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Physical modeling of direct current and radio frequency
characteristics for InP-based InAlAs/InGaAs HEMTs*
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Direct current (DC) and radio frequency (RF) performances of InP-based high electron mobility transistors (HEMTs)
are investigated by Sentaurus TCAD. The physical models including hydrodynamic transport model, Shockley—Read—Hall
recombination, Auger recombination, radiative recombination, density gradient model and high field-dependent mobility
are used to characterize the devices. The simulated results and measured results about DC and RF performances are
compared, showing that they are well matched. However, the slight differences in channel current and pinch-off voltage
may be accounted for by the surface defects resulting from oxidized InAlAs material in the gate-recess region. Moreover,
the simulated frequency characteristics can be extrapolated beyond the test equipment limitation of 40 GHz, which gives a
more accurate maximum oscillation frequency (fmax) of 385 GHz.
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1. Introduction

Because of high carrier sheet density, high -car-
rier peak drift velocity and low-field mobility in InGaAs
channel, InAlAs/InGaAs InP-based high electron mobil-
ity transistor (HEMT) demonstrates extremely excellent

13 such as high frequency, low noise figure,

characteristics, |
and superior gain performance, and so on. Consequently, it
has become a competitive candidate for various millimeter-
wave circuits[“- and even terahertz applications.!”-"! Gener-
ally speaking, the device characteristics are closely dependent
on manufacturing technologies and epitaxial structures. How-
ever, systematic technology experiments are time-consuming
and costly, so alternatively, fast and accurate simulation work
can be done prior to the expensive fabrication process.
Currently, a lot of reported research about HEMTs fo-
cuses on developing physical models to depict various physi-
cal phenomena, with ultimately aiming at optimizing the de-
vice performances.!!%!!] Notably, most simulations are mainly
concerned about direct current (DC) characteristics, such as
transfer characteristic, channel current, leakage current, etc,
but the frequency performances of InP-based HEMT are rarely
covered. However, the current gain cutoff frequency (fr) and
maximum oscillation frequency (fmax) are vitally critical pa-
rameters for high frequency applications, which greatly deter-
mine the maximum operating frequency of digital logic circuit
and the power gain performance of analog circuit respectively.
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In this paper, DC and radio frequency (RF) performances
of InP-based HEMTs are in detail investigated by using Sen-
taurus TCAD. The Sentaurus Device Editor (SDE) and Sen-
taurus Sdevice module with reasonable physical model are
used to describe the device structure and performances. Com-
parisons of DC and RF performances between simulation and
experiment show compatible trends, which validates the pro-
posed physical models and simulation method. This research
offers an effective analytical approach for further enhancing
the properties of InP-based HEMT devices.

2. Device structure and fabrication

Figure 1 shows a schematic cross-section of the InP-
based HEMT. The epitaxial structure is designed and opti-
mized by using the parameters shown in Table 1. The layers
consist of an InAlAs buffer, an InGaAs channel, an unstrained
InAlAs spacer layer, a Si-doped plane which provides two-
dimensional electron gas (2DEG), a 12-nm-thick unstrained
InAlAs Schottky barrier layer, and a composite InGaAs cap
layer composed of a Si-doped InGaAs cap layer and a Si-
doped Ing 53Gag 47As transitional layer. All InAlAs layers are
lattice-matched with the InP substrate.

The InP-based HEMT fabrication process is simi-

1231 The mesa isolation is

lar to that in previous work.!
achieved by phosphorus acid-based wet chemical etching till

Ing.spAlp.4gAs buffer layer. Source and drain are spaced by
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2.4 pm through a lift-off process and then Ti/Pt/Au is evapo-
rated by an electron beam evaporator to achieve ohmic met-
allization without annealing. In order to measure on-wafer
DC and RF characteristics, the coplanar waveguide bond pads
are formed by evaporating Ti/Au metals. In particular, the
most important gate process includes gate lithography, recess,
and metallization. The T-gate is determined by electron beam
lithography in a trilayer of PMMA/AI/UVIIL. Finally, 88 nm
T-gate is obtained and located at the centre of gate-recess re-

gion.
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Fig. 1. (color online) Schematic cross-section of the InP-based HEMT.

Table 1. Device epitaxial layer structure.

Layer Material Doping Thickness/nm
Cap layer IngsGagsAs  Si:NT+3x10'% cm™3 15

Cap layer Ings3Gaga7As  Si:Nt5x10'8 cm—3 15
Barrier layer Ing 50 Alg4gAs Undoped 12

Si planar-doped layer 5%10'2 cm2

Spacer layer Ing 5o AlgagAs Undoped 3
Channel layer  Ing 53Gag47As Undoped 15
Buffer layer Ing 52 AlpagAs Undoped 500

InP Substrate

3. Simulation model

In this paper, the device structure is created by Sentaurus
SDE tool. To reduce computing time and solve convergence
problem, different mesh strategies are adopted in different re-
gions. Firstly, the gradient meshing method is introduced to
enhance the accuracy for key regions and reduce the number
of nodes for other non-critical regions simultaneously. Sec-
ondly, sub-gridding technique is adopted to refine the key re-
gions, including the 2DEG region, delta doping region, drain
edges, gate edge, etc. Based on the actual condition, the Gaus-
sian doping model is used in the source, drain, and delta dop-
ing layer. The device structure with mesh refinement is shown
in Fig. 2. Additionally, the whole device structure is created
by mirror-injection from semi-device structure, which reduces
the calculating time without missing any relevant information.

2DEG region” gate edge H drain edges

Fig. 2. (color online) Semi-device structure with mesh refinement.

Successively, electrical characteristics are simulated by
using Sentaurus Device simulator, which provides various
types of transport models, including hydrodynamic (HD),
drift-diffusion (DD), thermodynamic (TD) and Monte Carlo
models. For devices with hetero-structure, electrons can ac-
quire very high energy and get into non-equilibrium trans-
port condition, and therefore electron velocity can be much
greater than its steady state value. However, DD simulations
cannot accurately depict this non-equilibrium electron trans-
Admittedly,
Monte Carlo method can execute accurate simulation by solv-

port happening in the hetero-structure device.

ing Boltzmann’s transport equations, but it is time consuming
and tedious. The electron and hole temperatures are not as-
sumed to be equal to the lattice temperature in HD model,
and thus energy conservation equation is additionally intro-
duced except for Poisson equation and carrier continuity equa-
tion. Therefore, HD model precisely describes many non-
equilibrium conditions such as quasi-ballistic transport in thin
regions and velocity overshoot effect in depleted regions.

Besides this, several crucial physical effects are also
taken into account in the simulation, including generation—
recombination models, mobility models, quantum effect
model, etc. Shockley—Read—Hall recombination, Auger re-
combination, and radiative recombination models are adopted
to describe the carrier exchange process with the impurity de-
fects in the band-gap, and the values are chosen as follows:
Tsri = 60 18, Cag = 1.4 x 1077 cm?/s, and Cayger = 4.0 ¥
1072 ¢cm®/s.[11-141 Additionally, the density gradient model of
eQuantumPotential is introduced to depict the quantum effect
of 2DEG in InGaAs channel region. The parameters are ob-
tained by linear interpolation from the parameters of AlAs,
GaAs and InAs. Table 2 summarizes some important param-
eters adopted in the simulation, including dielectric constant
(&), effective electron mass (m. ), electron affinity (), energy
gap (Eg), effective conduction band density of states (), and
effective valence band density of states (Ny).

Additionally, because of the particular band structures
for InAlAs and InGaAs materials, high energy electrons will
transfer into an energetically higher side valley with a much
larger effective mass, and thus a negative differential mobil-
ity can be observed for high driving fields. In the present work,
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Table 2. Some important parameters in the simulation.

InAs AlAs GaAs
15.15 (static) 10.06 (static) 12.90 (static)
& (300 K) 12.30 (high frequency) 8.16 (high frequency) 10.89 (high frequency)
me 0.023my 0.71mg 0.063my
X 4.90 eV 3.50eV 4.07 eV
Eg; (0K) 0411eV 2.230 eV 1.519eV
N, 8.72x10'% cm™3 1.5%10" cm™3 4.7x10"7 cm~3
Ny 6.6x10'8 cm~3 1.66x 10" em =3 9.0x10'8 cm~3

the transferred electron model is included in the physical mod-
els to describe the high field effect, which is given as follows:

~ Hiow + (Vsat/F) (F/EO)4
N 1+ (F/Ey)* ’

(D

where Vg, is the carrier peak drift velocity, F the driving elec-
trical field, Ey the reference field strength, and L. the carrier
low-field mobility.

4. Results and discussion

In order to demonstrate the validities of the proposed
physical models, the comparisons between computational
curves and experimental measurement results of the devices
with almost the same epitaxial structures and device dimen-
sions are performed.

4.1. DC characteristics

Figure 3 shows the gate-bias-dependent extrinsic
transconductance and channel current of InP-based HEMT
at a drain—source voltage (Vps) of 1.5 V. Figure 4 shows the
simulated and measured drain—source current—voltage (I-V)
characteristics under the gate bias (Vgs) varying from —0.6 V
to 0 V in steps of 0.1 V. It can be observed that the trend
of simulated data is consistent with that of experimental re-
sult. Particularly, the simulated channel current is detected to
be apparently higher than the measured value. Besides, the
experimental pinch-off voltage (V},) and drain—source satura-
tion current are demonstrated to be slightly higher than the
corresponding simulated values.

In order to obtain high-frequency performance, no surface
passivation is performed in the device fabrication process. The
exposed InAlAs barrier layer can be easily oxidized, and thus
many surface defects may arise on the gate-recess regions. The
defect charges could modulate the electrical potential distribu-
tion in the channel region, and surface Fermi level will nega-
tively deviate from conduction band-edge. Consequently, the
increased surface potential will abate the carrier sheet density
in the channel region, and thus reduce the extrinsic transcon-
ductance and channel current. Meanwhile, the additional re-
verse modulation may shift the pinch-off voltage towards a
positive value.
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Fig. 3. (color online) Transfer characteristics of the simulated (red) and
measured (blue) InP-based HEMT.
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Fig. 4. (color online) /-V characteristics of the simulated (red) and mea-
sured (blue) InP-based HEMT.

4.2. RF characteristics

The fr and fiyax are critical parameters for high-speed
applications, which can be respectively extrapolated from
the current gain (H»;) and maximum available/stable power
gain (MAG/MSG) using a least-squares fitting with a —20-
dB/decade slope. In this simulation, MSG and MAG are com-
puted from the S-parameters by Sentaurus Sdevice module
through using the following equations:

S
MSG = 22|, )
S12
_ |52 2
MAG = |22 | (k- VK2 1), 3)
Si2
1—|So1 > = |S2|? +|AS|?
K— 121 —[S22|* + |AS| ’ (4)
2812+ 21|
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AS = 811822 —S12- 821, &)

where K is the Rollett stability factor, K > 1 and AS < 1
both constitute a primary condition for the stability of the de-
vice. Figure 5 demonstrates the frequency characteristics of
the simulated and measured InP-based HEMTs, which are bi-
ased at the peak transconductance points of Vgs = —0.1 V
and Vps = 1.75 V. The measured fr and fiax are extrapo-
lated to be 150 GHz and 201 GHz, which are improved to be
165 GHz and 385 GHz for simulation. Notably, the simulated
and measured gain performances go downward theoretically
as frequency increases with a slope of —20 dB/decade. More-
over, S-parameters of the InP-based HEMT are measured over
frequencies from 0.1 GHz up to 40 GHz in steps of 0.1 GHz.
However, the device is still potentially unstable (K < 1) at the
instrumentation limit of 40 GHz, therefore, extrapolating the
gain at this point with the —20-dB/decade slope indicates a
real fmax more than 201 GHz. Consequently, the simulation
compensates partly for the limitation of test equipment, and
gives a more accurate fp,x of 385 GHz.
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Fig. 5. (color online) Frequency characteristics of the simulated (red) and
measured (blue) InP-based HEMT.

5. Conclusions

In this paper, DC and RF performances of InP-based
HEMTs are investigated by Sentaurus TCAD. The device
structure is established by SDE module, moreover, the gra-
dient meshing and sub-gridding technique are adopted in dif-
ferent regions to reduce computing time and solve the con-
vergence problem. The 2D electrical simulation is performed
by using Sentaurus Device simulator. The physical models

including HD transport model, Shockley—Read—Hall recombi-
nation, Auger recombination, radiative recombination, density
gradient model, and high field-dependent mobility are used to
characterize the devices. The simulated results and measured
results about the DC and RF characteristics have compatible
trends, which confirms the validities of the proposed models
and simulation method. Further, three-dimensional simulation
may be performed to give a more accurate description of InP-
based HEMT. However, the achievements of this research of-
fer an effective analytical approach for further enhancing the
properties of InP-based HEMT devices.
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