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Abstract— Bias-dependent effective channel length [Leff (VG)]
is empirically modeled with a channel conduction factor [α(VG)]
for a consistent capacitance–voltage (C–V ) characterization of
the intrinsic subgap density of states (DOS) over the bandgap
with the sub-bandgap photoresponsive C–V technique in amor-
phous thin-film transistors. We define the effective channel
length Leff (VG ) through the product of the empirical chan-
nel conduction factor [α(VG)] and the metallurgical channel
length (Lm). We confirm that the gate bias-dependent channel
conduction effect is significant in the subgap DOS far from the
conduction band edge (EC ) due to the low conductivity of the
channel under subthreshold bias.

Index Terms— Amorphous, channel conduction factor, effective
channel length, gate bias-dependent, InGaZnO, subgap density
of states (DOS), thin-film transistor (TFT).

I. INTRODUCTION

AMORPHOUS oxide semiconductor (AOS) thin-film
transistors (TFTs) are under active research and

development for flexible and/or transparent displays with good
uniformity, high productivity, low-cost manufacturing process,
and enhanced carrier mobility [1], [2]. For consistent charac-
terization and modeling of AOS TFTs, extraction of the subgap
density of states (DOS) over the bandgap (EV < E < EC)
is very important for electrical properties and long-term
instability under various stress conditions [3]–[7]. In extract-
ing the subgap DOS [the donor-like DOS gD(E) and the
acceptor-like DOS gA(E)] per unit volume through the
capacitance–voltage (C–V ) measurement, it is necessary to
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normalize the result by the effective volume considering
the metallurgical channel length (Lm), the width (W ), and
the active layer thickness (TIGZO) regardless of the gate
voltage [5], [8].

In previous works, the DOS result per unit volume from
the C–V characterization was simply normalized by the
volume υ = Lm · TIGZO · W all over the gate bias (VG)
conditions whatever the active region is partially conductive
(VOFF < VG < VT ), or fully depleted (VG < VOFF), or highly
conductive (VG > VT ) by the gate bias (VOFF as the cutoff
voltage and VT as the threshold voltage). However, the nor-
malization should be performed by the VG-dependent effective
volume (υeff ) considering the conductivity of the active region
connected to the source and the drain contacts during the
C–V characterization. Moreover, a normalization to Lm

was performed without considering the gate-to-source/
drain (CG–SD) overlap length (Lov) (assuming Lov,S =
Lov,D = Lov) during the extraction of the subgap DOS. These
approaches cause inaccuracy in the subgap DOS and result in
inconsistent characterization and modeling of TFTs.

In this brief, we propose a channel conduction
factor [CCF: α(VG)] for the empirical modeling of the
effective channel length [Leff (VG)] and report a C–V -based
characterization of the intrinsic subgap DOS combined with
the photoresponsive C–V technique under the sub-bandgap
(Eph < Eg) optical excitation [5]. In the characterization,
in addition to the channel conduction factor and Leff (VG),
we also deembedded capacitances for the overlap of the
source (Lov,S) and drain (Lov,D) with the gate.

II. EXPERIMENTAL C–V CHARACTERISTICS AND

VG -DEPENDENT CHANNEL CONDUCTION

FACTOR MODEL

Experimental C–V curves, normalized by the maximum
value (Cmax) of the total capacitance, are comparatively
shown in Fig. 1 for the gate-to-source (CG–S), the gate-to-
drain (CG–D), and the CG–SD measurement configurations of
a-IGZO TFTs with a cross-sectional view as an inset.

CG–S is the measured capacitance between the gate and
the source with the drain floated, and CG–D is the measured
capacitance between the gate and the drain with the source
floated. In the measurement of CG–SD, the source and the drain
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Fig. 1. Experimental C–V characteristics of a-IGZO TFTs for
three different measurement configurations with CG–S for the gate-to-source,
CG–D for the gate-to-drain, and CG–SD for the gate-to-source/drain in
common. Inset: cross-sectional view.

terminals are connected in common, and the capacitance is
measured between the gate and the S/D in common.

As experimentally observed in Fig. 1, the minimum (Cmin)
of the total capacitance under VG(�VOFF) strongly depends
on the configuration (CG–S |min �= CG–D|min �= CG–SD|min).
This is because the active region is fully depleted and com-
pletely isolated from the S/D contacts for the G–S/D C–V
characterization. It can be equivalently modeled as overlap
capacitances (Cov,S + Cov,D = Cov [F]) for S/D contacts,
as shown Fig. 2(a). There are two parallel capacitance com-
ponents in the substrate capacitance (CS = CSd + CSm)
in a series with the oxide capacitance (Cox): 1) the deple-
tion capacitance (CSd) for the depletion/space charge (QSD)
modulation and 2) the diffusion capacitance (CSm) for the
mobile charge (QSm) modulation by the gate bias as

CS(VG) = CSd(VG)+ CSm(VG) (1)

CSd(VG) ≡
∣
∣
∣
∣

d QSd(VG)

dVG

∣
∣
∣
∣

(2)

QSd(VG) ≡ A
∫ Xdep(VG)

0
q
(

N+
d (x)− N−

a (x)
)

dx (3)

CSm(VG) ≡
∣
∣
∣
∣

d QSm(VG)

dVG

∣
∣
∣
∣

(4)

QSm(VG) ≡ A
∫ Xdep(VG)

0
q (p(x)− n(x)) dx . (5)

For an n-type substrate, the substrate capacitance CS,dep in
the depletion bias (VT ,inv < VG < VFB or 2φF < ψS <0;
CSm ∼ 0) with ψS as the VG -dependent surface potential and
φF = −Vth · ln(ND /ni ) as Fermi potential is

CS,dep(VG) ∼= CSd(VG) = d |QSd(VG)|
dVG

= εs A

Xdep(VG)
(6)

Xdep(VG) =
√

2εs

q ND
ψS(VG) : depletion width (7)

while the substrate capacitance CS,acc in the strong accumula-
tion bias (VFB < VT ,acc < VG or 0 < 8Vth < ψS ; CSd � CSm)

Fig. 2. Schematic with the distributed model with resistances and capaci-
tances considering the channel conductivity of a-IGZO TFTs. (a) Cutoff state
(VG � VOFF). (b) Transition state (VOFF < VG < VT ). (c) Turn-ON state
(VG � VT ). C ′

CH,S and C ′
CH,D : localized channel capacitance per unit area

[F/cm−2] from the S/D electrode.

can be described as

CS,acc(VG) = CSd(VG)+ CSm(VG) ∼= CSm(VG) (8)

CSd(VG) = εs A

Xdep(VG)

(

∝ 1√
ψS(VG)

)

(9)

(� CSm(VG) ∝ exp(ψS(VG)/2Vth))

Qmob(VG) ∼= −q A
∫ Xch(VG)

0
n(x)dx . (10)

We also note that the substrate capacitance CS,inv in the strong
inversion bias (VG < VT ,inv � VFB or ψS < 2φF < 0;
CSd � CSm) for an n-type substrate, if properly implemented
in a-IGZO TFTs, is

CS,inv(VG) = CSd(VG)+ CSm(VG) ∼= CSm(VG) (11)

Qmob(VG) ∼= +q A
∫ Xdep(VG)

0
p(x)dx. (12)

In Fig. 2(c), it is a capacitance model for the strong
accumulation state with a high diffusion capacitance
[CS = CSD + CSm ∼ CSm � Cox and CG = (CSCox/
(CS +Cox)]. Therefore, it is the correct capacitance model for
the accumulation mode of the gate bias. When the drain bias
is applied, this accumulated carriers form a high conductivity
channel and result in a large drain current.

Therefore, the active region does not contribute to the
total capacitance under the cutoff state with VG � VOFF.
On the other hand, Cmax is independent of the configu-
rations for the C–V measurement resulting CG–S|max =
CG–D |max = CG–SD|max = Cmax. This is because, under
strong accumulation with VG � VT , all of the active
region from the source to the drain is highly conductive and
fully contribute to the total capacitance, regardless of the
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measurement configurations. It can be electrically modeled,
as shown in Fig. 2(c).

In the case of VOFF < VG < VT , the active region is in
a limited conductivity. It can be described by the distributed
resistances and capacitances, as shown in Fig. 2(b). Therefore,
the total capacitance obtained from the C–V measurement
is dominated by the capacitances close to S/D contacts.
The increasing channel conductivity with the gate bias can
be empirically mapped to the contribution of the localized
channel capacitance (CCH [F]) in the active region to the
total capacitance with α(VG). We assume that CCH(VG) is
a sum of the contribution from the source and the drain sides
[C ′

CH,S(VG) and C ′
CH,D(VG)]. Assuming a symmetric struc-

ture of the source and the drain contact to the active region,
the contribution to each side is counted to be Leff (VG)/2.
With increasing the gate bias to the threshold voltage, the
contribution of the capacitance for the active region far from
the S/D contact increases, finally reaching Cmax at VG � VT

regardless of the G–S, G–D, and G–SD measurement
configurations.

Under VOFF < VG < VT , which is the main bias condition
for the C–V characterization, therefore, α(VG) and Leff(VG)
are obtained empirically modeled as

α(VG ) =
(

CG (VG)− Cov

CoxW Lm − Cov

)

=
(

CCH (VG)

CoxW Lm − Cov

)

(13)

Leff(VG) = α (VG)× Lm (14)

with Cox [F/cm2] as the oxide capacitance. The effective
volume (υeff ) for the subgap DOS can also be modeled as
υeff = α(VG) · υ = α(VG) · Lm · TIGZO · W . We note that
the effective channel length Leff (VG) in this brief is related to
the gate bias (VG)-dependent effective channel length during
the C–V characterization, which is different from the drain
bias (VDS)-dependent effective channel length in the
I–V characteristics under the saturation mode of operation
with the gate bias VGS is greater than the threshold voltage.
The channel length modulation by VDS is severe in short chan-
nel TFTs under above-threshold (VGS > VT ) condition, while
the gate bias-dependent effective channel length modulation is
predominant under the depletion or cutoff state with VG < VT .

By applying the empirical CCF model in (1) to the
experimentally obtained C–V data for CG–SD in a-IGZO
TFTs, we finally obtain α(VG) over the gate voltage from the
cutoff state through the depletion state to the above-threshold
ON state, as shown in Fig. 3. Therefore, the effective intrinsic
length [LDOS(VG)] of the active region for the C–V -based
extraction of the intrinsic subgap DOS is described by

LDOS(VG) = Leff(VG)+ 2Lov. (15)

The electrical C–V and I–V characterization techniques
only allow the VG -dependent net-charge response Qsub(VG)
from the net subgap charge density ρsub(VG) [= ρsub,d (VG)+
ρsub,a(VG)] from the subgap states. The total subgap states
g(E) [= gD(E) + gA(E)] are composed of the donor-like
states [gD(E)] and the acceptor-like states gD(E) over the
subgap energy level (EV < E < EC). The donor-like subgap
states [gD(E)] are neutral in the charge density if they are
filled with electrons while positively charged (+q) if empty.

Fig. 3. Channel conduction factor α(VG) as a function of the gate voltage.
It is ∼0 at VG � VFB and ∼1 at VG � VT for an a-IGZO TFT with
W = 10 μm, L = 26 μm, TIGZO = 30 nm, and TGI = 200 nm.

The acceptor-like subgap states [gA(E)], on the other hand, are
negatively charged (−q) if filled with electrons while neutral
if empty.

In practical, a-IGZO TFTs with a thin active channel
layer (TIGZO), the subgap charge density ρsub(VG), and the
VG -dependent net-charge response Qsub(VG) are described as
the following equations:
ρsub(VG)[C/cm3] = ρsub,D(VG)+ ρsub,A(VG) (16)

ρsub,D(VG) = +q
∫ EC

EF (VG)
gD(E)d E (17)

ρsub,A(VG) = −q
∫ EF (VG)

EV

gA(E)d E (18)

Qsub(VG) ≡
∫ TIGZO

x=0
ρsub(VG, x)dx ∼= ρsub(VG)TIGZO.

(19)

If the quasi-Fermi level (EF ) under the applied gate bias gets
closer to the conduction band edge (EC), whatever they are
either donor-like states or acceptor-like states, the net-charge
contribution from the subgap states becomes more negatively
charged, because the positively charged empty subgap states
decrease while the number of the neutral subgap states filled
with electrons increases. When EF gets closer to the valence
band edge (EV ), on the other hand, the subgap states are more
positively charged, because the negatively charged subgap
states filled with electrons decrease while the empty neutral
subgap states are increase. We note that the subgap states
can be either donor-like states or acceptor-like states strongly
depending on the fabrication process, including composition
ratio, gas flow rate, substrate temperature, chamber pressure,
and so on. In n-channel a-IGZO TFTs, the subgap states close
to EC are usually known to be acceptor-like states, and the
subgap states close to EV are acceptor-like states.

We note that the operation mode is divided at the flat band
condition. The surface potential and resulting the bending of
the energy band can be easily modulated by the gate bias
under the depletion mode of operation with the gate voltage
smaller the flat band voltage (VG < VFB). On the other hand,
the surface potential change and the band bending is very
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limited even with a large change of the gate bias under the
accumulation mode of operation with the gate voltage higher
than the flat band voltage (VG > VFB). This is the region
why we chose the flat band condition (VG = VFB, ψS = 0,
and E = EFB) as the boundary for the mapping of the sur-
face potential to the subgap energy through the experimental
C–V data.

We extract the intrinsic subgap DOS considering the CCF
and LDOS(VG) using the sub-bandgap photoresponsive
C–V technique. Therefore, the subgap states close to
EC extracted from the experimental photonic C–V data are
noted to be gA(E), and those far from EC are noted to
be gD(E). For the extraction of gD(E) far from the conduc-
tion band edge (EC ) under VG < VFB, the measured total
capacitances under dark states and photonic states (CmD [F]
and Cm P [F]) are described by

1

CmD(VG)
= 1

Cov
+ 1

Cdep(VG)
(20)

1

CmP (VG)
= 1

Cov
+ 1

Cdep(VG)+ Cph,D(VG)
(21)

with Cdep(VG) [F] as the VG -dependent depletion capaci-
tance. Therefore, the photoresponsive depletion capacitance
Cph,D [F] by optically excited charges from the subgap DOS
can be obtained from

Cph,D(VG)

= CmP (VG)×Cdep(VG)+Cov×CmP (VG)−Cdep(VG)×Cov

Cov−CmP(VG)
.

(22)

For the differential bias range of �VG = VG1−VG2, we obtain
the photonic depletion capacitance �Cph,D as

�Cph,D = Cph,D(VG1)− Cph,D(VG2)(VG ≤ VFB). (23)

In the same way, for the extraction of gA(E) close to EC

for VG > VFB, CmD , Cm P , and Cph,A [F] can be obtained
through

1

CmD(VG)
= 1

CoxW Lm
+ 1

Cacc(VG)
(24)

1

CmP (VG)
= 1

CoxW Lm
+ 1

Cacc(VG)+ Cph,A(VG)
(25)

Cph,A(VG) = CoxW Lm

[
CmP (VG)

CoxW Lm − CmP(VG)

− CmD (VG)

CoxW Lm − CmD(VG)

]

(26)

with Cacc [F] as the capacitance for the accumulated electrons.
Therefore, �Cph,A can be obtained from

�Cph,A = Cph,A(VG +�VG)− Cph,A(VG)(VG > VFB). (27)

Considering the CCF and LDOS(VG) for the active region,
we finally obtain gD(E) and gA(E) [eV−1cm−3] through

gD(E)= (d�Qph,D(E)/d E)

υeff × q
= �Cph,D(VG)

q2TIGZOW LDOS(VG)
(28)

gA(E)= (d�Qph,A(E)/d E)

υeff × q
= �Cph,A(VG)

q2TIGZOW LDOS(VG)
(29)

Fig. 4. Energy band diagram and VGS-dependent ψS across the MIS system
in a-IGZO TFTs.

with υeff as the effective volume defined as

υeff ≡ TIGZOW LDOS(VG) = TIGZOW (α(VG )Lm + 2Lov).

(30)

The relationship between the gate bias (VG) and the surface
potential (ψS) for the mapping to the energy level across the
MIS system in Fig. 4 is described as

VG − VFB = ψmg(VG)+ ψox(VG)+ ψS(VG)

∼= ψox(VG)+ ψS(VG) = ψS(VG)

(

1 + CS(VG)

Cox

)

(31)

ψS(VG) = VG − VFB

m(VG)
; m(VG) ≡

(

1 + CS(VG)

Cox

)

(32)

with ψmg as the potential across the metal gate, ψox as the
potential across the gate oxide, VFB as the flat band voltage,
and QS as the substrate charge.

We note that the flat band voltage (VFB), as the gate voltage
for the surface potential to be zero (ψS = 0) and for the energy
band to be flat all over the MIS system, is experimentally
obtained from the C–V data at the maximum point of the
gate voltage in the differential C–V graph through

VFB ≡ VG ||dCG/dVG |max . (33)

At the flat band voltage (VG = VFB), the bias condition
changes from the depletion state to the accumulation state
in n-channel accumulation type TFTs. In the depletion state
(VG < VFB & ψS < 0), the substrate charge QS is dominated
by the depletion charge (QSd) and proportional to the square
root of the surface potential, while QS in the accumulation
state (VG > VFB & ψS > 0) is dominated by the accumu-
lated electrons (QSmn) and exponentially proportional to ψS .
Therefore, the gate capacitance as a function of the gate bias
changes abruptly at the flat band bias. This is why we obtain
the flat band voltage from the maximum point of the gate bias
in the differential C–V graph from the experimental C–V data.

The flat band voltage (VFB) is used as a reference voltage for
the nonlinear mapping of the gate voltage (VG) to the surface
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Fig. 5. Measured CG–VG (normalized to Cmin) characteristics of a-IGZO
TFTs with an inverted staggered bottom-gate having W /Lm =10/26 μm under
dark (black closed line) and sub-bandgap (Eph = 2.6 eV, Popt = 10 mW)
photonic (red line) states.

potential (ψS) and finally to the energy level (E −EC) through

ψS,A(VG)

= −
∫ VG

VFB

(

1 + CS(VG)

Cox

)

dVG : (VG > VFB & ψS,A > 0)

(34)

ψS,D(VG)

= −
∫ VG

VFB

(

1 + CS(VG)

Cox

)

dVG : (VG < VFB & ψS,D < 0)

(35)

from VG -dependent experimental C–V data. We finally map
the experimentally obtained surface potential from the
C–V data to the VG -dependent energy level [E(VG)] through

E(VG) = EC − EFB + qψS(VG) (36)

with EF (VG) as the VGS-dependent quasi-Fermi level and
EFB defined as EC − EF at VG = VFB.

We note that the border energy (EC − EFB) for the calcula-
tion of the surface potential to the energy was obtained at the
flat band condition (VG = VFB and/or ψS = 0) as a reference
for the nonlinear mapping of the gate voltage to the energy
level through the surface potential. It is obtained from

EC − EFB = kT ln

(

NC/no| Flat
Band

)

= kT ln(NC/ND). (37)

III. EXPERIMENTAL RESULTS AND DISCUSSION

In order to experimentally extract the intrinsic subgap
DOS considering the CCF model and Leff(VG) in Fig. 3,
we employed a-IGZO TFTs with an inverted staggered
bottom-gate having W /Lm = 10/26 μm, the thickness of the
gate insulator (SiO2)TGI = 200 nm, the active layer thickness
TIGZO = 30 nm, and the CG–SD overlap length Lov = Lov,S =
Lov,D = 6 μm. As shown in Fig. 5, we obtained experimental
CG–VG characteristics under dark and photonic states at low
frequency (60 kHz) using the HP4284A LCR precision meter.
For C–V measurement under photonic excitation, we applied
a sub-bandgap optical source (Eph = 2.6 eV) with the

Fig. 6. Extracted subgap DOS though the sub-bandgap photoresponsive
C–V technique with exponential DOS models. (a) Donor-like DOS.
(b) Acceptor-like DOS. Black line: before considering Leff(VG). Red line:
after considering Leff (VG).

Fig. 7. TCAD simulation result for the CG–SD capacitance (CG–SD–VG)
with extracted subgap DOS though the sub-bandgap photoresponsive
C–V technique compared with exponential DOS models
(NTD = 1.5 × 1020 eV−1cm−3, kTTD = 0.25 eV, NTA =
5 × 1017 eV−1cm−3, kTTA = 0.08 eV, NDA = 1.2 × 1017 eV−1cm−3, and
kTDA = 0.4 eV.

optical fiber diameter d = 50 μm and the optical power
Popt = 10 mW.

Fig. 6 shows the extracted intrinsic subgap DOS considering
the empirical CCF model and LDOS(VG) with a superposition
of deep and tail states in exponential forms as

gD(E) = NTD exp

(
EV − E

kTTD

)

(38)

gA(E) = NDA exp

(
E −EC

kTDA

)

+ NTA exp

(
E −EC

kTTA

)

. (39)

Extracted parameters for the supposed exponential DOS mod-
els are NTD = 1.5 × 1020 eV−1cm−3 with kTTD = 0.3 eV
for gTD(E) far from EC , NTA = 5 × 1017 eV−1cm−3 with
kTTA = 0.08 eV for gTA(E), and NDA = 1.2×1017 eV−1cm−3

with kTDA = 0.4 eV for gDA(E) close to EC with
EFB − EC = −0.3 eV for NC /ND ∼ 105. The VG -dependent
channel conduction factor is significant in the gate-bias below
the threshold, which is the main bias condition for the extrac-
tion of deep and tail state subgap DOS in AOS TFTs through
the C–V characterization.

TCAD simulation result considering the empirical channel
conduction factor α(VG) for the CG–SD capacitance
(CG–SD–VG) characteristics is compared with the experimental
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data in Fig. 7. The simulated C–V characteristics are
consistent with the measured C–V characteristics all over the
gate bias.

IV. CONCLUSION

We reported an empirical channel conduction factor
model [α(VG)] and the effective channel length [Leff (VG)]
for the extraction of the intrinsic subgap DOS in AOS TFTs
through the C–V measurement. We defined Leff (VG) through
the product of the CCF and the metallurgical channel length.
We note that the gate bias-dependent channel conductivity
effect is significant in the subgap DOS on the energy level
far from EC due to the low conductivity of the channel below
the threshold gate bias. We also note that it is important to
consider the CCF model with Leff (VG) for the C–V -based
characterization and modeling of the intrinsic subgap DOS in
amorphous semiconductor TFTs.
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