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Abstract—In this paper, we present the modeling of
source/drain access resistances in the surface potential based
model named ‘“Advanced Spice Model for High Electron Mo-
bility Transistor” (ASM-HEMT) for AlGaN/GaN HEMTs. From
TCAD simulation, it is shown that nonlinear source and drain
resistances increase with drain current which is due to the
saturation of electron velocity in this region. Accurate modeling
of this access resistance is of immense importance to correctly
predict the drain current, transconductance (g.,) and hence
the transit frequency (fr) at higher current. The model shows
excellent agreement with experimental data at room temperature.
Variation of measured ON-resistance (Roy) with temperature
is well predicted by model which justifies the accuracy of
temperature dependence model of source/drain resistances.

Index Terms—Source/drain resistance, access region, temper-
ature dependence, AIGaN/GaN HEMTs.

I. INTRODUCTION

AlGaN/GaN High Electron Mobility Transistor (HEMT) has
emerged as a promising candidate for high frequency, high
power as well as high temperature applications [1], [2]. GaN
based HEMT is able to simultaneously offer high breakdown
voltage and wide bandwidth due to the interesting features
of Ill-nitride system, such as wide bandgap, large 2-DEG
charge density, high electron mobility and improved thermal
conductivity with SiC substrates [3]. Aggressive lateral scaling
of source-drain access regions improve the RF performance of
GaN HEMT but at the cost of breakdown voltage (BV). Too
short gate to drain distance (L ,q) increases electric field which
is responsible for lowering of BV. Scaling of L, also affects
the finqe due to increasing C'yq and output-conductance (gqs)
of device. As a trade-off, a short gate to source distance L,
and optimized Lgq is required to achieve high fr, fi,a, and
BV altogether [4]. For very high power device gate field-plate
structure [2] is often used to increase BV by redistributing the
electric field and reducing its peak value at the gate edge of
drain side. In GaN HEMT, gate-to-drain/source access region
works as nonlinear resistance (R;/,) which limits maximum
drain current. Accurate model of Ry, is of great importance to
predict the drain current and transconductance for high power
as well as high frequency GaN HEMTs [5].

In this paper, we implement drain current dependent Ry
model in a surface potential based compact model named
ASM-HEMT [6-11], which is under standardization at the
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Compact Model Coalition (CMC) [12]. The intrinsic drain
current is obtained [8] using drift-diffusion framework using
surface potential (1)) expression which in turn is evaluated
from an improved analytical calculation of quasi-Fermi poten-
tial Er, considering the two important energy levels within
the triangular potential well, valid in all regions of device
operation.

II. SOURCE AND DRAIN ACCESS RESISTANCE MODEL

The drain/source resistance consists of bias independent
contact resistance (R.) and access region resistance Ry,
which depends on the amount of current flowing through this
region. The current flowing through the access region can be
defined as I, = W - NF - q - ng - vs = Qace - Vs, Where
W is the gate width, N F' is the number of finger, ¢ is the
electron charge, nso is the fixed 2-DEG charge density in
the drain or source side access region and v is the electron
velocity. As nso does not change significantly with increasing
Vg4, to support the increasing currents, v, should increase.
Initially v, increases linearly but, then it saturates to saturation
carrier velocity vsq¢, with the voltage drop Vg across the
access region. The current flowing through access region can
be expressed as [5], [13], [14]:

VUsat * VR

vy O
[VRsat + VR} 7

Iacc = Qacc *Us = Qacc :

where Visat = Lace *Usat/ hace, 1S saturation voltage of access
region, L,.. is the length of source/drain side access region,
lace 18 the carrier mobility and v is a smoothing parameter.
Now R4/ can be expressed in terms of drain current Iy
through the formulation:

Vi Raos
Ry/s = Ii = 40/50 2)

1
acc 1— I, M
Tace,sat

where Ioce sat = Qace - Usat, 1S the saturation current or max-
imum current supported in the access region and low current
access resistance Ryo/s0 = Lace/(Qace * face). From (2), we
can observe that Iz, increases rapidly as I approaches to
Loce, sqr Which limits the total drain current flowing through
the device.
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Fig. 1: Variation of (a) carrier charge density, (b) electron velocity and (c) electron mobility with V; probed at source side, drain side access region and under the gate channel

region.

III. TEMPERATURE DEPENDENCE OF ACCESS RESISTANCE

The temperature dependence of R;,, model is extremely
important as it increases significantly with increasing temper-
ature especially for the short channel devices. The temperature
dependence of 2-DEG charge density in the drain or source
side access region is given by:

T
nso(T) = NSOACC- (1 — KNSO - <TNOM — 1)) 3)

where NSOACC' is a parameter extracted at TNOM and
K NSO is the temperature dependence parameter. At the time
of implementation, we restrict the value of the total multiplica-
tion factor of NSOACC, using hyperbolic smoothing to avoid
the negative value of n(7") at a sufficiently high temperature.

The carrier velocity in the 2-DEG layer slowly varies with
temperature [15]. With increasing temperature, scattering is
increased due to the enhanced lattice vibration, resulting in
reduction of electron velocity. The temperature dependence
of saturation velocity can be modeled as a linear function as
follows [16]:

Viat(T) = VSATACCS - [1+ ATS(T — TNOM)] (4)
where VSATACCS is the saturation velocity extracted at
TNOM and AT'S is the model parameter. Similar smoothing
is also needed for the high temperature case where Vi (T)
can go to negative as ATS is negative.

Phonon scattering, surface scattering and coulomb scattering
(including ionized impurity and interface charge scattering)
are the three major scattering mechanisms which affect the
electron mobility in the 2-DEG layer of AIGaN/GaN HEMT.
Polar optical phonon scattering becomes the dominant mecha-
nism [17] at higher temperature. The temperature dependence
of electron mobility in access region is modeled following a
power law, which is consistent with optical phonon scattering
limited mobility [18] and is given by:

T

TNOM ©)

UTEACC
ftaee(T) = UOACC - < )
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Fig. 2: Nonlinear variation of source/drain access resistances with drain current extracted
from TCAD simulation and comparison with model.

where UOACC is the low field mobility parameter for access
region at room temperature and UTEACC is the power
parameter which describes the temperature dependence.

IV. TCAD VALIDATION OF R4/, MODEL

To verify the theory of access resistance model, we have per-
formed TCAD simulation (Silvaco ATLAS) on a AIGaN/GaN
HEMT structure (Lg=0.125pum, W=900pum, L;=0.2pum,
Lgg=1.7um, AlGaN layer thickness 20 nm). In the device
structure, we choose three different points on the 2-DEG
confinement; at source side access region; under the gate and at
drain side access region. Carrier sheet charge density, electron
velocity and mobility are probed on those three points with
varying V; and fixed V. From Fig. 1(a), we can observe
that the electron charge density is almost constant in the
access region whereas under the gate its quantity is low and
decreases with increasing V. Under the gate metal, a strong
electric field acts across the AlGaN barrier layer which in
turn push the 2-DEG electrons away from the gate, resulting
in reduction of charge density in the channel compared to
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Fig. 3: Accurate fitting of Iy — V,; (left-Y axis), and trans-conductance (right-Y axis)
plots at 25°C for the toshiba power GaN HEMT device data (Lg=1um, W=3 mm,
Lsg=2pm, L4,=14um, AlGaN layer thickness 30 nm )(symbol and solid line signifies
the measurement and model); in the g.,,-V, plot, for higher V (10V), different slopes
are observed above threshold-voltage; self-heating effect (thermal resistance parameter)
can accurately predict the first slope and the second slope is mainly governed by the
velocity saturation parameter of the access region resistance model; curves for low Vg
almost saturates after a certain V; due to the high access region resistance.

the access region. To support same current, charge velocity
product should be constant throughout the channel and access
region which implies higher carrier velocity under the gate
compared to access region shown in Fig. 1(b). The saturation
of carrier velocity after a certain V, which is less in the access
region mainly limits the drain current flowing through the
device. The mobility variation with Vj is presented in Fig.
1(c) which follows the velocity saturation model. We extract
the source and drain access region resistances and plot with
I; (Fig. 2), clearly support the R;/s model. Initially, source
and drain resistances increase slowly and as I; approaches to
its higher value, the resistance starts to increase rapidly setting
the limit of maximum drain current which can flow through
the 2-DEG layer. Excellent agreement between source and
drain access resistances variation with drain current between
the TCAD extracted data and model (extracted through the
fitting of Iy — V; and I; — V}; characteristics) strongly justifies
the accuracy of the model formulation.

V. RESULTS AND DISCUSSIONS

To validate our drain current dependent R;/, model, we
show fitting results with measured data for power GaN HEMT
device. The data is provided from Toshiba as a part of Si2-
CMC model standardization activity. The parameter extraction
is performed using Keysight ICCAP software. The channel
length and width of the device are 1 um and 3 mm respectively,
with gate-to-source and gate-to-drain distance 2 um and 14 pm,
respectively. This GaN HEMT device has metal-insulator-
semiconductor (MIS) structure with AlGaN thickness of 30
nm. The I-V characteristics are measured with curve tracer in
pulsed mode where pulse width and period used are 2 ms and
100 ms respectively.

The model parameters for room temperature data have been
extracted using the standard parameter extraction procedure
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for the ASM-HEMT model and the good agreement with
measured data is shown in Fig. 3 and Fig. 4. The I —V; and
gm — Vg presented in Fig. 3 (left and right Y-axis respectively)
show that at higher gate voltage, the access region resistance
dominates and current flattens out with increase in V. From
the trans-conductance (g,,) plot, different slopes in the linear-
to-saturation transition region and in the saturation region are
observed for the higher V; (=10V) curve. The first slope
degradation in g,, at medium V; is mainly due to the self-
heating effect, whereas the second slope is dominated by the
velocity saturation effect in the non-linear access region resis-
tance model. Although the measurements have been performed
in pulsed mode, the self-heating effect is clearly observed
in Iy — Vy plots in Fig. 4(a) at higher V, as the pulsed
width is not sufficiently small. At high V,, we can clearly
see the quasi-saturation behavior in I; — V; characteristics
as there is very little change in current with increase in
V. The model for nonlinear access region resistance is able
to capture this behavior accurately. Fig. 4(b) shows a sharp
dip in g4s which is the signature of self-heating effect. This
sharp dip shows that g4s changes sign and is negative for
higher V; values. Another important characteristic in HEMT
is the reverse output characteristics shown in Fig. 4(c). The
S-P based model can accurately capture the reverse output
characteristics without any additional parameter or any extra
parameter optimization effort, which is an advantage of a
physics based model.

Now to extract the temperature dependence parameters, we
have fitted measured I; —V; and I; —V, data at different tem-
peratures (-20, 25, 50, 100, 150°C). For the used power HEMT
device, extracted ON-resistance (sum of total source/drain and
channel resistances) increases rapidly with the increase in
temperature and is shown in Fig. 5. The model is able to
predict this trend accurately. The simulation results with the
experimental data validate our temperature dependent model
of R4/, (which is the major component in Roy) for a wide
temperature range beyond just room temperature.

VI. CONCLUSION

A current dependent nonlinear source/drain access resis-
tance model of AlIGaN/GaN HEMTs devices is presented and
verified with the TCAD and measured data for toshiba power
GaN HEMT device. The carrier saturation velocity in the
access region limits the maximum drain current supported
through the device and is very important to accurately pre-
dict DC I-V characteristics at higher V,. The temperature
dependence of Ry/s model is validated for a wide range of
temperature. This model is implemented in the Verilog - A
code of ASM-HEMT model within a physics based framework
and has been tested for Agilent ADS, Synopsys HSPICE and
Cadence’s Spectre simulators.
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Fig. 5: The increase of Ron with temperature for the power HEMT device. Model can
correctly capture this variation of ON-resistance for a wide range of temperature.

Corporation for providing measurement data as a part of Si2-
CMC model standardization activity.
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