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Abstract— In this paper, a surface-potential-based compact
model is proposed for the capacitance of an AlGaN/GaN
high-electron mobility transistor (HEMT) dual field-plate (FP)
structure, i.e., with gate and source FPs. FP incorporation in a
HEMT gives an improvement in terms of enhanced breakdown
voltage, reduced gate leakage, and so on, but it affects the
capacitive nature of the device, particularly by bringing into
existence in a subthreshold region of operation, a feedback
miller capacitance between the gate and the drain, and also a
capacitance between the drain and the source, therefore, affecting
switching characteristics. Here, we model the bias dependence
of the terminal capacitances, wherein the expressions developed
for intrinsic charges required for capacitance derivation are
analytical and physics-based in nature and valid for all regions of
device operation. The proposed model, implemented in Verilog-A,
is in excellent agreement with the measured data for different
temperatures.

Index Terms— Capacitance, field plate (FP), GaN high-electron
mobility transistors (HEMTs), modeling, surface potential (SP).

I. INTRODUCTION

OVER the last decade, AlGaN/GaN high-electron mobility
transistors (HEMTs) have been widely investigated, and

they have asserted their dominance in power converters and
high-voltage power switches [1]–[3]. It was demonstrated
that after incorporating a field-plate (FP) structure in
a HEMT, its breakdown voltage (Vbr) increases, which could
be maximized with the proper optimization of FP length
and insulator thickness [4]. Although FP-HEMTs exhibit
lower unity current gain frequency ( fT ) due to increased
gate-to-drain (Cgd) and drain-to-source (Cds) capacitances
due to incorporation of gate-connected FP (GC-FP) and
source-connected FP, respectively, they show improved
breakdown voltage, linearity, stability, reliability, and
efficiency [5].
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So far, an extensive work has been done to enhance Vbr
and to study the effect of optimized FP geometry in further
increasing it [6]. Huang et al. [7] studied the impact of FPs
on trapping behavior and current collapse mitigation, while
Chiu et al. [8] investigated the impact of varying the length of
FPs and gate-to-drain extensions on electrical characteristics.
The literature though is lacking in finer details regarding
the impact of FPs on the capacitances [9], [10]. Recently,
Zhang et al. [11] modeled the capacitances for AlGaN/GaN
HEMTs, but in their analysis, they did not consider the
impact of FPs.

The terminal capacitances, i.e., the input (Ciss),
reverse (Crss), and output (Coss) capacitances, determine
the power losses in power switching circuits [12]. The
C–V profiling gives an idea about the distribution of charge
carriers within the material. In addition, in order to maximize
the utility of these devices in high-frequency switching
circuits, their accurate and speedy simulation is needed.
Both these metrics of circuit simulation, i.e., the accuracy
and speed, are determined by the compact model describing
the device. A lot of models have been proposed for GaN
HEMTs, but they are not physics-based in nature [13], [14].
Physics-based models demonstrated earlier made extensive
use of numerical techniques for calculation, hence making
computation slower [15], while other models were based on
MOSFET’s equations and ignored the quantum nature of
the Two-dimensional electron gas (2-DEG) [16]. This is our
primary motivation to go for a physics-based model, which
has an intrinsic advantage of having less parameter. The
parameters are directly or indirectly linked to the physical
effects governing the device dynamics. Hence, their extraction
in a physics-based model is relatively easier than in the other
models.

In [17]–[19], we analytically modeled the surface-
potential (SP) for AlGaN/GaN HEMTs and used this SP to
calculate charge and drain current in the device. The model
is physics-based, geometrically scalable, showed very good
agreement with experimental data, and passed quality bench-
marking tests, such as Gummel symmetry, ac symmetry, and
harmonic balance, testifying its excellent accuracy and robust-
ness [19]. It is named the Advanced SPICE Model for HEMT
(ASM-HEMT) and is one of the two models being evaluated in
the final phase of the compact model coalition standardization
process and the other one being the MIT Virtual-Source
GaN HEMT model [20]. Based on this model, we have so
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Fig. 1. (a) Dual FP GaN HEMT device which is used as the DUT for
capacitance data measurement. (b) Cross-sectional view of the dual FP device
showing the gate and source FPs and their appropriate connections to gate and
source, respectively. The device dimensions are LG = 1 μm, W = 3 mm,
LGFP = LSFP = 3.5 μm, LGS = 2 μm, and LGD = 12 μm. (c) Model
representation of the device. T1, T2, and T3 denote intrinsic, gate FP, and
source FP transistors, respectively. The intrinsic nodes within the device are
also indicated.

far modeled flicker noise, thermal noise, and gate current in
AlGaN/GaN HEMTs [21]–[23], in addition to the core
modeling of dc-IV, intrinsic capacitances, and so on, and now
aim to present the capacitance model for a dual FP power
GaN HEMT. To the best of our knowledge, this is the first
time an SP-based model for FP capacitance in AlGaN/GaN
HEMTs is reported.

This paper is organized as follows. Section II describes the
modeling of capacitances for an FP HEMT. The results of our
proposed model are discussed in Section III. A circuit simu-
lation using the developed model is discussed in Section IV
to show the impact of FPs on circuit behavior. Finally, the
conclusion is drawn in Section V.

II. MODEL DESCRIPTION

A. Dual Field-Plate Device Abstraction

Fig. 1(a) shows the gate and source FP AlGaN/GaN HEMT
put on direct copper bond board. Fig. 1(b) shows a not-to-the-
scale cross-sectional view of the same device. It has a layered

MIS-HEMT structure with a thin epitaxial AlGaN film placed
on GaN, forming the AlGaN/GaN heterojunction between
them. Metallic electrodes are used for gate, source, and drain
contacts as well as for the GC-FP and SC-FP.

The 2-DEG charge, which is formed at the heterojunction
due to the combined effect of conduction band disconti-
nuity and spontaneous and piezoelectric polarization in the
AlGaN/GaN system, gets modulated in the region directly
under the GC-FP due to the vertical field originating from
it. The cutoff voltage (VOFF) needed at the GC-FP to deplete
the 2-DEG at the heterojunction corresponds to the equivalent
thickness of the AlGaN barrier layer and insulator upon which
the GC-FP rests. Up to a certain limit, thicker the equivalent
barrier with the dielectric same as AlGaN, more negative
will be the VOFF for the GC-FP [6]. The same is true for
the SC-FP. Transistor properties to GC-FP and SC-FP can,
therefore, be assigned due to their 2-DEG controlling ability.
This forms the basis of our model as shown in Fig. 1(c), where
the whole device is represented as a series combination of
three independent HEMTs—the intrinsic transistor (T1), the
gate FP transistor (T2), and the source FP transistor (T3) and
two resistors—the gate–source and gate–drain access region
resistances Rs and Rd , respectively. We obtain the SP for each
of these transistors separately as explained in Section II-B,
from which we evaluate intrinsic charges for each transistor
required to find the capacitances. The model displays temper-
ature scaling of its parameters that have a role to play in the
temperature dependence of the model, in a way such that there
is only a single global parameter set governing the model. For
the sake of generality and in order to avoid redundancy in
description, the model variables and the parameters have been
represented with a subscript k, where k is 1 for equations
corresponding to T1, 2 for T2, and 3 for T3. We represent the
direction along the channel from source to drain by the x-axis.

B. Surface Potential and Intrinsic Charge Calculation

The calculation of the small signal capacitance of a device
demands the precise evaluation of the charges that get devel-
oped at the various nodes of the device on application of some
small signal voltage. These charges are calculated in terms of
SP (ψ), which we comprehensively demonstrated in [17]–[19].

We self-consistently solve the triangular quantum well
formed at the heterojunction for its eigenvalues using
Schrodinger’s and Poisson’s equations. Considering the two
important subbands E0 and E1 to be occupied, we use
Fermi–Dirac statistics to obtain the 2-DEG charge density
for each of the three transistors T1, T2, and T3. Solutions
for the quasi-Fermi level (EF ) are obtained for each of the
regions of Vg sweep in terms of Vgo (V g−VOFF), and a unified
expression for EF is reproduced from [18] for the sake of
convenience as under

EF,k = Vgo,k −
2Vthln

(
1 + e

Vgo,k
2Vth

)

1/H (Vgo, p)+ (Cg,k/q D)e
− Vgo,k

2Vth

. (1)

An iterative reevaluation of EF using Householder’s
method [24] is done for better accuracy. EF allows us to
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calculate the SP (ψk = EF,k + Vx,k) at both ends of the
channel as ψs,k = EF,k and ψd,k = EF,k + Vds,k , where
Vds,k is the drain–source voltage for transistor Tk . The overall
device SP, which is spatially divided into the SP for each of
the modeled transistors, is stitched in a continuous fashion
by the SPICE simulator.

In order to obtain the capacitances of the device, the intrinsic
charges at source (Qs), drain (Qd ), and gate (Qg) for each of
the modeled transistors are to be accurately evaluated. The
following equation gives the gate charge:

Qg,k = −
∫ Lk

0
WCg,k(Vgo,k − ψk(x))dx (4)

where Cg,k = (εk/dk) is the gate capacitance per unit area.
dk is the insulator thickness, while W and Lk are the channel
width and channel length of the transistor Tk , respectively.
Integrating (4), we get the total gate charge given by (2), as
shown at the bottom of this page. T is the device operating
temperature and K B is the Boltzmann constant.

Qd,k and Qs,k are found using the position and gate-
bias-dependent channel charge per unit length given by
Qch,k(Vgo,k, Vx,k) = WCg,k(Vgo,k − ψ(x)). This charge is
partitioned by the Ward–Dutton scheme, wherein the drain
and source charges are defined as Qd,k = ∫ Lk

0 (x/Lk)Qch,kdx
and Qs,k = ∫ Lk

0 (1 − x/Lk)Qch,kdx , respectively [25]. Using
the expression for Qch,k , a drain charge can be calculated by
the integral

Qd,k =
∫ Lk

0
(x/Lk)WCg,k(Vgo,k − ψk(x))dx (5)

which upon further transformation results into (3), as shown
at the bottom of this page.

Charge conservation maintained between the gate, drain,
and source terminals allows us to obtain the source charge
using (2) and (3) as

Qs,k = −Qg,k − Qd,k . (6)

C. Capacitance Calculation

In order to comprehend the dynamic behavior of the
FP HEMT device, there is a need to examine the charging
and discharging of the various internal capacitances within
the device. Therefore, our task understandably would be to
model the gate-to-source (Cgs), gate-to-drain (Cgd), and drain-
to-source (Cds) capacitances between the terminal nodes of the

TABLE I

CHARGES AT INTRINSIC NODES OF THE THREE TRANSISTORS

HEMT device with FPs. However, the data that are commonly
provided are the bias dependence of terminal capacitances
Ciss, Crss and Coss, which are defined as

Crss = Cgd (7)

Ciss = Cgd + Cgs (8)

Coss = Cgd + Cds. (9)

Having obtained the intrinsic charges for the three tran-
sistors, we assign them in accordance with Fig. 1(c) to the
intrinsic nodes within the device (in parenthesis), as shown
in Table I. It must be noted that the gate charge for T3 is
assigned to the source node s due to the connection between
nodes gsfp and s. We are now in a position to compute all the
nonreciprocal device capacitances from the definition

Cmn = ±(d Qm/dVn) (10)

where ± is + for m = n and − for m �= n.
It is important to consider the capacitances due to the access

regions, particularly at the drain end Caccd due to the extension
of the depletion region on the drain end. Caccd shows up in Cds,
in the form of a depletion capacitance, tailing off gradually for
higher drain voltages. We formulate it as

Caccd = CJ 0(
1 + Vds

Vbi

)MZ (11)

where Vbi is taken as a parameter. MZ controls the way
with which the junction capacitance decays with drain bias
and CJ 0 is a parameter that governs the low bias depletion
capacitance. Since, at low values of Vds, Cds primarily is a
bias-independent capacitance due to the incorporation of the
SC-FP, a parameter AJ is used in restricting Caccd at low drain
voltages, using the MIN function.

There exists a parallel plate capacitance between the
gate/GC-FP and the overlying SC-FP. This bias-independent
capacitance is taken care of by introducing a parameter CFG
into the model, which adjusts the minimum value of Cgs.

Qg,k = −W LkCg,k

⎧⎪⎨
⎪⎩Vgo,k − 1

2
(ψs,k + ψd,k)+ (ψd,k − ψs,k)

2

12
(

Vgo,k − K B T
q − 1

2 (ψs,k + ψd,k)
)2

⎫⎪⎬
⎪⎭ (2)

Qd,k = −1

2
W LkCg,k

⎧⎨
⎩Vgo,k − 1

3
(ψs,k + 2ψd,k)+ 1

12

⎛
⎝ ψ2

ds,k(
Vgo,k + K B T

q − 1
2 (ψs,k + ψd,k)

)
⎞
⎠

+ 1

12
ψ3

ds,k

(
Vgo,k + K B T

q
− 1

2
(ψs,k + ψd,k)

)2
⎫⎬
⎭ (3)
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D. Temperature Dependence

Our model accounts for the temperature scaling of its
parameters that have a role to play in the temperature depen-
dence of the model, leading us to a single parameter set for
temperature ranges 25 °C–150 °C. Temperature dependence in
our capacitance model for a GaN HEMT with FPs primarily
comes about due to variation in VOFF,k with T . According
to [26]

VOFF(T ) = φB −�Ec(T )− σpz(T )d

ε
− q Nd d2

2ε
(12)

where �Ec is the discontinuity in conduction band between
AlGaN/GaN, φB represents the Schottky barrier, σpz gives the
interface charge density induced due to polarization, and d, ε,
and Nd are the AlGaN layer material parameters carrying usual
meaning. The doping density Nd is negligible, since AlGaN
is undoped in our case. σpz(T ) is a very weak function of
temperature and its temperature variation can be ignored to the
first-order approximation.�Ec, being a function of the energy
bandgaps of AlGaN (EAlGaN

g (T )) and GaN (EGaN
g (T )), varies

strongly with T as given by [27]

�Ec = 0.70
(
EAlGaN

g (T )− EGaN
g (T )

)
. (13)

With these simplifications, we model VOFF as a linearly
varying function of temperature as demanded by the trend
shown in experimental data. It is given as [28]

VOFF,k(T ) = VOFF,k − Vtemp,k

(
T

TNOM
− 1

)
(14)

where Vtemp,k is the VOFF temperature dependence parameter
for transistor Tk . The parenthesized T denotes the temperature
scaling of the parameter at device operating temperature T ,
while TNOM is the nominal temperature set to 25 °C.

Cds shows a variable decay at high drain bias with tem-
perature as is observed from the experimental data. In order
to model that we employ temperature dependence for built
in voltage Vbi and the-bias independent depletion capacitance
parameter CJ 0 given as

Vbi(T ) = Vbi − Vtemp,VBI

(
T

TNOM
− 1

)
(15)

CJ 0(T ) = CJ 0 − Vtemp,C J 0

(
T

TNOM
− 1

)
(16)

where Vtemp,VBI and Vtemp,C J 0 are parameters for Vbi and CJ 0
temperature scaling.

III. PARAMETER EXTRACTION,
RESULTS, AND DISCUSSION

Table II shows the description of the model parameters
along with their extracted values. We begin the VOFF,k parame-
ter extraction process for device by fitting our model results
for Vgs dependence of Ciss with the experimental data at
Vds = 0 V, as shown in Fig. 2(a). The figure also shows
Cgd and Cgs, which are the individual capacitance components
that sum up and give Ciss. Two humplike features are seen
to arise at transition regions that represent VOFF1 and VOFF2
as pointed out in the plot. Gate length L1,2 and insulator

TABLE II

PARAMETERS FOR DUAL FP HEMT CAPACITANCE MODEL

thickness d1,2 for T1,2 determine the magnitude of the two
humplike features in Fig. 2(a). Greater the gate length, greater
would be the capacitance, and vice versa for insulator thick-
ness. Here, geometrical device parameters have been used.
The parallel plate capacitance parameter CFG controls the
bias-independent value of Ciss for sufficiently negative Vgs.
It must be noted that due to the absence of an electrical
connection between the nodes gsfp and g, no contribution
from T3 is made either to Cgs or Cgd, even though T3 remains
ON for all Vgs values in Fig. 2(a). Therefore, for parameters
corresponding to T3, we rely on the other modeling results.

Fig. 2(b) shows the formation of 2-DEG in transistors
T1, T2, and T3 as a function of Vgs. Vds is fixed at 0 V,
forcing the voltages at intrinsic nodes si, di, gpdi, and spdi
to 0 V. Since the AlGaN/GaN HEMT is a normally ON

device due to its conduction band profile and polarization
induction, it needs negative gate voltage in order to turn it
OFF. The insulator thickness for T2 is greater than for T1, and
therefore, it requires a more negative voltage at its gate in
order to deplete the 2-DEG. It is seen that the cutoff voltages
for T1(VOFF1) and T2(VOFF2), according to our model, fall
around −3 and −51 V, respectively, as these are the voltage
values where 2-DEG starts to build up within the transistor.
The same values for cutoff voltages are seen in Fig. 2(a).
T3 has a greater insulator thickness than T2, as shown
in Fig. 1(b), so a logical extrapolation of the above analysis
would suggest an even more negative cutoff voltage (VOFF3)
for T3. It must be noted that the gate (gsfp) of T3 is connected
to the source node (s) of the overall HEMT device due to the
connection between the source and the source FP, as shown
in Fig. 1(b). Therefore, the gate–source voltage (Vgs3) for
T3 is clamped to 0 V. This keeps T3 in the ON-state with
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Fig. 2. (a) Comparison of the modeled Ciss − Vgs with experimental
data. Vds is fixed at 0 V. Cgs and Cgd, that together add up to give Ciss,
have also been plotted. (b) 2-DEG density for transistors T1, T2, and T3 as
a function of Vgs, illustrating cutoff voltages for transistors T1 and T2 to
be −51 and −3 V, respectively. It is seen that T3 is ON throughout the
Vgs sweep. Regions A, B, and C for Vgs operation have also been indicated.

a substantial 2-DEG as shown in Fig. 2(b), independent of the
overall Vgs values. The entire Vgs sweep in Fig. 2(b) is divided
into three regions, namely, regions A, B, and C based on the
ON/OFF condition of intrinsic transistors.

In Fig. 3(a) and (c), we show the Vds dependence
of the intrinsic drain–source voltage Vds,k and intrinsic
gate–source voltages Vgs,k , respectively, for transistors Tk ,
where k represents the transistor index. In Fig. 3(e), we plot
the 2-DEG variation for transistor Tk with Vds. All the plots in
Fig. 3 are coherent and together indicate the ON/OFF condition
of transistors for different regions of Vds.

All the parameters corresponding to T3, whose extraction
could not be made from results in Fig. 2(a), can now be
extracted by Vds dependence of Ciss, Crss, and Coss under
a subthreshold condition, as shown in Fig. 3(b), (d), and (f).
The contributions of GC-FP and SC-FP in conjunction with
the intrinsic device toward terminal capacitances are shown.
VOFF3 is extracted from the overall Vds dropped almost entirely
across T1 and T2, at which SC-FP begins to contribute toward
Crss, as shown in Fig. 3(b). Its value comes out to be
Vs − Vgpdi = −75 V.

In Fig. 4, modeled capacitance results are shown for
FP devices with two different widths, i.e., W = 3 mm and

Fig. 3. Variation of (a) intrinsic drain–source voltages, (c) intrinsic gate–
source voltages, and (e) 2-DEG density for transistors T1, T2, and T3 with
Vds under subthreshold conditions, i.e., Vgs = −15 V. Regions I, II, and III
for Vds operation have also been indicated. Comparison of the
modeled (b) Crss, (d) Ciss, and (f) Coss capacitances with experimental data.
Contributions made by both the FPs in conjunction with the intrinsic device
are also shown. Solid lines are used for model simulations.

W = 6 mm, thereby highlighting the scalable property of
the model, which can be ascribed to its physical nature. The
individual components to the terminal capacitances, i.e., Cgs,
Cds, and Cgd, have also been plotted.

Finally, we have validated our model for the temperature
dependence of the above-mentioned terminal capacitances
in Fig. 5. Increase in temperature causes VOFF1 to
decrease as shown in Fig. 5(a), and has been modeled
in (14). The primary reason for VOFF1 variation is
decrease in �Ec with increase in temperature as explained
in (12) and (13). In Fig. 5(b)–(d), temperature dependence
is reflected in a decrease of VOFF2,3 for higher temperatures,
causing the capacitance humps to shift leftward. Vtemp,1,2 is
extracted from these plots. The depletion capacitance tem-
perature parameters Vtemp,VBI and Vtemp,C J 0 are extracted
from Fig. 5(d).

IV. CIRCUIT SIMULATION USING MODEL

We performed a transient simulation in an Advanced
Design System (ADS) circuit simulator to get a fla-
vor of the switching characteristics. Our above developed
model in the form of a Verilog-A code was installed in
the ADS design kit for simulating the behavior of the
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Fig. 4. Comparison of the modeled (a) Ciss−Vds and (b) Coss−Vds
with experimental data under subthreshold conditions for device with
W = 3 mm. Cgs, Cgd, and Cds have also been plotted in order to show
their contributions to the terminal capacitances under various regions of
Vds operation. Corresponding plots for device with W = 6 mm are shown
in (c) and (d), respectively.

device. The FP capacitance model parameters, as shown in
Table II, were loaded in the design kit in addition to the
ASM-HEMT core model parameters. The demo circuit
schematic shown in Fig. 6(a) is chosen, such that the switching
behavior of the device during pulsed excitation at the gate
is reflected at the switch node, i.e., the output node. The
dual FP HEMT device is the device under test (DUT) along
with a load resistor (R) and inductor (L), and their values
have been chosen in a manner to obtain observable transients
(rise and fall times) in comparison with the pulsewidth.
The excitation at the gate is provided by a 2.5-MHz pulse
waveform going from −15 V (subthreshold) to 0 V (ON-state),
with a pulsewidth of 200 ns and 50% duty cycle. The drain
bias of 10 V and 300 V is applied separately to observe the
behavior at high and low biases. The results of the transient
simulation are shown in Fig. 6(b).

As is seen, during turn ON, the slew rate
(SRON = (dVOUT/dt)) at the output node depends inversely
upon Cgd, i.e., SRON ∝ (Ig/Cgd). Since Cgd at low Vds for
the FP device is much more than for the device without the
FP, we see a degradation in SRON due to FP implementation
for VDD = 10 V. For high Vds, since Cgd is the same for
both the cases (with and without FP), we do not see any
notable change in the turn-ON transient at VDD = 300 V.
During the turn-OFF transient, the device is pushed into a
subthreshold region and ringing is observed at the falling
edge before it finally damps down. It is due to the charging of
the Coss capacitance at the drain node of the device, which
in combination with L and R forms the series RLC circuit.
The turn-OFF slew rate (SROFF) is an inverse function of
Coss, given as (SROFF ∝ (Id/Coss)), since the output current
charges the Coss capacitor during turn-OFF. The reduction in
SROFF is severe for lower drain bias values, while it remains

Fig. 5. Temperature dependence of (a) Ciss−Vgs, (b) Crss−Vds,
(c) Ciss−Vds, and (d) Coss−Vds is shown for 25°, 50°, 100°, and 150°.
Insets: temperature sensitive ranges have been added for better clarity.
Extracted values of temperature dependence parameters Vtemp,k , Vtemp,VBI,
and Vtemp,C J 0 are given in Table II.

unchanged at high drain bias due to the same Coss value
for with and without FP cases which goes in accordance
with Fig. 4(b).
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Fig. 6. (a) Schematic for ADS circuit simulation using developed model.
The FP-HEMT is put as the DUT with −15 and 0 V pulses of 200-ns
pulsewidth and 50% duty cycle at gate and a resistive load at the drain.
ASM-HEMT model Verilog code is used for simulating the circuit behav-
ior using ADS design kit with model parameters presented in Table II.
(b) Transient simulation results. Input pulse (VIN), output voltage (VOUT),
and current ID have been shown. Results are shown for VDD = 10 V and
300 V. Insets: zoomed-in view for better clarity. Degradations in SRON and
SROFF due to FP incorporation are observed for low drain biases because of
increased Cgd and Coss values, respectively.

V. CONCLUSION

To summarize, an SP-based model for the capacitances
in a HEMT device with gate and source FPs has been
developed. The model is physics-based and essentially predicts
the contributions due to FP incorporation and captures well
the transition regions in the C–V behavior. The feedback
transcapacitance Cgd and the drain–source capacitance Cds

under subthreshold conditions due to GC-FP and SC-FP,
respectively, are observed, which show their presence in the
terminal capacitances of the device. The model is validated
against the experimental data for two different gate widths, and
excellent fits are obtained. Finally, an ADS transient simula-
tion is performed with a demo circuit in order to highlight the
significance of modeling the terminal capacitances required for
a transient simulation based on dual FP power GaN HEMTs.
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