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Abstract: A new method is used to simulate InGaAs/InP composite channel high electron mobility transistors

(HEMTs) . By coupling the hydrodynamic model and the density gradient model, the electron density distribution

in the channel in different electric ficlds is obtained. This method is faster and more robust than traditional meth-
ods and should be applicable to other types of HEMTs simulations. A detailed study of the InGaAs/InP composite

channel HEMTs is presented with the help of simulations.
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1 Introduction

InP-based high electron mobility transistors
(HEMTs) have demonstrated excellent high-fre-
quency and low-noise performance at millimeter-
wave frequencies. However, the enhanced impact-
ionization effects, which take place in the narrow-
bandgap InGaAs channel, make the breakdown
voltages of InP HEMTs too low. Thus, the appli-
cation of these devices to power millimeter-wave
systems is limited" .

To enhance the breakdown voltage, Enoki
proposed an InGaAs/InP composite channel.
Since then.a series of studies on composite chan-
nel HEMT have been reported® ¢ .
most of them focused on experiments, while few

[2]

However,

explored computations or simulations. In some
studies, computations by self-consistently solving
Poisson’s and Schrodinger’s equations were used

241 How-

to simulate composite channel HEMTs
ever,simulations with this method tend to be slow
and often lead to convergence problems.

In this paper,a new method is proposed to
InGaAs/InP composite channel

HEMT, i. e., coupling the hydrodynamic model

simulate the

and the density gradient model to compute the e-
lectron density distribution in the channel in dif-
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ferent electric fields of the devices. This method is
numerically robust and significantly faster than
solving Schrédinger’s equations,and should be ap-
plicable to other HEMT devices. In our simula-
tion,we focus on the electron density distribution
in the channel in different electric fields to help
improve the designs of the composite channel epi-
taxial layer structure and the device structure. A
detailed study of the InGaAs/InP composite chan-
nel HEMTs is presented. With the help of simula-
tions,an InGaAs/InP composite channel HEMTs
epitaxial layer is designed, and HEMTs devices
with 5.9V on-state breakdown voltage are fabri-
cated on this epitaxial layer.

2  Model description

In our simulations, a hydrodynamic model
(HD) is used as the transport equation,and a den-
sity gradient model (DG) is used to describe the
quantum effect. The platform for the simulations
is the multidimensional device simulator Sentaurus
Device from Synopsys. The main feature of our
simulations is to couple the hydrodynamic model
and the density gradient model to solve the equa-
tions and obtain physical quantity. Simulations
with this method become numerically robust and
significantly faster than simulations using tradi-
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tional methods. Before proceeding, we will intro-
duce these two models.

2.1 Hydrodynamic model

With continued scaling into the deep submi-
cron regime, characteristics of semiconductor de-
vices cannot be properly described using the con-
ventional drift-diffusion transport model. In parti-
cular, the drift-diffusion (DD) approach cannot
reproduce velocity overshoot and often overesti-
mates the impact ionization generation rates. The
Monte Carlo (MC) method for the solution of the
Boltzmann kinetic equation presents one alterna-
tive, but its computational expense along with the
related statistical uncertainty often make MC im-
practical for the simulation of the devices. In this
case,the hydrodynamic (or energy balance) mod-
el provides a very good compromise.

Stratton'™  and
Blgtekjer®', there have been many variations of

Since the work of
this model®~""'. In general. the model implemen-
ted in Sentaurus consists of the basic semiconduc-
tor equations and the energy conservation equa-
tions for the electrons, holes,and the lattice. The
basic semiconductor equations, which include the
Poisson equation (Eq. (1)) and continuity equa-
tions (Eqgs. (2,3)),are written as

Vee V¥ =—qg(p—n+ Npt — Ny-) (1)

V-anqR+q‘;—’z 2)
—V-Jp:qR+q(77—l; (3)

where ¢ is the electrical permittivity, ¥ is the
electrostatic potential, g is the elementary elec-
tronic charge, n and p are the electron and hole
densities, Np* and N,- are the number of ionized
donors and acceptors. J, is the electron current
density,J, is the hole current density,and R is the
net electron-hole recombination rate.

The energy conservation equations are writ-

ten as
W ves =aovE W w
%+V.SP:JP-VEV+%IM (5)
Wt gs =Wy, (6)

where W,, W,, W are respectively the energy
densities of the clectrons, holes, and the lattice,
and S, ,S, .S, are respectively the energy fluxes of

the electrons, holes,and the lattice. In the hydro-
dynamic model, the carrier temperatures T, and
T, are assumed to be unequal to the lattice tem-
perature T, . The temperatures and some other
physics characteristics can be obtained by solving
the equations in the model. More details of the
hydrodynamic model are seen in Refs.[7~12].

2.2 Density gradient model

HEMTs use the high mobility and high veloc-
ity of the two-dimensional electron gas (ZDEG)
formed at the heterointerface. The electron mo-
tion in the 2DEG is quantized in the direction per-
pendicular to the heterointerface because the de
Broglie wavelength is larger than the width of the
potential well (the de Broglie wavelength of a
thermal electron is approximately 26nm at room
temperature and longer at lower temperature)™'® .
Therefore, the quantization effects should be
taken into consideration. To include the quantiza-
tion effects in a device simulation,a precise meth-
od is solving the Schrodinger equation, but it will
make the computation very slow and often lead to
convergence problems. A simple approach is to in-
troduce an additional potential, such as quantity
Asinto the classical electron density formula,as

Ex —Ec—-A
n = N(;exp(—kT )

where T is the carrier temperature, k is the Boltz-

D)

mann constant, N¢ is the conduction band density-
of-states, Ec is the conduction band energy. and
Ey is the electron Fermi energy. The most impor-
tant effects related to the density modification
(due to quantization) can be captured by proper
models for A.

For the density gradient model*'™', A in
Eq. (7) is given by a partial differential equation:

2
A=-TB- Vilgn + %(Vlgn)2

12m
2 2
__ryh” V' Vn (8)
6m Jn

where h = h/2x is the reduced Planck constant, m
is the density-of-states (DOS) mass,and 7y is a fit
factor.

We use the hydrodynamic model as the trans-
port equation and the DG model to describe the
quantum effect in the simulation. Coupling these
two models, the simulation is numerically robust
and significantly faster than using traditional
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Table 1  Composite channel HEMT epitaxial layer Table 2 Some important parameter values adopted in
structure the simulation
InAlAs/InGaAs/InP HEMT structure InAs GaAs | AlAs InP
Layer Thickness/nm | Dopant | Concentration Dielectric constant 14.55 | 13.18 | 10.06 | 12.40
Ing.53 Gag.47 As 10 Si 5X10%cem? Band gap energy at 0K/eV | 0.411 | 1.519 | 2.230 | 1.421
InP 6 Electron affinity/eV 4.9 4.1 3.5 4.4
Ing. 52 Alp.as As 10
Si delta doped layer Si 4x102cm 2 Effective conduction band | o 7)) 0| 4100 | 5. 6600
density of states at T = 300K A
Ing. 52 Alg s As 4 Jom-? X101 | X107 | X10% | X107
Ing 53 Gag.47 As 6
InP 5 Energy relaxation time/ps 1.0 1.0 1.0 1.0
InP 8 Si 2X10%cm™3
Ing.5; Al 43 As buffer 300 In the simulation, we focus on the electrical
SI InP substrate (100) field distribution and the electron density distri-
bution in the channel, because it is helpful for
methods.

3 Device simulation

The composite-channel HEMT epitaxial layer
structure we designed is shown in Table 1. It con-
sists of an InGaAs cap layer (10nm),an InP etch
stopper layer (6nm). an InAlAs barrier layer
(10nm),a Si delta doped layer,an InAlAs spacer
layer (4nm),a composite channel (19nm),and a
InAlAs buffer (300nm). The composite-channel
consists of a lattice-matched InGaAs channel
(6nm) ,an undoped InP (5nm) channel,and a uni-
formly n-doped InP layer (8nm,2 X 10%cm™®). A
5nm-thick undoped InP was inserted between the
InGaAs channel and the n-InP subchannel to a-
void Si diffusion into the InGaAs channel. The n-
doped InP layer acts as a carrier supply layer as
well as a channel, so the electrons in the InGaAs
are supplied from both the delta doped layer and
the n-InP layer.

The gate length of the device in the simula-
tion is 0. 3um. The spacing between the source and
drain electrode pads is 2pm. The Schottky barrier
height of ¢ = 0. 35V is estimated based upon ex-
perimental observation. Important model parame-
ters for GaAs,InAs, AlAs,and InP such as energy
band structure and energy relaxation time were
based on Refs. [12,13,16]. Linear interpolations
were adopted to compute parameter values as a
function of the mole fraction in InGaAs and In-
AlAs. Table 2 summarizes some important param-
eter values adopted in the simulations. The other
parameters of the hydrodynamic and DG models
were set as their default values in Sentaurus for
the different materials.

studies on the composite channel HEMT and to
improve the epitaxial layer design.

4 Simulation results and discussion

Figure 1 shows a vertical cross section of the
electric field distribution under the gate at zero
and the drain at 1V bias as predicted by the simu-
lations. Figure 2 shows the electric field distribu-
tion in a vertical cross section under the gate at
zero and the drain at 3V bias as predicted by the
simulations. From the electric field distribution
cross section, it can be observed that the electric
field in the region near the source is low and,in
the region near the drain,it becomes higher. Com-
paring Fig. 1 with Fig. 2, it can be observed that
the electric field of each point near the gate at V,
= 3V is higher than it is at V, = 1V under the
same gate bias.

Figure 3 (a) shows the simulations results of
the band structure and electron density distribu-
tion along a vertical cross section at the source

Electric field

w0.7x10°V/em
0.20 2.5x10° V/em

025 il %x%gg V/em
0.2 -0.1 0 0.1 0. CxTviem

x/pm

Fig.1 Electric field distribution in a vertical cross
section under the gate at zero and the drain at 1V bias
as predicted by the simulations
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Fig.2 Electric field distribution in a vertical cross

section under the gate at zero and the drain at 3V bias
as predicted by the simulations

side of the gate under the gate at zero and drain at
1V bias,where y is the direction perpendicular to
the heterointerface. As it shows, at the source
side,where the electric field is low,electrons exist
mainly in the InGaAs channel (the band gap en-
ergy is low). Figure 3 (b) shows the simulations
results of the band structure and electron density
distribution along a vertical cross section at the
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Fig.3 Simulations results of the band structure and

clectron density distribution along a vertical cross sec-
tion under the gate at zero and drain at 1V bias (a)
On the source side of the gate; (b) On the drain side
of the gate
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Fig.4 Simulations results of the band structure and

electron density distribution along a vertical cross sec-
tion under the gate at zero and drain at 3V bias (a)
On the source side of the gate; (b) On the drain side
of the gate

drain side of the gate under the gate at zero and
drain at 1V bias. As it shows, on the drain side,
where the electric field strength is not high e-
nough, the electrons exist mainly in the InGaAs
channel (the band gap energy is high). Compared
with Fig. 3 (a),Figure 3 (b) shows a higher per-
centage of the electron distribution in the InP
channel. This is because the electric field strength
at the drain is higher than it is at the source side.
As the drain voltage increases to 3V ,at the source
side, where the electric field still low, electrons
still exist mainly in the InGaAs channel as Figure
4(a) shows. Since the eclectric field at V4 =3V is
higher than V4 =1V at each point near the gate as
mentioned above,some electrons transfer into the
InP channel,so the electron density in the InGaAs
channel at the source side is lower at V, = 3V
(Fig. 4(a)) than it is at V, =1V (Fig. 3 (a)). At
the drain side when V,; = 3V, the electric field
strength is very high, almost all electrons exist in
the InP channel as Figure 4 (b) shows. Since the
drift velocity of the electrons on the drain side of
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the gate is higher than on the source side, the
electron density on the drain side is lower than
that on the source side,due to current continuity.

The electron densities of our simulations have
the same orders with the results in Ref.[4],which
were obtained by self-consistently solving Pois-
son’s and Schrodinger’s equations. But our meth-
od is faster and more robust. As some models for
compound semiconductors material are not accu-
rate and some practical matters in device fabrica-
tion are not take into account, it may affect the
precision of the simulations results. But it is not a
big problem for us to predict the devices’ behav-
iors.

The mobility of clectrons in InGaAs at the
low electric field is high, but its threshold energy
(0.92eV) for impact-ionization is low, which is
why the breakdown voltage of traditional InGaAs
channel HEMTs is low. InP has a high drift veloc-
ity in high electrical fields and its threshold ener-
gy for impact ionization (1.69¢V) is high. Thus
from the simulation results it is easy to understand
that the composite-channel structure can use both
the high mobility of electrons in InGaAs in the
low electric field and the high drift velocity and
low impact ionization coefficients in InP in the
high electric field. With the composite-channel
structure, HEMTs’ breakdown voltage will be in-
creased. To verify the conclusion, using the same
eptaxial layer structure in the simulation, HEMTs
with 5. 9V on-state breakdown voltage are fabri-
cated. The on-state breakdown curve is shown in
Fig. 5. Compared with traditional InGaAs channel
HEMTs, the breakdown voltage has improved
greatly (The on-state breakdown voltage of tradi-
tional InGaAs channel HEMTs with the same de-
vice structure is about 2V.).

400f ~*Ios
V=0V
2 300f (5.9,241.2)
£
<
E 200}
R
100}
O 1 L 1 1 1 L

Fig. 5 On-state breakdown characteristic of the com-
posite-channel HEMTs

5 Conclusions

A InGaAs/InP composite channel HEMT is
simulated by coupling the hydrodynamic model
and the density gradient model. This new simula-
tion method is numerically robust and significant-
ly faster than traditional methods and should be
applicable to other HEMT devices. According to
the simulations., it is easy to understand that the
composite-channel structure can use both the high
mobility of electrons in InGaAs in the low electric
field and the high drift velocity and low impact
ionization coefficients in InP in the high electric
field. HEMTs’ breakdown voltage can be in-
creased greatly using a composite-channel struc-
ture. To verify the conclusion, composite-channel
HEMTs with 5.9V on-state breakdown voltage
were fabricated.
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