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A Comprehensive Large Signal, Small Signal,
and Noise Model for IGZO Thin Film

Transistor Circuits
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Abstract— We report a new physics-based model
for dual-gate amorphous-indium gallium zinc oxide
(a-IGZO) thin film transistors (TFTs) which we developed
and fine-tuned through experimental implementation and
benchtop characterization. We fabricated and characterized
a variety of test patterns, including a-IGZO TFTs with
varying gate widths (100–1000 µm) and channel lengths
(5–50 µm), transmission-line-measurement patterns
and ground–signal–ground (GSG) radio frequency
(RF) patterns. We modeled the contact resistance as
a function of bias, channel area, and temperature, and
captured all operating regimes, used physics-based
modeling adjusted for empirical data to capture the TFT
characteristics including ambipolar subthreshold currents,
graded interbias-regime current changes, threshold
and flat-band voltages, the interface trap density, the
gate leakage currents, the noise, and the relevant small
signal parameters. To design high-precision circuits
for biosensing, we validated the dc, small signal, and
noise characteristics of the model. We simulated and
fabricated a two-stage common source amplifier circuit
with a common drain output buffer and compared the
measured and simulated gain and phase performance,
finding an excellent fit over a frequency range spanning
10 kHz–10 MHz.

Index Terms— Circuit model, flexible electronics, indium
gallium zinc oxide (IGZO), thin film transistors (TFTs).

I. INTRODUCTION

AMORPHOUS indium gallium zinc oxide (a-IGZO) thin
film transistors (TFTs) were first reported in 2004 as a

promising alternative to amorphous Si (a-Si:H) TFTs, and have
subsequently evolved over the last two decades to dominate
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the driving circuits in modern displays [1], [2], [3]. a-IGZO
thin films can be deposited at relatively low temperatures
without compromising charge carrier mobility and are thus
favored for applications with a low thermal budget [4], [5], [6].
Recent advances in the a-IGZO TFT fabrication technology
have allowed the development of high-speed circuits for appli-
cations in displays, flexible devices, and electronics, paving
the way for the large-scale integration of a-IGZO TFTs in
active acquisition circuits built on flexible substrates for use
in biomedical applications such as neural probes and wearable
sensors [7], [8], [9], [10].

To exploit the unique properties of a-IGZO TFTs for design-
ing high-speed and high-precision signal processing with
integrated circuits on thin-film polymer substrates, the system-
atic development of a unified physics-based model that can
accurately predict the device performance in all operational
regimes is needed. Developing such a unified model requires
evaluating device parameters over multiple channel areas,
at different device temperatures and in different operating
regimes to empirically extract the intrinsic device parame-
ters [11], [12], [13], [14]. Understanding the dependencies
of these parameters facilitates greater flexibility in the design
of circuits which can be implemented for low-noise, high-
speed, and high-precision signal processing [15], [16], [17].
Important device properties, such as the threshold voltage,
channel mobility, and contact resistance can be controlled
by modifying the fabrication parameters, including but not
limited to the oxygen partial pressure during deposition, the
film thickness and the source/drain contact material. Therefore,
it is critical to develop a physics-based TFT device model
while clearly disseminating the steps needed for the empirical
reproduction of a-IGZO TFT characteristics for any given
material and device processing conditions [18], [19], [20].

In this work, we demonstrate a-IGZO TFTs on flexible films
that exhibit a field-effect mobility of ∼15 cm2/V·s, an ON/OFF
current ratio exceeding 109, low gate-leakage currents less
than 1 nA, high cutoff frequencies greater than 50 MHz, and
Hooge’s coefficient of noise of ∼0.005. We performed para-
metric studies to develop a more complete model for a-IGZO
TFTs that captures the subthreshold, linear, and saturation
operating regimes, the ac characteristics, leakage currents,
noise currents, and contact resistance and we validated the
accuracy of the model by illustrating excellent agreement
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between the performance of experimentally realized a-IGZO
TFT circuits and simulated circuits.

II. PROPOSED MODEL

Early investigations into device and circuit models for TFTs
focused on a-Si TFTs [21], [22], [23], [24]. In recent years,
with the rapid developments made in fabrication techniques
for a-IGZO TFTs, device models for a-IGZO TFTs have been
developed by modifying existing a-Si circuit models [25], [26].
An a-IGZO specific physics-based device model that can cap-
ture the bias-dependent and parameter-dependent changes in
the contact resistance, gate leakage current, and subthreshold
leakage current, and the device noise current is currently
lacking. Recent advances in thin film fabrication have paved
the way for high-speed circuits using TFTs [27]. Further
translational application of TFTs in high-speed, high-precision
circuits, especially for biosensing applications mandates the
development of an accurate device model for novel circuit
designs.

The foundational model for a-Si TFTs was introduced
by Shur et al. [24] at the Rensselaer Polytechnic Institute
(RPI). Our proposed model is based on the RPI TFT model,
by developing parametric equations for device parameters
including the contact resistance, threshold voltage, mobility,
and leakage current. The model investigates the underlying
physical mechanism for each process but recognizing that
variations arise due to differences in the fabrication conditions,
device structure, and design, including but not limited to the
choice of the gate dielectric, contact metal at the source and
drain, and the electronic properties of the channel, which can
be controlled by the thickness of the deposited IGZO film,
the amount of O2 present in the deposition chamber and the
annealing temperature of the IGZO film. While the device
parameters used in our model are calculated empirically, it is
important from a circuit design perspective to understand the
physical basis of each parameter to ensure that the model
remains broadly applicable regardless of changes to the pro-
cess conditions. The physically justified equations used in
the model ensure that the circuit designer has control over
the parameters that need to be optimized to achieve ideal
performance, independent of the fabrication conditions used.

To ensure broad applicability, the model uses empirical data
from test devices of different channel lengths and widths,
as well as dedicated transfer length measurement patterns to
extract the inherent dependencies of each device parameter
on the device geometry, while outlining steps that can be
followed to calculate each parameter that is introduced in
the model. The proposed model uses empirical data collected
from devices built on flexible substrates and fits them into
physics-based equations representing processes known to be
active in TFTs. The device model was written using the
Verilog-A analog programming language. The circuit simula-
tions were performed using the Cadence Spectre SPICE-class
simulator, which supports Verilog-A for device modeling.
Verilog-A is one of the most popular hardware description
languages used for MOSFET and TFT models. It is a proce-
dural language similar to C, and it allows simple constructs
for device behavior. This essentially allows us to decouple

Fig. 1. (a) Optical microscope image of the test device structures
of different channel lengths for a W = 100-µm device and different
channel widths for an L = 5 µm device. (b), (d), and (e) Measured and
simulated transfer as a function of drain bias, channel length, and width.
(c) Measured and simulated output curves.

the model function from the simulator being used and allows
us to investigate model functioning independent of the type of
analysis being run [28]. The a-IGZO TFTs that we studied are
composed of different channel lengths (L = 5, 7.5, 10, 12.5,
15, 17.5, 20, and 50 µm) and widths (W = 100, 200, 500, and
1000 µm) with example devices shown in Fig. 1(a) and output
and transfer curves shown in Fig. 1(b)–(e). Fig. 1(d) and (e)
illustrates that the TFT dimensions play a significant role
in determining critical device parameters such as the thresh-
old voltage, off current and subthreshold slope. The device
equations and corresponding parameter values used for these
simulations are summarized in Table I. In the next section,
we discuss the experimental paradigms that we used to extract
the model parameters.

A. Contact Resistance

The Ti/Au contacts at the source and drain form an ohmic
contact [29], [30]. In the ON-state, contact resistance can
account for up to one-third of the total observed TFT resis-
tance [31], [32]. If not accounted for properly, this can lead
to significant errors in determining critical device param-
eters [33], [34]. To extract the contact resistance, Rcontact,
as a function L , W , VGS, and T , we use both gated and
ungated linear transmission line measurement (TLM) patterns
[Fig. 2(a)] [35], [36]. The a-IGZO TFTs reported in this work
are depletion mode devices, and are readily “on” at a zero
gate bias, exhibiting linear I –V characteristics without the
application of a gate bias.

The inverse slope of I –V measurements provides a mea-
sure of the total channel resistance consisting of the contact
resistances at the source, RS, and drain, RD, and the total
channel resistance, Rch. For a device with a long metal contact
overlap over the channel, Rcontact can be expressed as RS =

RD = Rcontact/2 and Rch = Rsh × LT /W , where Rsh is the
sheet resistance of the channel, and LT is the contact transfer
length [37].

Rcontact varies inversely with the width of the contact
[Fig. 2(b) and (d)] and decays exponentially with VGS
[Fig. 2(c)] due to a decrease in the Schottky barrier width at
the source/drain (S/D) contacts [33]. Furthermore, we found
that the contact resistance increases exponentially with temper-
ature [Fig. 2(e)] due to the diffusion of mobile carriers into the
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TABLE I
PARAMETERS FOR THE DEVELOPED MODEL

oxygen vacancies in the IGZO film. Charge carrier termination
in the oxygen vacancies decreases the number of available
defect states in the channel and consequently increases the
barrier height and the contact resistance [38]. Considering

Fig. 2. (a) Optical microscope image of the test devices and TLM
patterns. (b) Extracted contact resistance as a function of gate bias for
different device widths. Measured and fit plots of the total resistance
as a function of the channel length for TLM patterns with different
(c) device widths as a function of the channel length (L) and (d) for a fixed
device width of 100 µm and different gate bias voltages as a function
of L. (e) Extracted contact resistance as a function of temperature
for 100-µm-wide devices. The dependence of threshold voltage on
(f) channel length and (i) drain bias (for 100-µm-wide devices). (g) SS of
the device as a function of the channel length for multiple device widths.
(j) Variation of threshold voltage with temperature. The variation of the
mobility and saturation pinning parameter with (h) channel length and
(k) temperature.

these effects, we developed a general expression for the contact
resistance as follows:

Rcontact =
ρc

W
e−k1VGS ek2(T −22) (1)

where k1 and k2 are determined empirically from the fits shown
in Fig. 2(b) and (e), respectively, and are shown in Table I.

B. DC Characteristics
The measured dc current from the drain comprises the

subthreshold current (Isub-vt), the above threshold drift current
(ION), the drain–to-source leakage current (ID,leak), and the
noise current in the channel (Inoise). The overall drain current
is represented as follows:

IDS = f (ION, Isub-vt) + Inoise + ID,leak (2)

where f (ION, Isub-vt) accounts for the transition from the sub-
threshold current (Isub-vt) to the above-threshold drift current
according to Matthiessen’s rule [39] as follows:

f (ION, Isub-vt) =
ION × Isub-vt

ION + Isub-vt
. (3)

In the deep subthreshold regime (VGS ≪ VFB), the drain
current is dominated by the ambipolar (hole-free carrier)
leakage current from the drain to source (ID,leak). Close to
the flat band voltage, the subthreshold current (Isub-vt) begins
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to dominate, and above the threshold voltage, the drift current
(ION) dominates.

1) On Current (Ion): The principal component of the above
threshold dc current, ION, conveys the device performance in
the linear (4) and saturation (5) regimes. The above-threshold
currents are given by the following equations:

ION = µeffCox
W
L

[
(VGS − Vth)VDS −

V 2
DS

2αsat

]
VDS < αsat(VGS − Vth) (4)

ION =
1
2
µeffCox

W
L

(VGS − Vth)
2αsat

VDS ≥ αsat(VGS − Vth) (5)

where Cox is the oxide capacitance due to the top and bottom
dielectric layers, VDS is the drain bias, VGS is the gate bias,
Vth is the threshold voltage of the device, µeff is the effective
charge carrier mobility, and αsat is the saturation modulation
parameter (the equations for which are described in the sup-
plementary information). Table I shows the measured values
of all the parameters used to describe (4) and (5). We discuss
below the extraction of each of these parameters individually.

Fig. 2(f) and (i) shows the extracted Vth as a function of
L for different W and as a function of VDS for different L ,
exhibiting a negative shift for longer L , due to the filling
of fewer oxygen vacancies and a positive shift for higher
VDS where oxygen vacancies are readily filled with elec-
trons [40], [41], [42]. As the temperature increases, Vth initially
decreased up to a transition temperature close to 45 ◦C, after
which it began to increase. Therefore, accounting for all these
effects, we can describe Vth as follows:

Vth = Vth0 +
1
L

(
At V 2

DS + Bt
)
+

Ct

W
+ KV th|t − 45| (6)

where Vth0 represents the threshold voltage of a very long
channel device, where the impact of the S/D contacts on the
channel is negligible. At and Bt model the dependence of Vth
on VDS and channel length, respectively, KVth models the tem-
perature dependence of the threshold voltage around the device
transition temperature (45 ◦C) and Ct accounts for effects of
W on Vth that originate from fringe fields at the edges of the
channel that are more dominant at smaller W [43], [44], [45].

The TFT field-effect mobility can be modeled as a function
of the channel length, the gate overdrive voltage (VGS − Vth),
and temperature. We observed an increase in the field-effect
mobility with the channel length and substrate temperature,
as shown in the bottom panels of Fig. 2(h) and (k). Therefore,
accounting for these effects, we can determine an empirical
equation for mobility as follows:

µeff = [µ0 + k3L + k4(T − 22)](VGS − Vth)
γ (7)

where µ0 is the field effect mobility for a hypothetical zero
channel length device, k3, and k4 are the parameters modeling
the dependence of the device mobility on the channel length
and substrate temperature, and γ is the field effect mobility
parameter.

The saturation modulation parameter models the depen-
dence of the depletion charge density across the channel which

can be modeled as follows:

αsat = αsat0 + kαsatL + kαT (T − 22). (8)

2) Subthreshold Current (Isub-vt): The subthreshold current
in the a-IGZO TFTs arises due to both the diffusion cur-
rent generated by carriers in the interface trap states at the
oxide–semiconductor interface and the drift current generated
due to carriers in the bulk states in the channel [46]. The
interface trap states at the Al2O3–a-IGZO boundary play an
important role in the subthreshold current [47], [48]. Energy
band-edge bending causes the interface states to be occupied
first, and conduction occurs due to the thermal release of
electrons from these states and to maintain overall charge
neutrality in the device thereafter. The subthreshold diffusion
current can be written as follows:

Isub-vt = IOFF ×
W
L

e
qφs
kT ×

(
1 − e−

qVDS
kT

)
(9)

φs =
(VGS − VFB)(

1 + q2 Dit
Cox

) (10)

where IOFF is the drain current due to the intrinsic carrier
density in the channel, kT/q is the thermal voltage and is
equal to ∼26 mV at room temperature, ϕs is the surface
potential expressed, and Dit is the interface trap state density.
The subthreshold ideality factor, ηi , is extracted from the
subthreshold swing (SS) of the I –V curves [49], [50] using
the following equation:

SS =
kT
q

ηi ln(10) = 2.3
kT
q

(
1 + q2 Dit

Cox

)
. (11)

SS is a function of the device dimensions as shown in
Fig. 2(g). However, this method does not account for the
change in the charged trap state density as a function of
the gate bias and consequently, SS is assumed to be fixed
over a wide VGS range. Field-effect current measurements,
high-frequency C–V measurements, and extractions based
on device simulations have also been shown to be inef-
fective [51], [52], [53], [54], [55], [56]. Instead, we can
calculate the flat band potential by simultaneously analyzing
the measured I –V and C–V curves, as discussed in detail in
the supplementary information [57], [58].

Once we accurately establish the flat band potential,
we repeat the calculation for the surface potential as a function
of the applied gate bias to extract the interface trap density
below the threshold voltage using the following equation:

Cox(VGS − VFB − φs) = q
∫ qφs

0
Dit(E)d E ≈ q2 Ditφs (12)

which assumes a uniformly distributed interface trap density
in the energy bandgap. We extracted the dependence of Dit
on VGS − VFB for multiple channel lengths [Fig. 3(a)] and
temperatures [Fig. 3(c)], and on ϕs [Fig. 3(b)]. To illustrate
the effect of the variation of Dit on the simulated I –V curves,
we compared the measured subthreshold current of a 100-/
5-µm device against the simulated subthreshold current for
a constant Dit extracted from the SS and for a voltage-
dependent Dit extracted from the C–V curves. We observe
a significantly better fit with a variable Dit especially as we
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Fig. 3. Plot of the density of interface trap states (Dit) as a function
of (a) VGS − VFB. (b) Surface potential ϕs, extracted from the C–V
curves for a 100-/5-µm device. (c) Variation of the interface trap state
density as a function of VGS − VFB for two temperatures for a 100-/5-µm
device. (d) Measured and simulated I–V curves for a 100-/5-µm device
at VDS = 1 V.

approach Vth, exhibiting a smooth transition from the interfa-
cial trap state-dominated diffusion to bulk trap state-dominated
drift current [Fig. 3(d)]. The drain and gate leakage currents
are discussed in detail in the Acknowledgment and Table II.

C. Noise Characteristics (Inoise)
Noise characterization is important for a TFT model, espe-

cially for applications involving the detection of signals in
the µV and mV range. Our model accounts for both the
flicker noise (1/ f noise), dominant at low frequencies and
the white noise, dominant at frequencies above the corner
frequency [59].

The white noise comprises shot noise due to the injection of
carriers from the contacts into the channel and thermal noise
of carriers in the channel. The shot noise is dominant at lower
currents at VGS near Vth, whereas the thermal noise is dominant
at VGS ≥ Vth where the channel conductivity increases. The
white noise spectral density can be expressed as follows:

SiD

I 2
DS

=
2q
IDS

+
4kT gchγwhite

I 2
DS

(13)

where gch is the channel conductance, and γwhite is the thermal
noise factor. The 1/ f noise in the device is modeled using the
original Hooge’s equation for the device flicker noise [60],
which is attributed to either carrier number fluctuation or
bulk mobility fluctuation [61], [62], [63]. Noise in TFTs that
operate with trap-based conduction through the interfacial
defect states can be modeled by the carrier number fluctuation
model [64], where the noise spectral density can be expressed
as follows:

SiD

I 2
DS

=
αH q

CoxW L(VGS − Vth)
×

1
f

(14)

where αH is Hooge’s parameter for noise. Table III shows the
variation of the αH with the device dimensions, temperature,
and operation regimes. The noise power spectral density
reduces with increasing device area, as shown in Fig. 4(a)–(d).
We also observe a slight decrease in the normalized noise

TABLE II
LEAKAGE PARAMETERS FOR THE DEVELOPED MODEL

TABLE III
VARIATION OF HOOGE’S PARAMETER

power spectral density with increasing temperature. These
variations are modeled into (15) by extending the parametriza-
tion for Hooge’s parameter. While αH can vary with small
process variations [60], we found that αH variation with
temperature is minimal in the linear regime and is significantly
higher in the saturation regime and can be expressed as
follows:

αHS = αH0 + kαH (T − 22) (15)

where αH0 is Hooge’s parameter at room temperature, and
kαH accounts for the dependence of Hooge’s parameter on
temperature.

D. Unity Gain Frequency (fT)

We used conventional two-port scattering-parameter
(s-parameter) measurements on the ground–signal–ground
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Fig. 4. Normalized spectral noise power density SiD (A2/Hz) with
respect to the drain current (IDS), plotted in the linear regime as a
function of (a) channel length, (c) device width, and (e) temperature, and
in the saturation regime as a function of (b) channel length, (d) device
width, and (f) temperature. (e) and (f) Measured for a 100/5 µm device.
The dotted lines show the fit noise spectra with our model.

Fig. 5. (a) Optical microscope images of the GSG test patterns
used to measure the unity gain frequency (fT). (b) Plot of h21 versus
frequency, measured and simulated, as a function of different VDS and
VGS). (c) Optical microscope images of two-stage cascade amplifier
circuit fabricated on polyimide and (d) its circuit schematics used for
simulations. The measured values of the fabricated resistors were:
Rbias1 = 200 Ω, Rbias2 = 500 Ω, R1 = 22 kΩ, R2 = 40 kΩ, and R3 =

20 kΩ. (e) Plot of the amplitude of the gain as a function of frequency.
(f) Plot of the phase as a function of frequency for the measured and
simulated performance.

(GSG) test patterns to evaluate the fT using well-established
de-embedding procedures with control devices with no
a-IGZO channel (open) and no gate dielectric (short),
as shown in Fig. 5(a) [65]. We computed the forward current
gain h-parameter, h21 = iD/ iG , as shown in Fig. 5(b), and
extrapolated h21 to 0 dB to extract fT . fT increases from
20.7 to 56.7 MHz as VGS = VDS increased from 1 to 3 V
consistent with an expected increase in the transconductance,
gm , with VDS. Fig. 6(c) shows the small signal equivalent of

Fig. 6. (a) Schematic of the cross section of the dual gate a-IGZO TFT.
(b) Overview of the equations used in the circuit modeling of the TFTs.
(c) Small circuit model of the TFT, accounting for the effect of channel
and gate capacitance and contact resistance on device performance.

the TFT model-accounting for the presence of the channel
and gate capacitances (CGS and CGD) as well as the contact
resistance (RC).

III. EXPERIMENTAL VALIDATION

A. Microfabrication Details
We fabricated dual gate TFTs on a 9-µm-thick poly-

imide film that was spun-cast and subsequently cured at
350 ◦C for 1 h in nitrogen ambient on a Si carrier
wafer. Fig. 6(a) shows an illustrative schematic of the cross
section of an a-IGZO TFT. We used atomic layer deposition
(ALD) for 25-nm-thick aluminum oxide (Al2O3) dielectrics.
We deposited 25-nm-thick a-IGZO thin films using radio
frequency (RF) magnetron sputtering in an environment of
32.5% oxygen and 67.5% argon at 2 mtorr chamber pres-
sure at 200 ◦C. The TFTs were characterized using an
Agilent B1500A Semiconductor Parameter Analyzer for cur-
rent voltage and capacitance–voltage measurements and with
a National Instruments N9020A Spectrum Analyzer with an
intermediate Stanford Research Systems SR570 Low Noise
Current Preamplifier for noise characterization [66], [67].
s-parameters were measured using an Agilent E5071 Vector
Network Analyzer, employing conventional GSG patterns.
To account for variations in device parameters due to pro-
cess variations, three devices with identical dimensions were
characterized.

B. Circuit Verification
To validate the accuracy of our model, we fabricated

a cascaded common-source amplifier with a common-drain
voltage follower output buffer using a-IGZO TFTs and Ti
thin film resistors that were encapsulated with ALD Al2O3
[Fig. 5(c)]. We then compared the amplifier’s performance to
computer simulations [Fig. 5(e)] that invoked our model. The
simulation speed of our model is comparable to models of
similar complexity, such as the EKV MOSFET model [28].
Our parametric model allows us to choose the most optimal
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parameters for the circuit design, which is the added novelty
introduced in this model. The circuit was designed to result
in a gain of ∼1 V/V at the output to buffer the measured
input signals. We measured the amplitude and phase of the
input signal at Vin and the output signal at Vout as designated
in Fig. 5(c). The magnitude of the gain [20log10(Vout/Vin)] in
Fig. 5(d) and phase in Fig. 5(f) were in excellent agreement
with simulations, demonstrating the comprehensiveness of
our model in capturing the relevant large and small signal
parameters for circuit design and operation.

IV. CONCLUSION

We report the development of a comprehensive physics-
based a-IGZO TFT model that exploits empirical data
measured across a wide range of device dimensions, multiple
temperatures, and different operating regimes. The dual gate
a-IGZO TFT test structures and circuits were fabricated on
a flexible substrate, though we expect that the model will
apply for a-IGZO TFTs fabricated on glass or other rigid
substrates. The model incorporates all equations essential
for reproducing the device performance in the subthreshold,
linear, and saturation regimes. This model enables the a-IGZO
TFT circuit level analysis for both dc and ac operation and
enables a more thorough device and circuit design process.
We predict that this model will pave the way for developing
reliable circuits for normally-ON dual gate and single gate
a-IGZO TFTs on flexible substrates for high-precision signal
acquisition.
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