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ABSTRACT Traditional lumped small signal equivalent circuit models of AlIGaN/GaN metal oxide semi-
conductor high electron mobility transistors (MOS-HEMTs) are made up of constant valued circuit
elements. Such models are unable to capture the high frequency behavior (above 20 GHz) of the device.
In this work, a modified small signal equivalent circuit model of AIGaN/GaN MOS-HEMTs is presented.
The key feature of the proposed model is that the values of the different circuit elements in the model
are considered to be frequency dependent in nature and not constants. The frequency dependent value of
each circuit element is mathematically represented using polynomial functions where the coefficients of
the functions are determined via a least-square curve fitting approach. This frequency dependent attribute
of the circuit element values ensures that the proposed model is very accurate at high frequencies without
sacrificing the compactness of the model topology. The accuracy of the proposed model has been ver-
ified up to 50 GHz using experimentally measured Y-parameters of AlGaN/GaN MOS-HEMTs having
a different gate dielectric and gate length.

INDEX TERMS Curve fitting, high electron mobility transistors (HEMTs), lumped model, least squares

methods, unity gain frequency, Y-parameters.

I. INTRODUCTION

AlGaN/GaN high electron mobility transistors (HEMTs) are
potential candidate devices to construct radio frequency (RF)
electronic circuits for future 5G communications, defense,
and space applications [1], [2]. Addition of a gate dielectric
to realize AlGaN/GaN metal oxide semiconductor high elec-
tron mobility transistors (MOS-HEMTS) is shown to further
improve the gain and noise figure of such devices when oper-
ated at high frequency [3], [4]. AlGaN/GaN MOS-HEMTs
also offer a lower subthreshold leakage current, better sta-
bility, and reduced current-collapse compared to commonly
used AlGaN/GaN HEMTs [5]-[7]. Traditionally, for using

AlGaN/GaN HEMTs or MOS-HEMTs in RF electronic cir-
cuits, a small signal equivalent circuit (SSEC) model of the
device is required. Typically, this SSEC model is gener-
ated from the measured scattering parameter (S-parameter)
or Y-parameter data of the device [8]. Schematic of a conven-
tional lumped SSEC model of an AIGaN/GaN MOS-HEMT
is shown in Fig. 1 [9]-[12]. The model consists of a cur-
rent source representing the drain current and few passive
elements representing different resistive and capacitive ele-
ments present between the source, gate, and drain of the
AlGaN/GaN HEMT or MOS-HEMT. The main advantage of
this lumped SSEC model is that it enables the Y-parameters
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FIGURE 1. Conventional lumped SSEC model of AlGaN/GaN MOS-HEMTs.
Elements of the model are R;, Ryq, ggs: gm. Cgs, Cqs: Cgq and z,
respectively.

of the device to be expressed as compact closed-form
functions of the values of the circuit elements of Fig. 1.
Therefore, fast frequency sweeps of the device Y-parameters
can be performed in an analytic manner at minimal com-
putational time costs. Despite the above advantages of the
lumped SSEC model of Fig. 1, one key limitation is that at
high frequencies (i.e., generally beyond 20 GHz) this model
is no longer very accurate. This is because the values of
the capacitances and the transconductance element in the
model of Fig. 1 are treated as constants where the con-
stant values are extracted from low frequency Y-parameter
data [13], [14]. As a result, the variation in these circuit
element values at high frequency is neglected leading to
modeling errors [13], [15], [16].

To mitigate the above accuracy issue, several new SSEC
models have been developed for AlGaN/GaN HEMTs
and other transistors by introducing additional circuit ele-
ments into the conventional SSEC model to capture the
high-frequency behavior [13], [14], [17]-[21]. A two current
source based SSEC model of AlIGaN/GaN HEMT has also
been proposed for matching the experimentally measured
data [17]. However, most of these modified SSEC models
of AlGaN/GaN HEMTSs are empirical in nature and do not
provide a generalized mechanism to improve the model accu-
racy. In particular, the works of [17]-[24] fail to identify
a generalized strategy as to how to determine the values of
the additional circuit elements. Finally, the modified SSEC
models improve the accuracy of the Y-parameters at the cost
of increasing the model size and complexity. Hence, the
compact closed-form expressions of the Y-parameters of the
device derived from the original SSEC model of Fig. 1 are
no longer applicable and need to be derived anew for each
modified model [17], [21].

In this work, we present a modified SSEC model of
AlGaN/GaN MOS-HEMTs that is, by construction, signif-
icantly more accurate over the high frequency region of
operation. The proposed SSEC model is similar in topology
to the conventional SSEC model displayed in Fig. 1 with
the key exception being that the values of all the circuit ele-
ments in the model are assumed to be frequency dependent
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and not constant. The frequency dependent circuit element
values are expressed as polynomial functions of frequency
and the coefficients of the functions are determined from
broadband measured data using a least square curve-fitting
technique. Thus, the coefficients can be determined offline.
These coefficients are the new degrees of freedom introduced
into the proposed model which can be tuned to capture the
high frequency behavior of the AlGaN/GaN MOS-HEMT
device while still preserving the simplicity of the model
topology of Fig. 1. Consequently, the proposed SSEC model
can still use the same compact expressions obtained from
Fig. 1 to represent the Y-parameters of the device — some-
thing that is not possible for the modified SSEC models
reported in [13], [14], [17]-[21]. Importantly, the proposed
model is not empirical in nature and represents a general
numerical approach to improve the accuracy of the con-
ventional SSEC model of Fig. 1. The proposed model is
sufficiently generic in nature, and can be applied to any field
effect transistor (FET) represented using the SSEC model of
Fig. 1.

In this work, the proposed model is validated using mea-
sured Y-parameter data for two different gate dielectrics and
gate length values for AlGaN/GaN MOS-HEMT devices.
A thorough comparison of the performance of the proposed
model with respect to the conventional SSEC model of
Fig. 1 is also performed in this work. This performance anal-
ysis reveals that simple 2"¢ order polynomial functions are
sufficiently accurate to capture the frequency dependency of
the circuit element values of the proposed model till 50 GHz,
thereby offering far better accuracy than the conventional
SSEC model of Fig. 1 at millimeter wave frequencies.

Il. REVIEW OF EXISTING LUMPED SSEC MODELS FOR
ALGAN/GAN MOS-HEMTS

A. REVIEW OF CONVENTIONAL SSEC MODEL
Traditionally, an AIGaN/GaN MOS-HEMT or HEMT device
is treated as a two port network where the gate-to-source
terminal is port 1 and the drain-to-source terminal is port 2.
The measured S-parameters of this 2-port device are then
converted into Y-parameters as [25]:

|:111|=[Y11(S) Y12(S):||:V1:| 1)
I 21(s)  Yar(s) |[ V2

where Y11, Y12, Y21, and Y2, represent the Y-parameters as
functions of frequency and s = j2zf where f is the instan-
taneous frequency. Now, by comparing the Y-parameters of
equation (1) to the actual current/voltage quantities of the

conventional SSEC model of Fig. 1, the following equations
are obtained [25]:

sCos
[YU Yu} _ | TE T o @)
Yo Yn lirze—cle — lga  8ds + sCys + Ygd
where
sC,
Yo = —2 3)
1+ 5CeuRga
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From equation (2)-(3), the values of the individual circuit
elements of the SSEC model of Fig. 1 can be represented
as [25]:

1
Cot = ——— “4)
wIm(%)
Im(Y1, + 7Y,
Cas = I+ Tio) ©)
w
1
Cos = — 1 (6)
wlm(Y|1+Y12)
1
R, = Rel —— 7
! <Y11 + YIZ) "
8ds = Re(Y12 + Y2) ®
(Y12 = Yo1)(Y11 + Y12)
8&m @
Im(Y11 + Y12)
1
8 Y12
_ 3 — phase(Y\2 — Y21) + phase(Yy1 + Y12) (1)

1)
where w = 27f, and Re() and Im() refers to the real part and
imaginary part of the corresponding Y-parameters, respec-
tively. From this discussion, it clear that if the measured
Y-parameters of the device are known at a few frequency
points, then equation (4)-(11) can be used to determine
the values of the circuit elements of the SSEC model at
these frequency points. For example, in [13], [14] it was
demonstrated how the values of the capacitances and the
transconductance element of the SSEC model can be deter-
mined from the low frequency Y-parameter data of the
device. Once determined, these circuit element values can be
replaced in equation (2)-(3) to predict the Y-parameters of
the device at any arbitrary frequency point in the bandwidth
of operation. However, it is pointed out that if the circuit
element values are extracted from the low frequency region
as in [13], [14], then the variation of these circuit element
values with frequency, typically seen in the high frequency
region, is not taken into account. Consequently, the SSEC
model obtained from these circuit element values may prove
to be inaccurate in the high frequency region of operation.

B. MODIFIED SSEC MODELS

Several works have attempted to address the low accuracy of
the conventional SSEC model of Fig. 1 in the high-frequency
region of operation. For example, Huang e al. enhanced the
accuracy of the SSEC model by adding passive components
(Rr and Lgs) between the drain and source terminal [21].
In particular, an inductive circuit element is added to better
capture the high frequency effects of the device. A sim-
ilar observation is also reported by Ahsan er al. where
conventional constant value SSEC models of AlGaN/GaN
HEMTs correctly predict the measured Y-parameters at
low-frequency whereas inductive effects dominating at high
frequency results in failure of the same models [13]. Adding
these additional inductive circuit elements lead to greater
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model accuracy, but at the cost of greater model complexity.
For example, the equation of Y,, for the modified model
proposed by Huang er al. is given as [21]:

1 1
Las (S + Ras Cd.v)

2 Rr 1 R
57+ (Lds + Rzlscds)s + (Ldststs +

Y22 = +Ygd

LsCus )
(12)

where separating the real and imaginary part of equation
(12) becomes challenging Thus, the modified model of [21]
is unable to develop any closed-form expressions similar
to equations (4)-(11) to quickly determine the value of the
inductive circuit element. Rather, the value of the inductive
circuit element is identified using an empirical approach
where the said value is tuned in a circuit simulator till an
accurate fit of the predicted Y-parameters is achieved.

Another approach to better match the measured
Y-parameters, proposed by Brady et al., is to replace the
resistive element between the drain and source terminals
with a current source [17]. This modification introduces new
phase elements associated with the g4 circuit element shown
in Fig. 1. The modified equation for Y, thus becomes:

Yop = gase” "™ + sCys + Yea (13)

where 74 is an additional phase component added to match
the phase component of the experimentally measured Y»»
parameter. Unfortunately, this modification in the circuit will
not increase the accuracy of the Y11 and Y|, parameters in the
high frequency region. This is because these parameters are
independent of the admittance branch existing between the
source and drain terminals. Therefore, several such additional
empirical modifications will have to be made to the circuit so
as to accurately model all the Y-parameters simultaneously
in the high frequency region.

In the work of Wu et al. [18], an additional series R-L
network is introduced between the drain and source terminals
of silicon-on-insulator (SOI) metal oxide semiconductor field
effect transistors (MOSFETSs). This R-L network is added
to model the magnetic effect caused by channel current and
resistive losses in silicon, respectively. Accordingly, the ana-
lytical equation of the Y7, parameter of the modified model
of [18] changes to:

Lc

Yo =|Cy+ Coyg — —————
( ! & R2-1-L2Ca)2

) s+ (l)2 C;ngd

+ m + 8ds (14)
where Lc and R are the new circuit elements added to
the conventional SSEC model. However, the SSEC model
of [18] only improves the low frequency (< 2 GHz) fitting
of data. At frequency above 2 GHz, the circuit response
is observed to be similar to that of traditionally used
SSEC model.

In the work of [19], Sung et al. added a drain junction
capacitance (Cy) and spreading resistance (Rg,p) to capture
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FIGURE 2. Modified SSEC models proposed by Wu et al. [18],
Sung et al. [19], Kwon et al. [14], and Tang et al. [20] to match the
experimentally measured Y-parameters.

the substrate coupling effects which dominates at higher
frequency range in Si MOSFETs. An additional capaci-
tance (C,) between the gate to source terminals was also
introduced to accommodate the gate-source overlap capaci-
tance in MOSFETs. Unfortunately, it is pointed out that the
addition of all these passive elements into the conventional
SSEC model improves the model fit of all the Y-parameters
except Y12. Therefore, this modified model may still be inad-
equate for simulation and analysis of MOSFETs at high
frequencies.

Another physics-based model was developed by
Kwon et al. to consider the effect of charging current
between the drain and gate terminals of a Si MOSFET [14].
Accordingly, a current source (/1) was introduced between
the drain and source terminals to capture the non-quasi
static effects. However, introduction of the current source
(1) results in a different value of Cy, given as:

Cdg = - - ngg(Cgs + ng) (15)

Im(Y21)
1)
where R, represents the extrinsic gate resistance. Now, in
this case, the analytical equation for Y»; becomes more com-
plicated as it attempts to capture the higher order effects
occurring due to the derivative of v, in the equation of Iy,

that is Iy = (Cyy — Cga)dvgs/dt.

Finally, Tang et al. added an additional capacitor (Cgq1)
between the drain and gate terminals of a MOSFET [20].
The addition of Cgg1 helps to capture the high frequency
coupling effects due to the overlap capacitance as well as
the wire capacitance between the gate and drain terminals.
Unfortunately, this means that the analytical equations of
all the Y-parameters are different from that of equation (2)
and a new set of closed-form equations similar to equation
(4)-(11) need to be developed for this model. Furthermore,
one additional zero gets added to the analytical equation
of each Y-parameters in equation (2) resulting in further
complications in the model equations.

Thus, the above discussion shows that in order to improve
the accuracy of the conventional SSEC model of Fig. 1, new
circuit elements must be introduced into the model, as high-
lighted in Fig. 2. Unfortunately, these new circuit elements
will add to the model complexity, thereby ensuring that the
simple expression of the Y-parameters in equation (2) and the
closed-form equations of (4)-(11) are no longer applicable.
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In effect, new equations and empirical approaches have to be
developed in order to calculate the values of the new circuit
elements introduced in the model and predict the resultant
Y-parameters from the model — a highly cumbersome and
time-consuming task. In order to avoid this issue, general-
ized numerical techniques that can significantly enhance the
accuracy of the conventional SSEC model of Fig. 1 in the
high frequency region without disturbing its compact model
topology are required.

1Il. PROPOSED GENERALIZED FREQUENCY DEPENDENT
LUMPED SSEC MODEL

In this work, a generalized frequency dependent lumped
SSEC model is developed that can accurately predict the high
frequency behavior of AlGaN/GaN MOS-HEMT devices.
This SSEC model possesses the same compact topology of
the conventional SSEC model of Fig. 1. However, the values
of the circuit elements making up this SSEC model are not
assumed to be constant but rather considered to be frequency
dependent in nature. In this work, the frequency dependency
of the values of the circuit elements are represented using
polynomial functions. Therefore, without loss of generality,
any circuit element of the proposed SSEC model, say 6, can
be represented as:

K
0N ~ Y pif* ~po+pif+---+pxfS  (16)
k=0
where K is the order of the polynomial and py is the k-th
polynomial coefficient. Now, it assumed that the measured
Y-parameters of the device are described as N sampled
data points lying within the bandwidth of interest [fin, finax]

where the general i-th data point is of the form:
{fi, Y(s)}; si = 27jfi; 1 <0 < N; fmin < fi < fmax

Based on the knowledge of the sampled Y-parameter
data of equation (17), the value of all the circuit elements
at each data point can be calculated using the closed-form
expressions of equation (4)-(11). Let the calculated value
of the circuit element 6 at any given i-th data point be
known as {f;, 6(f;)}. From this knowledge, the coefficients
of equation (16) for the circuit element 6 will be estimated in
a least square sense by solving the following over-determined
system of equations [26]:

A7)

AX =B
1 A e S Po 0(f1)
1 i PN o(fn)
(18)
where,
-1
X= (ATA> ATB (19)

Therefore, the coefficients of equation (16) can be derived
for all circuit elements in the proposed SSEC model directly
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from the measured Y-parameter data of equation (17). It is
noted that the coefficients of equation (16) for each circuit
element acts as new degrees of freedom introduced into the
SSEC model. It is appreciated that these degrees of free-
dom were not present in the conventional SSEC model of
Fig. 1. The idea is that these new degrees of freedom can
be exploited to better fit the model of equation (2) to the
measured Y-parameter data of equation (17) across the entire
bandwidth of interest [fiuin, fmax] instead of only concentrat-
ing on the low frequency region of operation as done in the
existing works of [13], [14], [22], [27], [28]. Therefore, in
this work, the frequency dependency of the values of the
circuit elements of Fig. 1, especially in the high frequency
region, is not neglected and hence leads to better model
accuracy.

As an additional benefit, in this work, the new degrees of
freedom are introduced without changing the topology of the
model of Fig. 1. This ensures that the Y-parameters of the
device can be predicted at any arbitrary frequency point by
using the same compact expressions of equation (2) with the
only modification being that now the circuit element values
in equation (2) are no longer treated as constants but rather
as polynomial functions of frequency as:

[Yu(f) le(f)}
2100 Yoo (f)

sC, v(f)
1+ngf(f)Ri(f) + Y
gn(Pe Dy
T+5Cgs (DR () gd
Sng(f)

1 + 5Coa(FRga(f)

where the polynomial functions of equation (20) have already
been determined using the least-square curve-fitting tech-
nique of equations (18)-(19). Thus the ability of the proposed
frequency dependent SSEC model to directly utilize the
equation (2) in order to predict the Y-parameters of the
AlGaN/GaN MOS-HEMT device represent a clear advantage
over the reported works of [14], [18]-[21]. This is because
in the reported works of [14], [18]-[21], additional new cir-
cuit elements are added into the SSEC model of Fig. 1. The
addition of these new circuit elements complicates the model
topology of Fig. 1, thereby necessitating the derivation of
a new set of expressions for the Y-parameters of the device
as opposed to directly using equation (2).

~Yeu
8ds(f) + sCus(f) + Yga

Yea = (20)

IV. EXPERIMENTAL DETAILS

A key aspect of this work is to use experiments to measure
the Y-parameters of fabricated AlGaN/GaN MOS-HEMT
devices. It is this measured Y-parameters that is latter used
in the curve fitting approach of equations (18)-(19) of the
proposed frequency dependent SSEC model. In this sec-
tion, the details of the experiments performed and the device
structures studied in order to measure the Y-parameters is
provided. The AlGaN/GaN hetero-structures used in this
work is grown on 4H-SiC substrates and procured from com-
mercial vendors. The hetero-structure consist of a 500 nm
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FIGURE 3. Cross-sectional schematic of AlGaN/GaN MOS-HEMTs
investigated in this work.

thick un-doped GaN layer and a 25 nm thick Aly25Gag 75N
barrier layer. Schematic of the fabricated AIGaN/GaN MOS-
HEMTs are shown in Fig. 3. The fabrication includes
a mesa isolation performed using an inductively coupled
plasma reactive ion etching (ICP-RIE) system. Source/drain
ohmic contacts are then formed by depositing Ti/Al/Mo/Au
(15/60/35/50 nm) using e-beam evaporation system under
high vacuum followed by rapid thermal annealing (RTA) at
860 °C for 30 sec in N environment. Subsequently, a 10 nm
thick gate dielectric deposition is done where the gate dielec-
tric is chosen to be either SiO; deposited using RF sputtering
or Al,O3 deposited using atomic layer deposition (ALD)
system. Standard Ni/Au (50/150 nm) Schottky gate con-
tacts are then deposited using e-beam evaporation system.
Gate width of the AlIGaN/GaN MOS-HEMTs are kept to be
100 wm, whereas gate length (L) is set to two specific value
of L =2 wm and Lg = 1.5 um. In effect, four different
devices are fabricated for the Y-parameter measurements —
one each with SiO; and Al,Os gate dielectric of channel
length L = 2 pm and Lg = 1.5 um. For each device,
silicon nitride passivation dielectric (150 nm) is deposited
using sputtering system. All the devices in this study has
a gate to drain and gate to source distance of 6 um and
2 um, respectively.

S-parameter characterization of all the devices are car-
ried out for a frequency range of [300 MHz, 50 GHz] (i.e.,
fmin = 300 MHz and f,,.x = 50 GHz) at drain-to-source
voltage (Vps) = 15 V and gate-to-source voltage (Vgs) is
set to the value when transconductance is maximum mea-
sured using a network analyzer. A total of N = 498 sample
points is used in the S-parameter characterization. Short cir-
cuit and open circuit tests were performed for the devices in
order to evaluate the intrinsic S-parameters (or Y-parameters)
based on open-short de-embedding method to eliminate
the pad reactance and interconnect reactance [29], [30].
The S-parameters of the devices are then converted to
the corresponding Y-parameters using MATLAB software
with characteristic impedance of 50 €2. Thus, the measured
Y-parameters of all devices are available in the sampled
data form of equation (17). Based on the Y-parameter data,
the conventional SSEC model with constant circuit ele-
ments (Fig. 1) and the proposed frequency dependent SSEC
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model are realized. The procedure to extract constant cir-
cuit element values of the conventional SSEC model is
detailed in [13], [14]. The values of individual circuit ele-
ments of conventional constant value SSEC model for all
the AlGaN/GaN MOS-HEMT structures of this work are
provided in Table Al of the Appendix section.

V. RESULTS AND DISCUSSION

A. ACCURACY COMPARISON BETWEEN CONVENTIONAL
SSEC MODEL AND PROPOSED FREQUENCY DEPENDENT
SSEC MODEL

From the measured S-parameters of AlGaN/GaN MOS-
HEMTs, both the conventional SSEC model (Fig. 1) and the
proposed frequency dependent SSEC model are developed
using the methodology described in Section II-A and
Section III, respectively. For the frequency dependent SSEC
model, the individual circuit elements are represented using
polynomial functions of frequency where the order K of the
functions are progressively varied from the 0" order to 5%
order. Note that the 0" order polynomial function automati-
cally refers to the conventional SSEC model of Fig. 1. For the
polynomial functions of different orders, the Y-parameters of
the AlGaN/GaN MOS-HEMT devices are recovered using
equation (20). Thereafter, the L2 error norm between the
recovered Y-parameters of equation (20) and the measured
Y-parameters of equation (17) are quantified as [31], [32]:

\/ Y (Yap(data), — Yup (model), )’
N

where Lyg is the L2 error norm for the entry in the (a, )
position of the Y-parameter matrix. The values of the L2 error
norm calculated using equation (21) for the AlGaN/GaN
MOS-HEMTs with SiO, and Al,O3 as gate dielectrics (Lg
= 1.5 pm) are shown in Fig. 4. In particular, Fig. 4 (a)-(d)
illustrates the calculated L2 error norms for Y11, Y12, Y21, and
Y27, respectively. It is noted from Fig. 4 that by increasing
the order of the polynomial functions (K), the value of the
L2 error norm decreases. Importantly, it is observed that
as the order increases from K = 0 (i.e., the conventional
SSEC model of Fig. 1) to K = 2, there is nearly an order
of magnitude decrease in the error norm for most of the
Y-parameters.

However, increasing the order of the polynomial functions
beyond K = 2 does not significantly improve the L2 error
norm any further. This indicates a diminishing return on
accuracy by increasing the order of the polynomial functions.
A similar trend is also observed for AlGaN/GaN MOS-
HEMTs having SiO, and Al,O3 as gate dielectric having
Lg = 2 pm, shown in Fig. A1 of the Appendix section. Thus,
a 2™ order polynomial function representation of the circuit
elements of the SSEC model is considered to provide a suf-
ficiently accurate fit for the proposed frequency dependent
SSEC element model. The observed values of the L2 error
norm for the 0™ order polynomials (i.e., the conventional
SSEC model of Fig. 1) and the 2" order polynomials (i.e.,
the proposed frequency dependent SSEC model) for all the

L = @1
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FIGURE 4. L2 error norm of AlGaN/GaN MOS-HEMTs for different gate
dielectrics (Lg = 1.5 pm). (a)-(d) are Lyy, Ly2, La7, and Ly, respectively for
different order of polynomial functions (K).

TABLE 1. L2 error norm for Y-parameters of AlGaN/GaN MOS-HEMTs with
different gate dielectric and gate length.

Gate dielectric and Lg Order of the Ly L, Ly L.
of AlIGaN/GaN MOS- polynomial (x10°S)
HEMT (K)

0 52.9 104 37.3 18.5

Dielectric: SiO,
Lg=15pum 2 3.73 8.92 4.46 1.53
0 25.9 15.2 18.9 20.5

Dielectric: SiO,
Lo=2pm 2 2.66 1.14 3.68 2.77
0 9.08 5.6 24 10.8

Dielectric: ALO;
Le=1.5pum 2 5.6 0.93 2.47 1.42
0 63 10.9 6.65 20.4

Dielectric: ALO;
Lo=2pum 2 3.81 2.34 44 3.33

AlGaN/GaN MOS-HEMTs used in this study is recorded in
Table 1. From the data of Table 1, it is clear that the proposed
model is significantly more accurate than the conventional
SSEC model (Fig. 1) having constant element values.

The large L2 error norm observed for the conven-
tional SSEC model (Fig. 1) in Table 1 is attributed to
the inherent variation in the lumped circuit element val-
ues at high frequencies, as reported by other authors (see
Section II-B). Figure 5 (a)-(h) clearly illustrates this inher-
ent variation in the values of the circuit elements R;, Rgq4,
8ds» &m» Cgs, Cas, Cgq and T, respectively, as calculated
from the experimentally measured Y-parameter data for the
AlGaN/GaN MOS-HEMT having SiO; as gate dielectric and
Lg = 1.5 wm. Moreover, the constant circuit element values
derived from the Y-parameters using equations (4)-(11) for
the conventional SSEC model (Fig. 1) and the proposed
frequency dependent SSEC model using 2" order polyno-
mials are also displayed in Fig. 5. From the comparison
of Fig. 5, it is clear that all the lumped circuit element
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FIGURE 5. Variations of the SSEC model circuit elements with frequency
for AIGaN/GaN MOSHEMT having SiO, as gate dielectric (Lg = 1.5 pm);
(a)-(h) shows the variations in R, Rgq. 9gs. m. Cgs: Cgs: Cgg and z,
respectively.

values vary with frequency of measurement. Thus, assum-
ing constant values of these lumped circuit elements, as in
the conventional SSEC model of Fig. 1, leads to significant
deviation from the corresponding experimentally measured
values. Especially at frequency beyond ~20 GHz, device
transconductances (gg; and g,,) and device capacitances
(Cgs, Cys and Cgq) are observed to be strong functions of
frequency, as shown in Fig. 5 (c)—(g) respectively. Therefore,
considering these circuit element values to be constant in the
SSEC model of Fig. 1 is expected to result in a large L2 error
norm when compared with the experimentally measured
Y-parameters.

On contrary, considering the circuit element values to be
functions of frequency is necessary to better fit the exper-
imentally measured data to the SSEC model, especially
beyond 20 GHz. As observed in Fig. 5, considering all
the circuit element to be 2" order function of frequency
promises sufficient accuracy, as expected from Fig. 4.
A similar trend is also observed for all AlGaN/GaN MOS-
HEMTs investigated in this work; corresponding graphs for
AlGaN/GaN MOS-HEMT having Al,O3 gate dielectric and
Lg = 1.5 pm is shown in Fig. A2 of the Appendix section.
Thus, a lower error between the experimentally observed
data and SSEC model is obtained by considering all the
circuit elements to be 2" order polynomial functions of
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FIGURE 6. Y-parameters of AlGaN/GaN MOS-HEMT with SiO, as gate
dielectric (Lg = 1.5 pm); (a)-(d) shows Y;;, Yq2, Y21 and Y,;, respectively.

frequency. A higher order polynomial function representa-
tion for the lumped circuit elements may be necessary for
AlGaN/GaN MOS-HEMTs with shorter channel lengths and
higher frequency of measurements. At this point, further
studies are necessary to determine exact reasons behind the
non-linear change in lumped circuit element values with an
increase in frequency of measurement.

Next, the comparison of the Y-parameters predicted by
the conventional SSEC model (Fig. 1) and the proposed
frequency dependent SSEC model using 2" order polyno-
mials for AlGaN/GaN MOS-HEMT with SiO; gate dielectric
Leg = 1.5 pm) up to 50 GHz is shown in Fig. 6.
Experimentally measured Y-parameter data is also included
in Fig. 6 and had a bias condition of Vgg = —5 V and
Vps = 15 V. The corresponding graphs for AlGaN/GaN
MOS-HEMT with Al,O3 gate dielectric (Lg = 1.5 pm) is
shown in Fig. A3 of the Appendix section. Interestingly, the
conventional SSEC model of Fig. 1 is observed to closely
match the phase of experimentally measured Y-parameters.
However, this comes at the cost of a significant deviation in
magnitude of Y-parameters beyond ~ 20 GHz — something
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that is not seen using the proposed frequency dependent
SSEC model. Similar results are also observed between the
experimentally measured data and the predicted data for
AlGaN/GaN MOS-HEMT with Al,Oj3 as gate dielectric and
varying channel lengths (images shown in the Appendix sec-
tion). Therefore, Fig. 6 clearly demonstrates the improved
accuracy provided by the frequency dependent SSEC model
over the conventional SSEC model of Fig. 1 at millimeter
wave frequencies.

B. GAIN ANALYSIS FOR CONVENTIONAL SSEC MODEL
AND FREQUENCY DEPENDENT SSEC MODEL

In Section III-A, the improvement in accuracy provided
by the proposed frequency dependent SSEC model over
the conventional SSEC model of Fig. 1 for AlGaN/GaN
MOS-HEMT devices has been verified. This improvement
in accuracy translates to improvement in estimating the
unity gain frequency (f;) and maximum frequency of oscil-
lation (fiuax) of the devices. Traditionally, f; and fi.. are
derived from the current gain (H»;) and unilateral gain (U)
given as [33]:

Hy) = ~25 22)
1 =811+ 822) + S12521
U= 2 21 $21 (23)

where S11, S12, S21, and Sy, represents the S-parameters of
the AlIGaN/GaN MOS-HEMT, and

‘= L= [8111% = 1821* + [S11522 — S12821
218128211 '

The x-intercept of 20log(|H21|) vs frequency plot and
20log(|U|) vs frequency plot yields the values of f; and
Smax, respectively. The S-parameters predicted by the con-
ventional SSEC model of Fig. 1 is derived from the predicted
Y-parameters obtained from equation (2). Similarly, the
S-parameters predicted by the frequency dependent SSEC
model is derived from the predicted Y-parameters obtained
from equation (20).

Next, the quantities H>; and U are calculated from the
experimentally measured data, the conventional SSEC model
of Fig. 1, and the proposed frequency dependent SSEC model
for the AlIGaN/GaN MOS-HEMT devices (SiO; and Al,O3
gate dielectric, Lg = 1.5 wm) are displayed in Fig. 7. For
the frequency range of 300 MHz to ~10 GHz, the slope
of 20log(|H21|) vs frequency plot is ~20 dB indicating
negligible frequency dispersion, as observed in Fig. 7 (a)
and (c). However, for frequency above 10 GHz, the val-
ues of the corresponding slope increases indicating a high
frequency capacitance dispersion. This increased slope is
far better captured by the proposed frequency dependent
SSEC model than the conventional SSEC model of Fig. 1 as
can be observed in the insets of Fig. 7 (a) and Fig. 7 (c).
Recent reports also indicate a similar failure of constant value

(24)
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lumped element based SSEC models to fit the experimen-
tally measured H,; values in AlGaN/GaN HEMTs having
high f; and f;,4x values [34]. Furthermore, the values of f,.x
(which lie beyond f; in the higher frequency range) is largely
over-estimated by the conventional SSEC model of Fig. 1 for
all the AIGaN/GaN MOS-HEMTs under investigation, cor-
responding graphs for AlGaN/GaN MOS-HEMTs with SiO;
and Al,O3 gate dielectric (Lg = 1.5 pm) are shown in Fig. 7
(b) and (d), respectively. On contrary, the proposed frequency
dependent SSEC model shows very good agreement with the
experimentally measured data when estimating f,qy-
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TABLE 2. Values of Ft and Fmax calculated for AlGaN/GaN MOS-HEMT
having different gate dielectric and gate length.

Devices Y-parameters fi(GHz) fimax (GHZ)
Experimentally measured 14.65 38.6
Dielectric:
oS Conventional SSEC model | 14.9 415
SIOZ
Frequency dependent 14.63 40
Lo=1.5um SSEC model (K=2)
Experimentally measured 9.76 29.6
Dielectric:
1eeetne Conventional SSEC model 9.94 324
SlOz
Frequency dependent 9.75 29.35
Lo=2pm SSEC model (K=2)
Experimentally measured 14.28 45.6
Dielectric: .
Conventional SSEC model 14.5 56
ALOs
Frequency dependent 14.33 45
Lg= 15 pum SSEC model (K=2)
Experimentally measured 10.01 40.4
Dielectric: .
Conventional SSEC model 10 45.96
A1203
Frequency dependent 10 41.5
Lo=2pm SSEC model (K=2)

The ability of the proposed frequency dependent SSEC
model to outperform the conventional SSEC model of
Fig. 1 is also evident from the calculated values of f; and f;,.x
as listed in Table 2. From Table 2, it is seen that the error in
the value of f,,.x estimated by the conventional SSEC model
of Fig. 1 is as high as ~18.6% for AlIGaN/GaN MOS-HEMT
having Al,Os3 dielectric and Lg = 1.5 pwm. Such a large error
in estimation is not acceptable for high frequency applica-
tion. On contrary, the values of f; and f),,, estimated by
the proposed frequency dependent SSEC model using a 2"
order polynomial function closely matches the experimen-
tally measured f; and f,,, values. Increasing the order of
the polynomial function better fits the experimentally mea-
sured values at lower frequency as well as higher frequency,
as shown in Fig. 7. Note that the experimentally measured
S-parameters in this work is up to 50 GHz; a higher order
polynomial function may be necessary if the f; and/or f,,x
values are further extended beyond this 50 GHz range. Thus,
representing all the SSEC model elements of AlGaN/GaN
MOS-HEMTs as a function of frequency is necessary to
correctly fit the experimentally measured S-parameters and
better estimate f; and f;,,,, values.

C. DISCUSSION

The results shown in Sections V-A and V-B indicate that
the frequency dependent SSEC model proposed in this work
is a generic model that can be applied to any electronic
device (such as MOSFETs, multi-finger HEMTs or fin-
FETs [11], [35], MOS-HEMTsS, etc.) whose SSEC resembles
the topology shown in Fig. 1. The end user is required to
find the maximum order of the polynomial functions rep-
resenting the SSEC model circuit elements that best fits
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TABLE A.l. Conventional SSEC model elements values extracted from
experimentally measured data for AlIGaN/GaN MOS-HEMTs.
Intrinsic SiO, AlLO3
elements | Ls=1.5um Lg=2pm | Lg=1.5pm Lg=2pm
C,, (fF) 91.65 111.6 135.6 140
Ca (fF) 9.80 10 9.66 8
Cys (fF) 6.7 5.95 6.8 5
g, (mS) 8.7 7.2 12.5 9
g4s (mS) 0.94 0.75 0.76 0.5
R () 31.91 34.4 21.63 24
Ry (2) 18.91 18.19 2 4
T (ps) 4.8 6.5 4.8 6.2

the experimentally measured Y-parameters. Typically, this
order is small as seen from these examples. In contrast,
if the Y-parameters are directly expressed as polynomials
functions of frequency and the coefficients are calculated
using equation (18), then a much larger order would be
required. Moreover, the resultant matrix A equivalent to
equation (18) will be highly ill-conditioned. Consequently,
calculating the inverse of ATA will be highly inaccurate,
and in many cases, downright impossible [36], [37]. Thus,
directly representing the Y-parameters in terms of polynomial
function is not a valid alternative to the proposed model.

It is noted that the dependency of Cgs or Cgq values
with respect to frequency is obtained from experimentally
measured Y-parameters. This dependency is due to both
dispersive effects as well as the effect of residual para-
sitics that may not have been completely removed during
de-embedding. For the chosen examples of this work, this
dependency seems linear in the high frequency region.
However, such dependency may not necessarily remain
linear as we further increase the frequency or vary the
AlGaN/GaN MOS-HEMT device geometry. For other circuit
elements, especially resistive/conductive circuit elements,
dielectric losses and residual capacitive/inductive parasitics
are responsible for the variation of their values with respect
to frequency. Now, it is observed from Fig. 5 that differ-
ent circuit elements show different levels and trajectories
of variation with respect to frequency. Thus, to capture this
different level of variation and trajectories, different orders
of polynomials can also be adopted for different circuit
elements.

Furthermore, as observed in Fig. 6, both the conventional
SSEC model and frequency dependent SSEC model fail
to capture some of the Y-parameter variations at broad-
band frequency range, especially in the low frequency
region. This indicates that the conventional SSEC model of
Fig. 1 may require minor modifications such as addition
of inductive and/or capacitive elements to better capture
the AlGaN/GaN MOS-HEMT behavior over broadband
frequency range. However, such modification invalidates the
expression of the Y-parameters in equation (2) and the
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closed-form equations of equation (4)-(11). This work is
dedicated to correctly predict the Y-parameters using the
conventional SSEC model topology of Fig. 1. Hence any
modification to the conventional SSEC model of Fig. 1 is
avoided in this work.

VI. CONCLUSION
Traditionally used lumped small signal equivalent cir-
cuit models for AlGaN/GaN metal oxide semiconductor
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high electron mobility transistors (MOS-HEMTs) implic-
itly assume the values of the circuit elements to be
constant. Thus, these models fail to capture the vari-
ability in the circuit element values at high frequencies
resulting in low model accuracy. Therefore, in this work,
a modified lumped small signal equivalent circuit model is
proposed where the value of the circuit elements making
up the model are treated as frequency dependent polyno-
mial functions. This frequency dependent lumped element
small signal equivalent circuit model can better capture
the experimentally measured Y-parameters of AlGaN/GaN
MOS-HEMTs, especially in the high frequency region (i.e.,
greater than 20 GHz). Moreover, in this work, a least-
squares based curve-fitting approach has been developed
to offline estimate the coefficients of the polynomials
from the experimentally measured Y-parameter data. The
proposed model is sufficiently generic and can be applied
to different devices such as MOSFETs, HEMTs, and MOS-
HEMTs by varying the order of the polynomial function
appropriately.
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APPENDIX

Appendix section consist of Table A.I, Fig. A.I, Fig. A.Il,
and Fig. A.IIL. Table Al lists the values of all circuit elements
derived for the conventional SSEC model for AlGaN/GaN
MOS-HEMTs having different gate dielectrics and Lg.

Figure A.I highlights the values of the L2 error
norm calculated using equation (21) for the AlGaN/GaN
MOS-HEMTs with SiO, and Al,Osz as gate dielectrics
(Lg =2 pm).

Similarly, Fig. A.Il represents the variations in the values
of circuit elements of the conventional SSEC model with
frequency for AlIGaN/GaN MOS-HEMT having Al,O3 as
gate dielectric (Lg = 1.5 pm).

Finally, Fig. A.II illustrates the comparison of the
Y-parameters predicted by the conventional SSEC model
(Fig. 1) and the proposed frequency dependent SSEC model
using 2" order polynomials for AIGaN/GaN MOS-HEMT
with AlpO3 gate dielectric (Lg = 1.5 wm) up to 50 GHz.
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