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Abstract— A surface potential-based compact model for
independent dual gate (IDG) amorphous In-Ga-Zn-O thin-
film transistors (IDG a-IGZO TFTs) is proposed here. The
transport theories of percolation conduction, trap-limited
conduction (TLC), and variable range hopping (VRH) in
extended and localized states are first considered simulta-
neously via Schroder method, obtaining a physical descrip-
tion of the transport mechanism under different conditions
of temperature and gate voltage. Moreover, a single formula-
tion of front and back surface potentials which is valid and
extremely accurate in all operation regimes is developed.
Based on the transport theories and surface potentials,
the complete compact model is developed and verified
using both numerical simulation and experiment with an
excellent agreement, and the threshold compensation effect
is also included. Finally, the compact model is coded in
Verilog-A, and implemented in a vendor CAD environment,
which suggested that the proposed model can be success-
fully applied to circuit design.
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I. INTRODUCTION

ON ACCOUNT of the extremely low leakage cur-
rent and the possibility of low-temperature fabrica-

tion, amorphous In-Ga-Zn-O thin-film transistors (a-IGZO
TFTs) are under active research and development in the
circuit application such as flexible display, memory, and
3-D integration [1]–[3]. Especially, the independent dual gate
(IDG) a-IGZO TFTs have become the key choice in the
industry due to its controllability of turn-on voltage and
enhancement of ON/OFF-current ratio [4]–[6]. To further effec-
tively evaluate circuit performance, it is significant to have
an accurate compact model describing the physical device
behavior. However, due to the amorphous disordered structure,
charge transport in a-IGZO exhibits complex behavior, which
also brings difficulty in calculating the surface potentials, and
the latter is the key issue in the modeling of IDG transis-
tors [7], [8]. To our understanding, the surface potential-based
completely compact model of IDG a-IGZO TFT considering
amorphous structure and charge transport is still lacking.

In this article, we develop a physics-based compact model
for IDG a-IGZO TFT considering both traps and free electrons
in an analytical way. With the combination of percolation
conduction, trap-limited conduction (TLC), variable range
hopping (VRH) for transport mechanism, and a new capac-
itance calculation method for dual-gate transistors, the model
accurately replicates the experimental data. Also, the compact
model is evaluated for circuit design in SPICE.

II. MODELING

A. Surface Potential Calculation

The geometric definition and schematic view of equivalent
capacitance for IDG a-IGZO TFT investigated here are illus-
trated in Fig. 1. Definitions of constants and variables used in
this paper are summarized in Table I. For amorphous oxide
semiconductors, the total carrier concentration n(z) is given
by the sum of the carrier concentration in the extended states
and concentration in the localized states as [9], [10]
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Fig. 1. Geometric definition for IDG a-IGZO TFT compact model, the
z-axis is the vertical channel direction, and the y-axis is the parallel chan-
nel direction (left) and the electric potential distribution and equivalent
capacitances between TG and BG (right).

where g(E) is the density of states (DOS) energy distribution,
E = 0 corresponds to the mobility edge, the first term on
the right-hand side of (2) describes the density of extended
states with the positive E [11], and the second term describes
the density of localized states with the negative E , which
is related to the disorder and the Urbach tail [12], Nt is
the total concentration of localized states, the value gc =
1.4×1021 cm−3eV−3/2 has been reported for a-IGZO thin
films [13], kB is Boltzmann’s constant, T0 is the characteristic
temperature of the exponential DOS, and EF (z) is the quasi-
Fermi level.

Accurate surface potentials for IDG MOSFET have been
proposed in [14]–[17]. However, those methods are applicable
to only free carriers or need iterative resolution of the Poisson
equation. Here, we developed a very accurate direct calculation
of surface potentials, which is an extension of the methodology
presented in [14] to the case where the channel material
becomes a-IGZO, accounting for both localized and extended
states.

First, we use the method of equivalent capacitance illus-
trated in Fig. 1 to obtain an approximate initial solution in the
case of traps only, because traps prevail for a broad range of
working gate voltage.⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
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which is identical to [14, (13)–(24)], where �x =
x1,sat − x2,sat = ln((1 + k1)/(1 + k2)) is the differ-
ence in the saturation value of normalized potentials
between the top and bottom surfaces, and A0 =
((2etIGZO Nt �(1 − (T/T0))�(1 + (T/T0)))/(CIGZOφT 0), with
e is the elementary charge. However, there are still some errors

TABLE I
NOTATIONS USED IN THIS ARTICLE

in the approximate surface potential calculation because the
carrier in extended states is missing. To improve its accuracy,
we use the Schroder series to introduce the contribution of
free electrons into the correction.

Second, by separating variables and integrating Poisson
equation from the top surface to an arbitrary point across the
thickness, we obtain

α2 = k2
1(2)q

2
1(2) − A0ex1(2)−xn − B0et(x1(2)−xn) (4)

α2 = t2
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where B0 = ((2etIGZO Nt υ0τ0))/(tC IGZOφT 0)), with τ0 is the
lifetime of carriers and ν0 is the attempt-to-escape frequency;
x is the electrostatic potential which depends on (y, z) nor-
malized by φT 0. Only one carrier can be considered in the
calculation of [13], and we use Schroder series to extend the
method to include carriers of both states.

Defining the complex function a(y, z) by αcoth[a(y, z)] =
−tIGZO(∂x/∂z), and substituting it into (5), we obtain (6) that
is equal to zero. Think of a(y, z) as a linear function of z and
define ka = (∂a/∂z).

f (ka) = ka − α

2tIGZO
− B0CIGZOt

2tIGZO

�
t2
IGZOk2

a(φT 0 − φT )

αCIGZOφT 0

�1−t

×



αt − 2tIGZOka

A0CIGZOt

�t

(6)

δ = − f (ka)

f �(ka)

�
1 + f ��(ka)

2 f �(ka)

f (ka)

f �(ka)

�
, ka = α

2tIGZO
+ δ

(7)

F(x1) =
�
k1q1 + α · coth

�α

2
+ tIGZO · δ

��
(k1q1 + k2q2)

−A0ex1−xn − B0et(x1−xn ) (8)



GUO et al.: ANALYTICAL SURFACE POTENTIAL-BASED COMPACT MODEL FOR IDG a-IGZO TFT 2051

Fig. 2. Agreement between the analytical solutions calculated by the
model and numerical results for ϕs with different TG voltage, with the
error is inserted.

q2 = xg2 − x1 + 2ln
�

k1q1 + α · coth
�α

2
+ tIGZO · δ

��
−2ln

�
α · csch

�α

2
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Through estimating the orders of magnitude, the last term is
much smaller than the second term on the right side of (6).
In the case, we use the second term as the basic solution and
use Schroder series as the correction term, embodied in (7).

Combining the coupled equations, we can work with real
unknowns only and build a unique (8) to be solved with x1

as a variable. Then, thanks to a robust analytical procedure
involving two successive corrections on x1 based on the
above approximation, the analytical solutions of the surface
potentials can be written as

x11 = x1 − F(x1)
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2
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�
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�
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Fig. 2 compares the analytical solutions calculated by the
model and numerical results of the bottom surface potentials.
The percentage error is always below 0.01%.

In addition, Fig. 3 illustrates the distribution of electrosta-
tic potential in the vertical channel direction with different
top-gate (TG) biases and active layer thicknesses, which is
obtained by numerical calculation, showing the thinner active
layer and higher TG voltage, the larger potential, which leads
to a better performance of device.

B. Mobility Model
Because IGZO has conduction band fluctuations in the

amorphous phase, this leads to localized states in the subgap
and potential barriers above the conduction band minima
(Em). At low gate voltages, EF lies in the localized tail
states, so electrons are trapped. They are released and move
forward by thermal excitation. Therefore, TLC prevails for a
broad range of temperatures, whereas VRH becomes dominant
at lower temperature because carrier activation is reduced.
At high gate voltages, EF turns into the conduction band,

Fig. 3. Electrostatic potential (ϕ) as a function of distance in the vertical
channel direction with different TG biases and active layer thicknesses.

Fig. 4. Schematic view of the percolation conduction (when EF > Em),
TLC (at high temperature when EF < Em) and VRH (at low temperature
when EF < Em) transport mechanism [18].

and percolation conduction occurs. In high temperature case,
an electron chooses a shorter but higher barrier path, due to
the higher thermal energy and more localized states that are
occupied. At low temperature, an electron chooses a longer
but lower barrier path, as shown in Fig. 4. So carrier transport
in IGZO is carried out by both traps in localized states and
free electrons in extended states.

The temperature-dependent mobility model of the IDG a-
IGZO TFTs contains three physical transport mechanisms,
TLC, percolation conduction, and VRH [18], which can cover
various temperature and gate voltage ranges

μtLC = μ∗
b A∗�Vg1 − VFB1 + Vg2 − VFB2

�2(T0/T −1)
(13)

μPERC = μ∗
b B∗�Vg1 − VP1 + Vg2 − VP2

�4[(DB −WB )/DB ]
(14)

μVRH = μ0C∗exp

�

T1

T

� 1
4

��
Vg1 − VT 1 + Vg2 − VT 2

�γ
(15)

where A∗, B∗, and C∗ are related to Nt and T0, and μ∗
b is

the band mobility scaled by the percolation term in terms of
potential barrier height and variance, μ0 is a reference mobility
for hopping conduction, VP1(2) is the gate voltage where the
transition between TLC and percolation takes place when
EF = Em , T1 is the associated characteristic temperature,
(DB − WB )/DB is a spatial coherence ratio of the potential
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barriers, and γ is a power parameter associated with the
density of tail states. In all cases, the mobility obeys a universal
power law as a function of gate voltage.

C. Current and Capacitance Model

A drain current model based on Pao–Sah’s double integral
under the assumption of the gradual channel approximation
for long-channel IDG devices is given by [19]–[21]
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where W is the channel width, L is the channel length, Qi is
the total accumulated layer charge density which is expressed
as an integral form, Vch is the channel voltage that varies from
0 to Vds , and E is the electric field intensity, which plays a
major role on the top surface E1 = (Cox1/ε)(Vg1 − ϕs1) and
the bottom surface E2 = −(Cox2/ε)(Vg2 − ϕs2).

The effective mobility μeff is determined by different con-
duction regimes at different temperatures and gate biases. μTLC

can prevalent at �V = Vg1 − VP1 + Vg2 − VP2 < 0, whereas
percolation can be dominant at �V > 0 at room temperature
and above

μeff = S(−�V )μTLC+S(�V )μPERC (19)

where the two mobility expressions are connected by the
Sigmoid function S(−�V ) and S(�V ), and μTLC is replaced
by μVRH at low temperature.

The drain current model is formulated by substituting the
front and back surface potentials at the source and drain, and
then turn (16) into a quadratic integral. After some algebraic
manipulations, the final expression of drain current is set
up with four parts: top surface (Is1), bottom surface (Is2),
interfacial coupling (Icoup), and subthreshold (Isub), written as
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Simulating the transient mode requires not only the drain
current behavior, but also a correct compact model of terminal
charge and trans-capacitance. We propose a new method to get
analytical solution of terminal charges for IDG devices. The

core idea is to introduce the accumulated layer charge into the
formula with two expressions. One is obtained by multiplying
the capacitance of the gate dielectric layer by the potential drop
on it (25). The other is an integral form used in calculating
drain current model.

Qi = −Cox1
�
Vg1 − VFB1 − ϕs1

� − Cox2
�
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(25)
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where a = Vg1 − VFB1 − ϕs1s , B = Vg1 − VFB1 − ϕs1d , C =
Vg2 − VFB2 − ϕs2s , and D = Vg2 − VFB2 − ϕs2d , G1 represents
the TG charges and G2 corresponds to the bottom-gate (BG)
charges, that is, the expression of Qg1 can be separated from
(26) by ignoring the effect of G2, and Qg2 can be obtained
with G1 = 0. In particular, the denominator of the above gate
charge expression is equal to 0 when the same voltages are
applied at source and drain (A = B and C = D). Under
such conditions, the terms (A − B) and (C − D) with values
of 0 are regarded as the same infinitely small quantities and
L’Hospital’s rule is used to deal with the limit.

Qg(Vds=0) = W L
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+3Cox1Cox2(A∗C + B ∗ D). (31)

Correspondingly, the expressions of Qg1 and Qg2 in the
case of Vds = 0 can be separated from (29) as mentioned
above. According to Ward’s charge-partitioning scheme and
total charge neutrality requirement, the drain charge Qd and
source charge Qs can be expressed as

Qd = W L
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Qs = −Qd − Qg . (36)

In the case where the denominator becomes 0, the same
approach used for dealing with Qg is also applicable for Qd

and Qs . Finally, the capacitance model can be calculated by
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Fig. 5. Comparison between the calculated and experimental data for (a) transfer characteristics of the IDG a-IGZO TFT (both in conventional and
logarithmic coordinates, and the corresponding transconductance curves (gm) are inserted), (b) transfer characteristics at different temperatures
(output characteristics is inserted), and (c) total gate capacitance of IDG a-IGZO TFT under various channel lengths. Good agreement has been
achieved between the model and the measurement.

the derivation of terminal charges.

Ci, j=±∂ Qi

∂Vj
(37)

where i and j denote the transistor terminal: TG, BG,
source, or drain. The negative sign is used when i �= j . The
overlap capacitance should also be considered in the model
to account for the limitations in the TFTs structure and
process. Consequently, the total TG-source capacitance can
be expressed as

Ctotal__g1s = Cg1s + Cg1so (38)

where Cg1so is the TG-source overlap capacitance calculated as
Cg1so = Cox1W Loverlap and Loverlap is the overlap length, which
is set to 2μm to take into account of the fabrication process.
Other total gate–source/drain capacitance can be obtained in
a similar way.

III. MODEL VALIDATION

To obtain experimental data, we fabricated IDG a-IGZO
TFTs. The TG is indium-zinc oxide that is deposited by
sputtering at room temperature, and all other metal electrodes
are made of molybdenum, deposited by sputtering at 200 ◦C.
The BG-insulator is a bilayer of SiNx (100 nm) and SiO2

(150 nm), both deposited by plasma-enhanced chemical vapor
deposition (PECVD) at 200 ◦C. The 100-nm-thick etch stopper
and the passivation layer [SiO2 (100 nm) / SiNX (100 nm)]
make up the TG-insulator; and these three layers are also
deposited at 200 ◦C by PECVD. The 20-nm-thick active
layer (a-IGZO) is deposited by sputtering at 200 ◦C using
a polycrystalline IGZO target (InO3: Ga2O3: ZnO = 1 :
1 : 1 mol%). TFTs with channel width W = 50μm and
channel length L = 20μm were measured for the verification
of current model, and W = 1000μm/L = 7 ∼ 9μm for
Capacitance Model.

Fig. 5(a) and the inset in (b) show a comparison between
the calculated and the experimental data for the transfer
and output characteristics. The excellent agreement validates
our model. Furthermore, the transfer characteristics in the
linear coordinate system support the accuracy of the model

Fig. 6. Gummel symmetry test for the 1-, 2-, and 3-order derivatives
of the drain current under various gate voltages (Vg1 = Vg2 = 12, 16,
20 V).

in the linear region, and the transfer characteristics in the
semi-logarithmic coordinate system demonstrate the accuracy
of the model in the subthreshold region. The key physical
parameters are as follows: CIGZO = 4.427 × 10−7 F/cm2,
with tIGZO = 20 nm and ε = 10 × 8.854×10−12 F/m. Cox1 =
1.17 × 10−8 F/cm2, which is reasonable considering that the
thickness of the top oxide layer in our device is 300 nm and
Cox2 = 1.4 × 10−8 F/cm2 with 250-nm-thick BG insulator.
At room temperature, the TLC-dominated mobility-related
parameter T0 was extracted as 410 K, Nt in our model
has been extracted from the subthreshold swing (SS) of the
experimental transfer curves as 1018 cm−3, andVFB1 and VFB2

were set to −0.2 V and −0.5 V, respectively. The parameters
in percolation are VP1 = VP2 = 10 V and (DB − WB)/DB =
0.025. The product of escape frequency υ0 and lifetime of
carriers τ0 can be extracted as 1. Fig. 5(b) shows a comparison
between the calculated and experimental data at different
temperatures, and the accurate match means that the model
can adapt to various physical states. At low temperature, the
VRH-dominated mobility-related parameter T1 was extracted
as 948 K, and γ = 2.5. Fig. 5(c) shows that the model fits
well with the experiments of capacitance in different channel
lengths.

Moreover, the continuity and symmetry characteristics must
be preserved to achieve convergence between simulation and
analysis in IDG a-IGZO TFT-based circuits. To qualify as
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Fig. 7. (a) Transfer characteristics curves under BG, TG, and DG bias sweep conditions. The driving current and SS are both greatly improved in
DG mode. (b) Typical output waveforms of SG- and DG-driven ROs. Supply voltage VDD is 10V. (c) Variation of oscillation frequency with width ratio
Wdown/Wup. The shadow indicates that the workable region is from 4 to 190.

Fig. 8. (a) Curves of drain current versus BG voltage for the IDG a-IGZO TFT at different TG voltages. (b) Three-transistor AMOLED pixel circuit
with threshold voltage compensation function using IDG a-IGZO TFT compact model. (c) Voled variation at different Vdata sets for the circuits with
and without compensation [22].

a compact model, our model needs to satisfy the Gummel
symmetry test. We have provided the results of this benchmark
test in Fig. 6, showing that the first-, second-, and third-
order derivatives of Ids with various gate voltages display
excellent continuity and symmetry characteristics of our
model.

IV. CIRCUIT SIMULATION RESULTS AND DISCUSSION

To verify the model’s usability in EDA design tools,
the model is written in Verilog-A and compiled to include
the IDG a-IGZO TFTs as new active components of the
circuit simulator. The two most obvious advantages of IDG
a-IGZO TFTs over single gate (SG) are the enhancement
of on/off-current ratio and controllability of turn-on voltage.
For the assistance of analyzing device physics and guiding
fabrication, we have carried on the simulation analysis to these
two characteristics.

DG-driving achieves bulk-accumulation, giving advantages
such as high driving current and small SS. Fig. 7(a) shows the
transfer characteristics under three different gate bias sweep
conditions: DG (driving simultaneously the TG and BG), TG
(sweeping the TG, while grounding the BG), and BG (sweep-
ing the BG, while grounding the TG). The driving current is
greatly improved in DG transistors, even better than the sum of
TG and BG. This is because of the coupling effect between the

two gates, the conductive channels are no longer limited to the
top and bottom surfaces, but extend to the body of the active
layer, carriers are less affected by the interface states, and the
field effect mobility increases significantly. In addition, the SS
of DG devices is smaller than TG and BG, which is mainly
due to the enhanced control ability of the double gates to the
carriers in the channels. Ring oscillator (RO) as a basic cell in
circuit design is simulated to check the circuit-level accuracy
of our proposed model. Typical output waveforms of SG- and
DG-driven ROs are shown in Fig. 7(b) for VDD = 10 V .
Consistent with experimental results, the simulation results
demonstrate that DG-driving increases the switching speed by
about two times, for the same device size and driving voltage.
Moreover, DG-driving has higher crossing current compared
with SG-driving, indicating an enhanced driving capability in
charging and discharging the load capacitors. The model can
also be used to predict the variation of frequency with the size
of the device (e.g. channel width ratio) for the optimization
analysis. Fig. 7(c) indicates that the circuit workable range is
from 4 to 190.

The parallel shifting characteristic of drain current versus
BG voltage at different TG voltages is shown in Fig. 8(a).
The threshold voltage of IDG TFT using the BG in its normal
operation can be controlled artificially by the TG voltage. The
reason is the attraction and expelling of free carriers in the
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active layer by the TG. Therefore, the problem of the threshold
voltage shift can be get rid of by appropriately setting the
voltage on the TG. Based on this phenomenon, a simple circuit
of active-matrix OLED, as shown in Fig. 8(b), using the TG to
compensate threshold voltage variation is implemented by our
model [22]. Fig. 8(c) compares the pixel circuit results with
and without threshold voltage compensation. The output volt-
age converges to almost the same value with the compensation,
while has an obvious shift in the latter case, which verifies the
capability of the model to compensate the threshold voltage
in the circuit.

V. CONCLUSION

In this article, a new surface potential-based physical
compact model for IDG a-IGZO TFTs is established with con-
tinuous analytical solution and extensively verified by device
measurements. As several transport mechanisms are consid-
ered, the model can predict temperature and gate voltages-
dependent characteristics. To prove the compact model in
an optimization of the logic circuit design, the ROs and
pixel circuit are successfully simulated. Most importantly, a
circuit with threshold voltage compensation function using
IDG a-IGZO TFTs can be obtained, which is instructive to
IGZO-based circuit design and performance prediction.
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