel
length decreased from 50 to 10 �m, as shown in Fig. 2c. However,
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Figure 1. �Color online� Collected transfer characteristics of the a-IGZO
TFTs channel width/length �WL�, �W/L = 10 �m/10 �m� for �a� sample A
and �b� sample B. �c� The summaries of device parameters including �FE,
Vth, SS, and Ion/off ratio for both samples.
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for device B, the apparent field-effect mobility was nearly indepen-
dent of the channel length of the a-IGZO transistor. The extracted
�FE was �13.2 cm2/V s for the device with W/L = 10/10 �m, hav-
ing no dependence on the channel length �Fig. 2d�. The change in
the normalized transconductance more clearly showed the different
channel-length dependence for samples A and B. The drop in the
transconductance ��gm/gm � 100%� of the 10 �m long device with
respect to the device with W/L = 10/50 �m was 22.3% for sample
A, whereas it was �4.0% for sample B, as shown in the inset of Fig.
2c and d.

In fact, it is well known that the apparent �FE is dependent on the
contact resistance �RC�, as follows

�FE � �0
L

L + �0WCiRC�VGS − VT�
�1�

where �0 and Ci are the true mobility and gate capacitance per unit
area, respectively.10,11 Assuming that the contact resistance is nearly
negligible, the apparent �FE should be the same as the true mobility
and there is no channel-length dependence �sample B�. However, if
the contact resistance is not negligible, the apparent �FE should
decrease with decreasing channel length �sample A�. To verify this
hypothesis, we calculated the actual RC for both devices by deter-
mining the device on-resistance �RON� from the linear region of the
transfer curves and plotting the width-normalized value of RONW as
a function of the channel length for different gate voltages.12

Figures 3a and b show the width-normalized contact resistance,
RCW, as a function of L at VDS = 5.1 V for devices A and B, respec-
tively. The value of RCW for device A, which is extracted at the
y-axis value of crossing point of the extrapolated linear fit of RCW
vs L, was �200 � cm. It should be noted that typical values of
RCW are �1 and �1000 � cm for poly-Si and organic TFTs,
respectively.13 Indeed, the large contact resistance for device A is
responsible for the channel-length dependence of the apparent field-
effect mobility. Device B had a much smaller contact resistance
�RCW � 23 � cm�. Therefore, it can be concluded that the contact-
limited behavior of the a-IGZO transistor comes from the large con-
tact resistance and that the apparent field-effect mobility would be
independent of the channel length for the devices with a small con-
tact resistance �for example, �23 � cm�.
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Figure 2. �Color online� Dependence of the apparent field-effect mobility on
the channel length of the TFTs with the a-IGZO channel �a� not optimized
�sample A� and �b� optimized �sample B�, respectively. The variation of
maximum apparent field-effect mobility and the drop in the normalized
transconductance with respect to the device with W/L = 10/50 �m for �c�
sample A and �d� sample B as a function of channel length.
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Understanding of the conduction mechanism.— Next, we dis-
cuss the origin of the large contact resistance of the a-IGZO TFTs
compared to that of the poly-Si TFTs. In general, the contact resis-
tance is interpreted as the series resistance of the two components:
the resistance of the metal/a-IGZO interface �RInjection� and the ac-
cess resistance �RAccess� of the a-IGZO film itself from the metal
contact to the channel, as shown in Fig. 4. The effective electrical
field at the overlapped region between the gate and the source elec-
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Figure 4. �Color online� Schematic cross-sectional cartoon showing that the
contact resistance �RC� is the summation of the injection resistance �RInjection�
and access resistance �R �.
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Figure 3. �Color online� The width-normalized device RonW as a function of
L at VDS = 5.1 V for devices �a� A and �b� B, respectively. The enlarged
portion near the crossing point was inserted into the inset of �b�. Note that
the �L ��0.59 �m� is the difference between effective channel length and
mask-defined channel length. The width-normalized RC was extracted from
the y-axis value of the crossing point for various RONW-vs-L lines.
Access
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trode during the organic light-emitting diode �OLED� device opera-
tion can be roughly estimated as follows. During the operation of the
OLED for full white gray, the drain current is circa 1 �A for
a-IGZO TFTs with a W/L ratio of 10/10 �m �see Fig. 1�. It is quite
reasonable to assume that RC = 1/2RS = 1/2RD. Because the RCW
values are 200 and 23 � cm for samples A and B, respectively �see
Fig. 3�, the voltage drops caused by the contact resistance, which
can be estimated using the relation 1 �A � �RC/2�W/10 �m, are
approximately 0.1 and 0.012 V, respectively. Because the thickness
of the active channel is 50 nm, the effective electrical fields for
samples A and B are calculated to be around 20 and 2.3 kV/cm,
respectively. However, it should be noted that the estimated effective
electrical fields �i.e., by dividing the oxide film thickness� is larger
than the actual electrical fields because the voltage drops by contact
resistance is sustained by the IGZO bulk film itself and the interfa-
cial energy barrier at the metal/IGZO film, which would result in the
slight overestimation of the working electrical field. The physical
implications of this will be discussed later in conjunction with the
conduction mechanism.

In order to determine whether RInjection or RAccess is the main
contributor to the large contact resistance, the current conduction
mechanism in the a-IGZO films was investigated using model de-
vices with an electrode/a-IGZO/electrode structure, which were de-
signed to mimic the carrier injection from the electrode to the
a-IGZO channel in TFTs. The large RC of sample A was found to
originate from the bulk a-IGZO itself �RAccess� rather than from the
interface between the source/drain electrode and the a-IGZO
�RInjection�. The small RC value of sample B stems from the small
value of RAccess, and consequently, RInjection plays an important role
at a high electric field.

Figure 5 shows the log-log plots of the current density vs electric
field �log�J� vs log�E�� of samples A and B. First of all, the J values
of sample B at low �10 KV/cm� and high �100 KV/cm� E are ap-
proximately three and two orders of magnitude higher than those of
sample A, respectively. This behavior is in qualitative agreement
with the higher RC value of sample A. To understand the current
conduction mechanism, the slopes of the log-log plots were ana-
lyzed within the framework of the space-charge-limited conduction
�SCLC� theory. For sample A, the slope value, S, of the log�J� vs
log�E� plot increases from 1.0, to 2.1 to 3.4 as E increases from
E � 20, to 20 � E � 40, to E � 40 KV/cm, respectively, which is
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Figure 5. �Color online� Log J vs log E plots of the metal/a-IGZO/metal
samples. The gray S denotes the slope of respective gray lines. See text for
details.
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in agreement with the theory of SCLC with shallow traps, where a
transition from ohmic �J � E�, to Mott–Gurney’s law �J � E2� to a
trap-related high-field effect �S � 2� is expected with increasing
E.14-16 For sample B, the S values undergo a gentle increase from
1.0 to 1.6 at E = 30 KV/cm. This behavior is not explained by the
SCLC framework.

In the presence of a strong E, the charge transport can be en-
hanced by the Poole–Frenkel effect, which is a lowering of the po-
tential barrier for charge carriers escaping from traps in the presence
of an electric field.14 In addition, the transition from SCLC �bulk
limited� to Schottky emission �interface limited� is reported to be a
natural phenomenon when the contact is of the accumulation
type.17,18 To verify these hypotheses, the linear fitting of the ln�J/E�
vs E1/2 plot can be used to determine whether the Schottky emission
or the Poole–Frenkel effect is the dominating conduction
mechanism.17,18 The dynamic dielectric constants due to the
Schottky emission and Poole–Frenkel mechanisms are extracted
from the following equations, respectively

�SC =
q3

�kTS�24	�0
�2�

and

�PF =
q3

�kTS�2	�0
�3�

where S� is the slope of the linear fitting, q is the electronic charge,
kT is Boltzmann’s constant times the absolute temperature, and �0 is
the dielectric constant of free space. Note that �PF = 4�SC. When the
extracted �SC �or �PF� values are similar to the high-frequency di-
electric constant of a-IGZO, 11.5,16 for a given range of E, Schottky
emission �or Poole–Frenkel mechanism� is likely to be the dominat-
ing current conduction mechanism at the given electric field.19 An-
other probable high-field effect of bulk-limited conduction, SCLC
enhanced by the Frenkel effect �SCL + F�, was suggested by
Murgatroyd.20 The linear fitting of the ln�J/E2� vs E1/2 plot enables
the possibility of this mechanism occurring to be determined, and
the extracted dielectric constant is expressed as

�SCL+F = �0.891

kTS�
�2 q3

	�0
�4�

where S� is the slope of the linear fitting.
Figures 6a and b show the ln�J/E� vs E1/2 plots of samples A and

B, respectively. From the linear fittings in Fig. 6a, it can be seen that
the Poole–Frenkel mechanism dominates the current conduction in
sample A when E � 190 KV/cm. In addition, the ln�J/E2� vs E1/2

plot �inset of Fig. 6a� shows that the SCL + F is the limiting mecha-
nism when 40 � E � 180 KV/cm. Therefore, one can conclude
that the current conduction mechanism in sample A undergoes a
transition from ohmic, to Mott–Gurney, to SCL + F, to Poole–
Frenkel with increasing E. Figure 6b shows that the Schottky emis-
sion plays the dominant role in sample B when 30 � E
� 150 KV/cm. Therefore, a transition from ohmic to Schottky
emission occurs in sample B with increasing E. Finally, we note that
other conduction mechanisms, such as the Fowler–Nordheim tunnel-
ing or Hopping conduction theories, did not fit with the current-
voltage �I-V� behaviors of samples A and B.

Considering that a-IGZO has a large bandgap ��3.2 eV� and
that the free donor concentration of a-IGZO film is �1
� 1015 cm−3, it is natural to assume that there is a Schottky barrier
between the a-IGZO semiconductor and the electrode. Therefore,
the observed bulk-limited mechanism �that is, RAccess limited� of
sample A means that the bulk resistivity is so large that the influence
of the Schottky barrier at the electrode/a-IGZO interface is negli-
gible. The bulk resistivity in sample B is so small that the Schottky
barrier becomes the dominating factor limiting charge conduction.

As mentioned earlier, the vertical electrical fields at the a-IGZO
channel during OLED operation would be �20 and �2.3 kV/cm in
Downloaded 10 Sep 2008 to 203.241.147.16. Redistribution subject to E
samples A and B, respectively. As shown in Fig. 6, the SCLC con-
duction mechanism plays an important role in sample A under prac-
tical working field condition ��20 kV/cm�. However, sample B
��2.3 kV/cm� is still dominated by ohmic behavior. Now, it is evi-
dent that the channel length dependence of the apparent field-effect
mobility for device A is due to the relatively high contact resistance,
which is reminiscent of the SCLC conduction of a-IGZO film itself
from the contact to the channel. Moreover, the channel length-
independence of the apparent mobility for device B originated from
the ohmic behavior. Therefore, our conclusion is that the reduction
of the contact resistance required to fabricate high mobility oxide
TFTs and to guarantee the ohmic contact between a-IGZO and the
source/drain �S/D� electrode can be achieved by tuning the bulk
properties of the a-IGZO film.

In summary, the I/V characteristics of sample A fit well with the
framework of the bulk-limited conduction mechanisms. At a low
electric field, the SCLC mechanism fits well with the I-V curve,
where the conduction is enhanced by the Frenkel effect when a high
electric field is applied. This result clearly shows that the current
conduction in sample A is bulk limited. Sample B undergoes a tran-
sition from ohmic conduction to Schottky emission as the electric
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Figure 6. �Color online� The ln�J/E� vs E1/2 plots of �a� sample A and �b�
sample B. Inset of sample A is the ln�J/E2� vs E1/2 plot. �SC, �PF, and �SCL+F
denote extracted dielectric constants from Schottky emission, Poole–Frenkel,
and space-charge-limited conduction enhanced by Frenkel effect mecha-
nisms, respectively, from linear fittings. Black and gray letters denote physi-
cally plausible and unlikely conduction mechanisms, respectively. See text
for details.
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field increases. Thus, for sample B, the electrode/a-IGZO interface
plays an important role in limiting the current conduction, because
the bulk resistivity is significantly lower than that of sample A.

Conclusion

In summary, it was shown that the channel-length dependence of
the apparent field-effect mobility was attributed to the large contact
resistance ��200 � cm for sample A�. As the contact resistance
decreased, the channel-length dependence became weaker: in
sample B having a much smaller contact resistance �RCW
� 23 � cm�, the apparent field-effect mobility was independent of
the channel length.

The large contact resistance of sample A originated from the bulk
a-IGZO itself �RAccess� rather than from the interface between the
S/D electrode and the a–IGZO �RInjection�. That is, the I-V charac-
teristics of the a-IGZO devices fit well with the framework of the
SCLC mechanism. The small contact resistance of sample B stems
from the relatively lower RAccess compared to that of sample B.
Therefore, it is important to make an a-IGZO layer with low resis-
tivity to reduce the value of RC.

The a-IGZO TFT for array applications showed a field-effect
mobility of 12.6 cm2/V s, threshold voltage of 4.7 V, on/off ratio of
108, and subthreshold slope of 0.56 V/decade, which are much bet-
ter than those of the a-Si TFT. In addition, the long-range standard
deviations of the threshold voltage and gate swing were 0.25 V and
0.06 V/decade, respectively.
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