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Abstract—In this letter, we propose a mobility-extraction
method using the frequency-independent capacitances extracted
from the multifrequency capacitance–voltage method in amor-
phous indium–gallium–zinc–oxide (a-IGZO) thin-film transis-
tors (TFTs). This method does not use the long-channel
metal–oxide–semiconductor field-effect transistor (MOSFET)
current–voltage (I–V ) model and can include the effect of subgap
states on the calculation of the mobility. Considering that the
I–V characteristics of the disordered semiconductor transistor
do not exactly follow those of the long-channel MOSFET model
and the subgap states significantly affect the electrical behavior
of the disordered semiconductor transistors, the proposed method
is expected to be useful in the extraction of the exact values of
the mobilities in disordered semiconductor transistors including
a-IGZO TFTs.

Index Terms—Amorphous indium–gallium–zinc–oxide
(a-IGZO), mobility, multifrequency capacitance–voltage (C–V )
method, subgap states, thin-film transistor (TFT).

I. INTRODUCTION

MOBILITY is one of the most important parameters
which can be used to estimate the electrical perfor-

mance of thin-film transistors (TFTs). Recently, amorphous
indium–gallium–zinc–oxide (a-IGZO) TFTs have attracted
much attention because of their various merits including higher
mobility compared to amorphous-silicon TFTs [1]. In previous
reports, the mobilities of a-IGZO TFTs have been mainly
extracted from the linear-regime transconductance [2] or the
slope in a plot of the square root of the saturation current versus
gate-to-source voltage (VGS) [3]. Both extraction methods are
based on the long-channel metal–oxide–semiconductor field-
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Fig. 1. Transfer characteristics of the fabricated a-IGZO TFT measured at
VDS’s of 0.1 and 10.1 V.

effect transistor (MOSFET) model. Although mobility extrac-
tion from the long-channel MOSFET model is very simple,
it cannot give accurate values for the mobility in a-IGZO
TFTs, because the strong gate bias dependence of the mobility
in disordered semiconductor transistors due to the significant
subgap states in disordered semiconductor materials cannot
be properly considered in the long-channel MOSFET models
[4], [5].

In this letter, we extract the mobility of a-IGZO TFTs us-
ing the frequency-independent capacitances extracted from the
multifrequency capacitance–voltage (C–V ) method [6]. The
proposed method is not based on the long-channel MOSFET
model and so does not depend on the assumption that the
current in the a-IGZO TFT follows the same equation as the
long-channel MOSFET device.

II. DEVICE STRUCTURE AND FABRICATION

The structure and detailed process sequences of the fab-
ricated a-IGZO TFT are same as that in [6]. The channel
width (W ), the channel length (L), gate-to-source overlap
length [Lov(G−S)], and gate-to-drain overlap length [Lov(G−D)]
are designed to be W = 200 μm, L = 100 μm, Lov(G−S) =
5 μm, and Lov(G−D) = 5 μm, respectively. Fig. 1 shows the
representative transfer characteristics of the fabricated a-IGZO
TFT measured at drain-to-source voltages (VDS’s) of 0.1 and
10.1 V.

III. RESULTS AND DISCUSSION

The average mobility (μavg) developed by Hoffman [7] has
been considered as the most representative mobility which was
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derived without the assumption of the long-channel MOSFET
conduction models in disordered semiconductor transistors. In
Hoffman’s previous report, μavg was calculated using the drift-
dominated charge transport theory as

μavg(VGS) =
GCH(VGS)

(W/L) · Cins · [VGS − Von]
(1)

where GCH is the channel conductance measured as a function
of VGS, Cins is the gate insulator capacitance per unit area, and
Von is the turn-on gate voltage.

Although μavg by Hoffman is easy to calculate and does not
use the long-channel MOSFET models in the calculation of the
mobility, it introduces nonnegligible errors because only the
gate dielectric capacitance (Cdie) is included in the mobility
calculation based on the assumption that the induced charge
only exists at the channel/dielectric interface, and the effects
of the subgap states are not considered in the calculation of the
mobility.

To calculate the mobility based on the charge transport theory
[4], it is necessary to extract the gate capacitance (CG), from
which the induced charge per unit area (Qind) and the mobility
(μ) can be calculated using the equations of

Qind(VGS) =

VGS∫
−∞

(
CG

WL

)
dV (2)

μ =
L · IDS

W · VDS ·Qind
(3)

where VDS is the small drain-to-source voltage which makes the
channel charge density uniform across the length of the channel
and IDS is the drain-to-source current.

In single crystalline MOSFETs, CG can be easily obtained
as a function of VGS. However, it is difficult to measure the
exact value of CG in disordered semiconductor transistors like
a-IGZO TFTs, because the distribution of electrons among the
subgap states makes CG strongly frequency dependent.

In this letter, we apply the multifrequency C–V method
to calculate the exact value of the mobility in a-IGZO TFTs.
The multifrequency C–V method was reported as an effective
technique for the extraction of the subgap density of states
in a-IGZO TFTs and can provide the frequency-independent
capacitances due to the localized charges in the subgap states
(Cloc) and due to the channel free electron charges in the
conduction band (Cfree), respectively. Fig. 2(a) shows the mea-
surement setup for the multifrequency C–V method. The C–V
responses are obtained between the gate (G) and source/drain
(S/D) electrodes using an LCR meter. In this method, the
frequency-independent Cloc and Cfree can be extracted using
the transformation procedure starting from the capacitance and
resistance measured with the parallel model characterization of
the LCR meter [CM and RM in Fig. 2(b)]. By substituting
the CM and RM values measured at three different frequencies
to the final equations derived using the transformation process
from the two-element model in Fig. 2(b) to the physics-based
capacitance model in Fig. 2(d) via the model in Fig. 2(c), we
can extract the frequency-independent Cfree, Cloc, and Cdie.

Fig. 2. (a) Schematic view and multifrequency C–V measurement setup in
a-IGZO TFTs. (b) Two-element capacitance model for parallel-mode measure-
ment of an LCR meter. CM and RM represent the measured capacitance and
resistance, respectively. (c) Four-element capacitance model for de-embedding
of Cdie and RS . Cdie, Cch, Rch, and RS represent the gate dielectric
capacitance, effective channel capacitance, effective channel resistance, and
channel-to-S/D resistance, respectively. (d) Physics-based capacitance model
with Cdie, Cloc, RL, Cfree, and RS . Cloc, Cfree, and RL represent the
frequency-independent capacitance due to the localized charges in the subgap
states (Qloc), frequency-independent channel capacitance due to the free
electron charges in the conduction band (Qfree), and the equivalent resistance
reflecting the retardation of VGS-responsive Qloc. (e) Equivalent model for
frequency-independent Cdie, Cloc, and Cfree.

Fig. 3. Frequency-independent Cfree, Cloc, and Cdie at various VGS ’s
extracted using the CM ’s and RM ’s measured at small signal frequencies of 5
kHz, 100 kHz, and 1 MHz using the multifrequency C–V method. The inset
shows the frequency-independent CG calculated from Cfree, Cloc, and Cdie

with (4).

Fig. 3 shows the frequency-independent Cfree, Cloc, and Cdie

at various values of VGS extracted using the CM ’s and RM ’s
measured at small signal frequencies of 5 kHz, 100 kHz, and
1 MHz. The extracted capacitances show that Cloc is much
larger than Cfree at a small VGS but becomes smaller than Cfree

at a large VGS. It shows that the trapped electron charge density
in the subgap states is predominant over the free electron charge
density in the subthreshold region, but the free electron charge
becomes dominant above the threshold region with a high VGS

in a-IGZO TFTs. In our work, the mobility is extracted by
substituting the calculated CG into (2) and (3). CG can be
simply calculated from Cfree, Cloc, and Cdie using (4) based
on the equivalent circuit in Fig. 2(e)

CG =
Cdie · (Cloc + Cfree)

Cdie + Cloc + Cfree
. (4)
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Fig. 4. Comparison of the mobilities extracted using the proposed method
with μavg’s by Hoffman and μFE’s at various VGS’s.

The inset of Fig. 3 shows the frequency-independent CG cal-
culated from Cfree, Cloc, and Cdie with (4). One thing that
we have to note in the extraction of the mobility is the ef-
fect of the G-to-S/D overlap capacitances [Cov(G−S/D)]. When
we measure the capacitances using the measurement setup in
Fig. 2(a), Cov(G−S/D)’s are measured with the channel capaci-
tances, so the obtained CG with (4) also includes Cov(G−S/D).
In our work, CG is divided by the total area [Atot = W ×
(L+ Lov(G−S) + Lov(G−D))] including the G-to-S/D overlap
region, and the results are substituted to (2). This can cause
a nonnegligible error in the calculation of the channel mobility
when the ratio of Lov to L is high. However, in this work, the
ratio of Lov to L of the measured device is only ∼0.1, so the
error due to Cov(G−S/D) is expected to be insignificant.

Fig. 4 shows the mobilities extracted using the proposed
method at various VGS’s, which shows that the extracted mo-
bility is larger than μavg obtained using the method of Hoffman
at a same VGS but smaller than the field-effect mobility (μFE)
which is calculated from the linear-regime transconductance
based on the long-channel MOSFET model. Considering that
only Cdie is included in the calculation of μavg in Hoffman’s
method, the results demonstrate that the channel free electron
charge in the conduction band and trapped electron charge in
the subgap states significantly affect the mobilities in a-IGZO
TFTs. We can also note that there are differences between
the mobility extracted by the proposed method and μFE. This
can be attributed to the nonideal electrical behaviors of the a-
IGZO TFTs which cannot be modeled using the long-channel
MOSFET equations.

The proposed method also can be used to estimate the value
of the mobility which can be obtained based on the assumption
that there are no subgap states in a-IGZO TFTs. In a-IGZO
TFTs, the density of the subgap states can be reduced by pro-
cess optimization, so it is useful to predict the maximum value
of the mobility without the subgap states. By letting Cloc = 0
in (4) and substituting the calculated CG to (2) and (3), we
can obtain the maximum mobility without the subgap states in
a-IGZO TFTs. In our experiment, the maximum mobilities are

calculated to be 7.2 and 8.0 cm2/V · s at VGS = 10 and 15 V,
respectively, which are much higher than the extracted mobili-
ties with subgap states at same VGS’s (5.5 and 6.8 cm2/V · s at
VGS = 10 and 15 V, respectively).

In the proposed mobility-extraction method, the contact
resistance degrades the accuracy of the extracted mobility
values. From the y-intercept and slope of the line in the
resistance–channel-length plot, we extracted the contact re-
sistance and the channel resistance per unit length as being
19.9 kΩ and 4.7 kΩ/μm at VGS = 15 V. Considering that
L = 100 μm in fabricated devices, the contact resistance is
only ∼4% of the channel resistance, so the effect of the contact
resistance is expected not to be significant in our experiment.

IV. CONCLUSION

In this letter, we have proposed a mobility-extraction method
using the multifrequency C–V method in a-IGZO TFTs. This
method does not require long-channel MOSFET equations and
can include the effect of subgap states in the extraction of
the mobilities. Considering that the subgap states significantly
affect the electrical parameters in disordered semiconductor
transistors including the a-IGZO TFT, the proposed method is
expected to be useful in the extraction of the exact values of the
mobility in disordered semiconductor transistors. We have com-
pared the mobility values extracted using the proposed method
with μavg in Hoffman’s method and have found that there are
nonnegligible differences between them. Considering that the
induced charge is assumed to exist only at the channel/dielectric
interface and the effect of the subgap states are not considered
in μavg, this difference confirms the usefulness of the proposed
method in the extraction of exact mobilities in a-IGZO TFTs.
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