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Surface potential-based analytical model for InGaZnO thin-film
transistors with independent dual-gates™
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An analytical drain current model on the basis of the surface potential is proposed for indium—gallium zinc oxide
(InGaZnO) thin-film transistors (TFTs) with an independent dual-gate (IDG) structure. For a unified expression of carriers’
distribution for the sub-threshold region and the conduction region, the concept of equivalent flat-band voltage and the
Lambert W function are introduced to solve the Poisson equation, and to derive the potential distribution of the active layer.
In addition, the regional integration approach is used to develop a compact analytical current—voltage model. Although only
two fitting parameters are required, a good agreement is obtained between the calculated results by the proposed model and
the simulation results by TCAD. The proposed current—voltage model is then implemented by using Verilog-A for SPICE
simulations of a dual-gate InGaZnO TFT integrated inverter circuit.
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1. Introduction

Amorphous indium—gallium zinc oxide thin film tran-
sistors (a-InGaZnO TFTs) are advantageous for the next-
generation display, due to the merits of high driving abil-
ity, good reliability, and mature process over large fab-
rication areas.l'] To further extend the applications of
InGaZnO TFTs, the independent dual-gate structure is prefer-
ably adopted to adjust the threshold voltage in a wider range.
Dual-gate InGaZnO TFTs render circuit response fast and
power consumption low.!%8] Previous researches show that
the threshold voltage of the driving transistor can be ad-
justed dynamically by discharging the auxiliary gate, which
benefits good compensation effect for active matrix organic
light emitting diode (AMOLED) displays.”! In the case of
system-on-panel circuit integrations, it was proposed that high
voltage—gain amplifiers be replaced by the dual-gate InGaZnO
TFTs with differential inputs.['” Although some dual-gate
InGaZnO TFT circuits were implemented and measured, there
have been no mature analytical current—voltage models for
dual-gate InGaZnO TFTs up to date, which brings the diffi-
culties in designing TFTs circuit by using SPICE tools.

SPICE simulations require an analytical TFT model,
which is efficient and timing saving, compared with numer-
ical calculations.!'"1?] In recent years, the lack of appropri-
ate analytical current—voltage model for InGaZnO TFTs at-
tracts widespread attention from academic and industry. Pe-
rumal et al.!"3! presented a compact model of InGaZnO TFTs
on the basis of metal-oxide—semiconductor field-effect tran-
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sistor (MOSFET) SPICE model. But the model is not ac-
curate enough. Tsuji et al.!'*l developed an efficient model
for numerical simulations of single-gate InGaZnO TFTs.
Cai et al.!"! successfully developed a drain current—voltage
model for dual-gate InGaZnO TFTs, which is suitable for
sub-threshold and above-threshold operating regions. How-
ever, the presented model is strongly dependent on the pre-
determined threshold voltage, which is also difficult to calcu-
late from physical parameters.

In this paper, an analytical current model is developed for
independent dual-gate (IDG) InGaZnO TFTs on the basis of
the surface potential. The effective carrier density is intro-
duced and the Lambert function is used to solve the Poisson
equation. It was proposed that the equivalent flat band voltage,
i.e., Vpp, can be used to characterize the phenomenon that the
sub-threshold potential of the device is linearly modulated by
the top gate voltage, i.e., Vgr. In addition, the Lambert func-
tion is simplified by solving the potential of the sub-threshold
region and the conduction region, separately. On the basis of
the derived surface potential, the current—voltage expression
can be derived by solving the dual integration of Pao—Sah’s
law. The proposed current—voltage model is applied to the
SPICE simulation and validated effectively.

2. Surface potential model for IDG InGaZnO
TFTs

Figure 1 shows the cross sectional view of InGaZnO TFT
with independent dual-gates. The direction parallel and per-
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pendicular to the TFT channel are defined as the y direction
and x direction, respectively. Here #iGz0, foxr, and toxp are
the thickness of the InGaZnO layer, the top, and bottom gate
dielectric layer, respectively. For the IDG InGaZnO TFT, the
top gate voltage (Vgr) and bottom gate voltage (Vgp) are bi-
ased independently. For the simplicity of calculations, in this
investigation, geometrical parameters for the top gate and bot-
tom gate are the same, i.e., thicknesses of the metal and gate
insulating layer are identical.
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Fig. 1. The cross sectional view of independent biased dual-gate InGaZnO
TFTs.

As an amorphous N-type semiconductor material, intrin-
sically, InGaZnO has a surface potential dependent on free
electrons and localized electrons. Hence the potential of

InGaZnO film follows the Poisson’s equation

I’o(x) _ plx) _ g

ox? &iGzo0 €670

Nefi (X)), (D

where @ is the potential along the x direction, ¢ is the electri-
cal charge of a single electron, p is the volume charge density,
and ggzo is the permittivity of the InGaZnO film.

Using the Boltzmann distribution function, the effective
carrier density can be expressed as!!¢!

q(@ —Veu — ¢ro)
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where Nggr is the effective carrier density, kTgpr is the charac-
teristic energy, and ¢, Vcy, and @ are the electrostatic poten-
tial, the channel voltage in the y direction, and the equivalent
Fermi potential, respectively.

Due to the fact that
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through solving Eq. (1), the electric field at the surface of the

InGaZnO layer, i.e., Eigzo, can be expressed as
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where @ is the surface potential.

For the interface between the gate-insulator and the
InGaZnO layer, the Gaussian law can be used to relate the
top and bottom gate voltage and the boundary electrical field
together. Consequently, it can be derived that
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where Vpp is the flat-band voltage, Co is the oxide capacitance
per unit area, and @r is the surface potential near the top gate.
Combining Egs. (3) and (4b), by the integration method, one
can obtain that
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However, equation (5) shows an implicit function of ¢g, which
Here the Lambert-
W function is used, where @ = W(x) is the solution of the

is not straightforward for calculations.

transcendental equation ® - exp(x) = x. Thus, the solution of
Eq. (5) can be obtained as
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But the Lambert-W function cannot be embedded into SPICE
simulations.!”! According to the actually operating conditions
of the IDG InGaZnO TFTs, it is possible to simplify Eq. (6).
For the conduction region (Vg — Vi — @ro > V), the expo-

nential term in the W function increases rapidly. Then using

the approximation that W (x) = In(x) — In(Inx),!'8! ¢g can be
expressed as
2kTy 2k TgppC,
s = Vs + ro + ZCTEFE ln{ EFFCox
q 4V 2kTerrNEFFEIGZO
gV 2Nerr€16zok TErr
X | In
2kTerrCox
q(Vee — Vs — Ve — @ro)
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On the other hand, for the sub-threshold region (Vg — Vis —
¢ro < Vcn), the exponential term in the W function approaches
to 0. In addition, due to the observed linear relationship be-
tween @g and the top gate bias voltage Vgr, @5 can be ex-
pressed as

¢s = A (Vg — VB), (8

where A depends on the ratio of the equivalent capacitance of
the gate oxide layer to that of the active layer, which represents
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the modulation extent of Vgp for ¢s; Vg is the equivalent flat
band voltage, which can be divided into Vrg; and Vig,. Here
Vrp1 represents the difference in work function between the
gate metal and InGaZnO layer, and Vgp, denotes the influence
of the oxide layer and interface charge. As the carrier concen-
tration of InGaZnO layer is modulated by Vgr, the Vip can be
expressed as

VeB = VEB1 + VB2 = VRB1 +a - ViT. &)

For a continuous expression of surface positional for IDG
InGaZnO TFT with different operating regimes, equations (8)
and (9) can be combined through a smoothing function of
tanhx, then @s is expressed as

¢s = 0.5{1 —tanh[10 (Vo — Virs — Vou — ¢ro)] }

x [A- (Vo — VBl —a-Vor)]
+0.5{1 +tanh [10 (Vo — VB — Vcu — @ro)] }
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3. Drain current model of IDG InGaZnO TFT

On the basis of the obtained analytical surface potential,
the current—voltage model for IDG InGaZnO TFT is devel-
oped as follows. According to the Pao—Sah formula, the drain—
source current of the IDG InGaZnO TFT is

Vbs s
fos =7 / /

where Ugpp is the effective mobility, W and L represent the

de-dVen, (1)

width and length of the TFT. According to the previous inves-
tigations, the stretch-exponential function is consistent well
with the curves of measured effective mobility versus gate—
source voltage, thus

Uerr = Uanp - {1 —exp[— (Vo — Vi)™ |}, (12)

where m is the shape fitting parameter for the curve of mobility
versus Vgg.

Then the partial derivative of E (Eq. (3)) with respect to
the channel voltage (i.e., Vcp) is given as
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Substituting Eqgs. (12) and (13) into Eq. (11), one can obtain

W
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Figure 2 demonstrates the comparison of the TCAD sim-
ulated and calculated ¢s and @r versus channel voltage, from
Ven = 0 to Ven
the simulations results are in good agreement with each other.

= Vps. It is observed that the calculated and

According to Eq. (14), figure 2 shows the integration bound-
aries. By dividing the integration regions, Ips can be derived
as
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By directly integrating Eq. (3), the first and second terms
on the right-hand side of Eq. (15) can be derived as

PsL
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By combining Eq. (4a) and Eq. (4b), the third and fourth
integral terms of Eq. (15) can be derived as

SL
E(‘P»VCH - Vs)d(P
Pso
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Consequently, the analytical expression for the Ipg of IDG
InGaZnO TFT is

w
Ips = - uerr - &i6zo - {1 —exp[—(Vop — Vis)"]}

Table 1. InGaZnO TFT parameters for TCAD simulation and model
calculation.

Parameter/units Value
Cox/(nF/cm?) 17.26
fizo/nm 40

W /pm 60
L/pm 10
fox/NM 200
ENGzo 12.31
kT/eV 0.026
Ngpg/cm™3 5.53x 1078

A 0.5

a —1

m 2

Figure 3 shows the comparison between the calculated
surface potential using Eq. (9) and the simulated surface po-
tential. The potential of the sub-threshold region is shifted
with Vgt increasing, but the slope of sub-threshold surface po-
tential remains unchanged approximately till Vg reaches to
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Fig. 2. Plots of surface potential ¢s and top potential @r versus channel
voltage for IDG InGaZnO TFT, with colored area referring to integra-
tion region.

4. Results and discussion

To verify the developed model, comparisons are carried
out between the calculated and TCAD simulated results. The
investigated TFT structure is shown in Fig. 1, and the Vg and
the Vgp are biased independently. Listed in Table 1 are the
physical and geometrical parameters to calculate the current—
voltage curve for IDG InGaZnO TFTs.

0.5 V. Under various biasing conditions, the calculated values

of ¢s in good agreement with the simulated ones.
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Fig. 3. Simulated and calculated plots of surface potential ¢s versus bottom

gate voltage Vg for three different values of Vgr.
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Fig. 4. Comparison between simulated and calculated transfer characteris-

tics of IDG a-InGaZnO TFT for three different values of Vgr.

Figure 4 shows the comparison results of the simulated
and calculated drain-source current versus Vgg for different
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values of Vgr. Further, the calculated and simulated output
characteristics of IDG InGaZnO TFT are shown in Fig. 5.
For both the transfer and output characteristics, the proposed
model shows a high consistence with TCAD simulations, and
the absolute error is less than 1078, It is demonstrated that the
threshold voltage of InGaZnO TFT can be adjusted using the
independent biased gate electrode. With the decrease of Vgr,
the threshold voltage shifts positively, because more charges
in the InGaZnO film are depleted.

1.0
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simulated o-0-0-6-6-6-6-6
< 0.8
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g O OO0
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= 04
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Fig. 5. Comparison between calculated and simulated output characteris-
tics of IDG a-InGaZnO TFT with Vgr = —5 V for various values of Vgs.
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Fig. 6. Comparison results between SG and IDG InGaZnO TFTs using
Verilog-A model, with inset schematically showing inverter circuit with
IDG InGaZnO TFTs.

The proposed model is integrated into circuit simulations
with Verilog-A. Figure 6 shows the HSPICE simulation com-
parison results of an InGaZnO TFT inverter with single-gate
(SG) and independent dual-gate (IDG). The power supply
(Vbp) is 10 V, and Vgr for the IDG transistor is —1 V and
—2 V, respectively. It is observed that increased output swing

and narrower transient region can be obtained by the IDG tran-
sistors.

5. Conclusions

In this work, an analytical drain current model for inde-
pendent dual-gate InGaZnO TFT is established based on the
surface potential. Equivalent flat band voltage Vgg is intro-
duced to represent the linear surface potential modulation ef-
fect of the top gate voltage V. Following the Pao—Sah’s law,
regional integration is carried out in detail to obtain a con-
tinuous current—voltage model for the independent dual-gate
InGaZnO TFTs. Comparisons between the model calculations
and the TCAD simulations are carried out, and the results
show that both the transfer and output characteristics are in
good agreement for different operation regions. Furthermore,
in order to verify the effectiveness of IDG InGaZnO TFTs for
high-performance circuit designs, the model is applied to an
SPICE simulator using Verilog-A, which is helpful in design-
ing the high performance InGaZnO TFT circuit for system on
panel circuit integrations.
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