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We propose a high electron mobility transistor with a pseudomorphically strained InSb channel (InSb-PHEMT) having an InSb composite channel
layer in which the AlyIn;_,Sb sub-channel layer is inserted between the InSb channel and the Al,In,_,Sb barrier layers to increase the conduction-
band offset (AEc) at the heterointerface between the InSb channel and the Al,In,_,Sb barrier layers. The energy states for the proposed InSb-
PHEMTs are calculated using our analytical method, taking account of the nonparabolicity of the conduction band. For the proposed InSb-
PHEMTs, putting the sub-channel layers into the channel is found to be effective for obtaining a sufficiently large AEc (~0.563 eV) to restrain
electrons in the channel and increase the sheet concentration of two-dimensional electron gas to as high as 2.5 x 10'2cm=2, which is comparable
to that of InAs-PHEMTs. This also leads to a large transconductance of PHEMTs. In the proposed InSb-PHEMTSs, electrons are strongly bound
to the channel layer compared with InAs-PHEMTs, despite the effective mass at the conduction band (0.0139 mg) of InSb being smaller than that
of InAs and AEc for the InSb-PHEMTs being 25% smaller than that for the InAs-PHEMTs. This is because the bandgap energy of InSb is about
one-half that of InAs, and hence, the nonparabolicity parameter of InSb is about twice as large as that of InAs.

© 2016 The Japan Society of Applied Physics

1. Introduction

Recently, high-electron-mobility transistors (HEMTs) with a
pseudomorphically strained InAs channel (InAs-PHEMTs)
have received much attention because of their high-speed
operation and their applicability to high-speed ICs.""* They
have exhibited a current-gain cutoff frequency fr of 710 GHz,
a maximum oscillation frequency fp.x of 1.5THz, and a
transconductance Gy, of 2.114S/mm."” Among the binary
MI-V semiconductors, InSb has the highest electron mobility,
and hence, InSb-PHEMTs are expected to exhibit even
higher performance than conventional Ing 53Gag 47As-HEMTSs
and InAs-PHEMTs. PHEMTs with pseudomorphically
strained InSb as the channel material have been developed
so far.>® They exhibited fr of 305 GHz, f.x of 500 GHz,
and Gy, of 1.1 S/mm.>®

According to a simple model, the subband energy is
well known to be inversely proportional to the effective mass
of electrons m at the bottom of the conduction band.” The
m} of InSb is 0.013my and is the smallest among III-V
compound semiconductors.® Using this m? value causes
the subband energies of InSb-PHEMTs to be much higher
than those for Ings3Gag4;As-HEMTs and InAs-PHEMTs.
As a result, the threshold voltage Vg of InSb-PHEMTS
may shift toward the normally-off side because the Fermi
energy Ep must be located above the subband energies
to generate the two-dimensional electron gas (2DEG) in the
channel. This is the first issue for InSb-PHEMTs. Next,
the density of states for InSb becomes much lower than those
for Ings3Gag47As-HEMTs and InAs-PHEMTs as a result
of the lower effective mass of InSb, leading to the fact that
the sheet electron concentration ng of InSb-PHEMTSs may
be much lower than those of Ings3Gag4;As-HEMTs and
InAs-PHEMTs, despite their high electron mobility of
80,000 cm? V~!'s~! in nature.” This may give rise to a lower
transconductance of InSb-PHEMTSs compared with those
of Ings3Gag47As-HEMTs and InAs-PHEMTSs. This is the
second issue for InSb-PHEMTs.
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The InSb-PHEMTs recently reported have a relatively
thick channel layer (15-20 nm in thickness) and a lower con-
duction-band offset AE: of 0.11eV between the Al In;_,Sb
barrier and the InSb channel layers.>® In this layer structure,
the energy states of electrons in the channel are close to that
of bulk InSb, and hence the merits, such as higher ns and Gy,
accompanying the adoption of the quantum-well structure in
the channel cannot be sufficiently brought out.

According to Kane,'™!) for InSb with an unstrained
energy gap E, as small as 0.175eV at room temperature, '
the nonparabolicity of the conduction band must be taken
into account. Recently, we have pointed out that the
nonparabolicity of the conduction band should be taken into
account even for InAs-PHEMTSs in which the InAs with a
small E, of 0.36 eV is used as the channel.!>' In this model,
we have defined an energy-dependent effective mass to
calculate the energy states of 2DEG in the InAs channel of
PHEMTs by using a standard perturbation theory and solving
both the Schrodinger and Poisson equations self-consis-
tently.'»'¥ We have also applied this analytical method
to InAs-PHEMTs and have succeeded in explaining their
characteristics.!” The threshold voltage Vry calculated using
the nonparabolic energy band agreed well with that obtained
experimentally, while Vg calculated using the parabolic
energy band was about 0.2 V larger than that calculated using
the nonparabolic energy band.

In this study, we have applied our theory'*! to InSb-
PHEMTs for determining not only Vry but ng of InSb-
PHEMTs in which the nonparabolicity of the conduction
band for the strained InSb channel layer is very strong.!? In
Sect. 2, the device structure employed in the calculation is
described in detail, and the analytical method used in this
work is outlined in Sect. 3. In particular, an InSb-PHEMT
with a composite channel is proposed to simultaneously solve
the issues concerning not only Vry but g for InSb-PHEMTS.
In Sect. 4, we emphasize the importance of taking into
account the nonparabolicity of the conduction band in
InSb-PHEMTs by comparing the results calculated using

© 2016 The Japan Society of Applied Physics
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Fig. 1. (Color online) Schematic cross sections of pseudomorphically
strained HEMT with Al s9Ing 4;Sb/InSb/ Al s9Ing 4;Sb composite channel
layer. The dashed line represents the §-doped layer.

the nonparabolic and parabolic energy bands. In Sect. 5,
conclusions are drawn.

2. Device structure

In the previously reported InSb-PHEMTs with strained InSb
as the channel layer and Al ;sInggsSb as the barrier layer,>®
a high concentration of electrons is not expected. This is
because the conduction-band offset AE¢ at the Al 15Ing gsSb/
InSb heterointerface is restricted to as low as 0.11eV.
Figure 1 shows the schematic cross section of the InSb-
PHEMT with a composite channel that we propose in this
paper. In this PHEMT, we can substantially increase the
AEc at the AlIn;_,Sb/InSb heterointerface because the Al
mole fraction of the Al,In;_,Sb barrier layer can be increased
by putting the AlIn;_,Sb sub-channel layer between the
Al In;_,Sb barrier and the InSb channel layers. The epitaxial
layers in the proposed PHEMT are an Al sylng4;Sb layer,
a composite channel, an Al s9Ing4;Sb spacer layer (3nm), a
Si o-doping layer, and an Al s9lng 4;Sb barrier layer (7 nm).
The composite channel consists of a lower Algyglng7;Sb
sub-channel (3 nm), an undoped InSb channel layer (5 nm),
and an upper Alj29Ing 7;Sb sub-channel (2 nm). The thickness
of the InSb layer in the Al,In;_,Sb/InSb lattice-mismatched
material system must be within the critical thickness A¢c. The
theory for hc was derived by Matthews and co-workers'®!”)
and People and Bean,'® the former being based on the mech-
anical equilibrium model and the latter based on the energy-
balance model. The A¢ of the InSb layer in the composite
channel was calculated using the theory derived by People and
Bean'® and then, the thickness of the InSb channel layer was
set to be 5Snm. In this calculation, the crystal distortion due
to a lattice mismatch between the AlIn,_,Sb barrier layer
and the substrate, e.g., GaAs, is assumed to be relaxed.
The conduction-band offset AE- at the AlIn;_,Sb/InSb
heterointerface and E, of InSb were estimated using the
well-known Krijn’s interpolation equation.!®>3 The results
of hc for the InSb layer in the composite channel and AE( at
the AlIn;_,Sb/InSb heterointerface corresponding to hc are
shown in Fig. 2. In addition, the material parameters required
for this calculation are summarized in Tables 1?*?® and
I1.""29 Since the lattice-constants of InSb channel and sub-
channel layers are the same as that of the buffer layer after
these layers have been grown on the buffer layer, the respec-
tive strain of these layers is specified by the difference in
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Fig. 2. (Color online) Critical thickness of InSb and conduction-band
offset AEc at Al,In;_,Sb/InSb heterointerface. The former was estimated
using the theory by Matthews and co-workers'®!” and People and Bean,'®
and the latter the theory by Krijn.!”

Table I. Conduction-band offset used in the calculation of quantum states
for InSb-PHEMTs.?6-3%)

AE
Heterostructure (eVC)
Alp 50Ing 415b/Alg 20Ing 7:Sb 0.280
A10_291n0_718b/InSb 0.283
A10_591n0.4lsb/hlsb 0.563

Table Il. Material parameters used in the calculation of quantum states for
InSb-PHEMTs.?!=29

E,

Material m?/mg /€0 (e\g/)
Alg.s9Ing4;Sb 0.0523 13.6 1.28
Alg29Ing7;Sb 0.0328 15.3 0.72
InSb 0.0139 17.0 0.22

the lattice-constants of each layer and the buffer layer.'®
The effective conduction-band offset AE¢ . for the proposed
InSb-PHEMTSs was 0.563 eV, which is about 25% smaller
than that for InAs-PHEMTs (0.74eV)."> As a matter of
course, the thickness of sub-channel layers is set to be less
than their critical thickness. Here, AEc s is defined as the
sum of AE¢ at the Al s9Ing41Sb/Alg29Ing 7;Sb heterointerface
and that at the Alj,9Ing7;Sb/InSb heterointerface.'

3. Analytical method

Our analytical method is described in detail elsewhere.'>!¥

Briefly, the nonparabolicity is taken into account by defining
an energy-dependent effective mass based on the k- p
perturbation theory:!?

m*(z, E) = m ({1 + a@)[E - Ec(2)]}, (1)

where z is the distance from the surface, m](z) is the effective
mass at the bottom of the conduction band, and Ec(z) is the
conduction-band energy. In addition, & is a nonparabolicity
parameter equal to 1/E,, E, being the bandgap energy of the
InSb channel.

© 2016 The Japan Society of Applied Physics
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As a result, the Schrodinger and Poisson equations to be
solved are expressed as

hz 62
(_ 2m: () {1 + a@)[Ex — Ec(z)]} 022 + Ec(z)
k>
+ 2mi(2){1 + a(@)[Ex — EC(Z)]}>V/nk(Z)
= Enkl//nk(Z), (2)
d d ~ v 3
d_Z e(z) d_Z(P(Z) = —e[N}(2) — n(2)], 3)

where E, is the eigenvalue energy, y;,x(z) the eigenfunction,
@(z) the static potential, (z) the dielectric constant, Nf(z)
the ionized donor density, and n(z) the electron density.
The Schrodinger equation was solved using a standard
perturbation theory approach.” That is, we regarded the terms
including a as the perturbed Hamiltonian [Eq. (5)] and
regarded the rest of the terms as the unperturbed Hamiltonian
[Eq. ()]

ol 1 o
Ho=-= oz [m:(z) az} + Ec(2), 4)
N ,
H = 2m* —a()[Ex — Ec(@)]". 5)
mi(z)

The Schrodinger equation for the unperturbed Hamiltonian is
written as

Hoéa(2) = E%,(2), (6)

where EB and &,(z) correspond to the eigenvalue and the
eigenequation, respectively. The electron density in the
channel is given by calculating

_ « pn(E) 2
CEDY / et~ gy PO dE @)

where p,(E) is the density of states and Ef is the Fermi
energy.

In our theory, the exchange—correlation energy is also
taken into account.’” The calculation is by the finite dif-
ference method.>® First the Poisson equation [Eq. (3)] is
solved to yield the potential profile. Under this potential
profile, the Schrodinger equation [Eq. (2)] is solved using the
perturbation theory to yield E,x and y,k(z). Then Eq. (7) is
used to determine the new concentration profile of electrons.
This calculation process is continued until the electrostatic
potential converges to within an error of the order of 107*eV
over the whole range. The subband energy E, is obtained by
taking the extreme limit of k — 0 for E .

In InAs-PHEMTs, it was shown that for each subband
energy, the value obtained from the second-order perturba-
tion was less than one-tenth that obtained from the first-order
perturbation, and hence it is sufficient to simply take into
account the first-order perturbation in the calculation proc-
ess.!¥ In addition, most of electrons were found to occupy
the first subband. Therefore, we need only consider the first
subband within an approximation to the first-order perturba-
tion in order to estimate the energy state of 2DEG in InAs-
PHEMTs. On the contrary, the effective mass parameter a of
InSb is about two times that of InAs because the E, of InSb in
PHEMTs is as small as 0.22 eV and is about half that of InAs.
Note that the E, of strained InSb is slightly larger than that of
unstrained InSb because the InSb channel layer in PHEMTSs
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Fig. 3. (Color online) Vs dependences of ng for Al solng4;Sb/InSb/

Al s0Ing 41Sb PHEMTs with a barrier layer thickness of 10 nm. The solid line
(a) corresponds to the case of the nonparabolic energy band, and the dashed
line (b) corresponds to the case of the parabolic energy band.

has a strain due to a mismatch between the InSb channel
and the AlIn;_,Sb barrier layers, as described in Sect. 3.
Therefore, the perturbation theory does not hold for a sub-
band of higher than the second order because the difference
between the subband energy E, and the conduction-band
energy Ec may exceed the E, of InSb [Eq. (5)]. Then, in
this theory, only the first subband was taken into account
within an approximation to the first-order perturbation,
assuming that most electrons occupy the first subband as in
InAs-PHEMTs.

4. Results and discussion

First we analyzed the quantum states of InSb-PHEMTs. In
Fig. 3, the dependences of ng on Vg are shown for PHEMTs.
Curve (a) corresponds to the case of the nonparabolic energy
band and curve (b) to the case of the parabolic energy band.
The gate metal was assumed to be the same Ti/Au as used by
Ashley et al.) Unfortunately, no available experimental data
on the surface potential energy at the gate-to-source voltage
Vigs of OV (i.e., the Schottky barrier height, ¢ between the
Ti/Au metal and the Alj s9Ing41Sb barrier layer) are reported.
Therefore, it was estimated to be 0.85 eV using the following

equation:3V

2
5 = 5 Ee. ®)

3

The threshold voltage Vry was estimated by extrapolating
in such a way as ng — 0 in the ngeVgg curve. The value of
Vg was 0.07V for case (a) and 0.24V for case (b). A
difference in Vg values for the two cases is ascribed to the
effect of the nonparabolicity of the conduction band for
InSb.'¥ In case (b), the value of ng for InSb-PHEMTs was
saturated with increasing Vgg, and its maximum value was
1.5 x 10"2cm=2. This value is much less than that expected
for InAs-PHEMTs with excellent G,,,."’ As described previ-
ously, the subband energy is well known to be inversely
proportional to the effective mass m; at the bottom of the
conduction band, and the m} of InSb is 0.0139m,.® Using
this m? value causes the subband energies of InSb-PHEMTs
to be much higher than those for Ings3Gag47As-HEMTSs
and InAs-PHEMTs owing to a smaller m; of electrons.

© 2016 The Japan Society of Applied Physics
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Fig. 4. (Color online) Energy states and 2DEG concentration profiles
calculated for the ns of 1.2 x 10'2cm? in Al soIng4;Sb/InSb/Alj soIng 4;Sb
PHEMTs with a barrier layer thickness of 10 nm. The solid lines correspond
to the case of the non-parabolic band, and the dashed lines correspond to the
case of the parabolic band.

As a result, the threshold voltage Viy of InSb-PHEMTS
shifts toward the normally-off side because Ep must be
located above the subband energies to generate 2DEG in the
channel. On the contrary, in case (a), the values of n, of
InSb-PHEMTS increase with increasing Vgs and exceed
2.5 x 10"2cm=2. The slopes in case (a) are obviously larger
than those in case (b). This implies that the value of Gy,
calculated for the case of the parabolic energy band is smaller
than that calculated for the case of the nonparabolic energy
band. As seen from Eq. (1), m} of InSb increases as E
increases from the bottom of the conduction band because
of the strong nonparabolicity of the conduction band com-
pared with InAs and Ings3Gag47As. Because of this effect,
the subband energies of InSb-PHEMTs are less than those
estimated for the case of the parabolic energy band. Hence,
a high concentration of electrons can be confined in the InSb
channel layer.

Next, the energy states were calculated for the case of ng of
1.2 x 10"2cm™. The subband energies E, and the concen-
tration profiles for 2DEG are shown in Fig. 4, where the
energy was measured from the bottom of the conduction
band of InSb on the upper heterojunction side. The solid lines
correspond to the case of the nonparabolic band and the
dashed lines to the case of the parabolic band. In the case
of the nonparabolic energy band, Er and the first (E£;) and
second subband (E,) energy levels are located within the
InSb well, and most of the electrons are strongly confined in
the InSb layer even though its thickness is only 5 nm. This is
because the effective mass of electrons increases substantially
with an increase in their energy [Eq. (1)]. In the case of the
parabolic energy band, although the first subband level is
located near the top of the conduction-band discontinuity
AEc . at the Algsolng41Sb/InSb heterointerface, the second
subband energy lies far above the InSb well.

The n, dependences of Ep and E, for InSb-PHEMTs
are shown in Fig. 5, where the energy was measured from
the bottom of the conduction band of InSb on the upper
Al 50Ing 41Sb/InSb heterojunction side. The solid lines corre-
spond to the case of the nonparabolic band and the dashed
lines correspond to the case of the parabolic band. In the case
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Fig. 5. (Color online) The ns dependence of En for Al slng4;Sb/InSb/
Aljs0Ing41Sb PHEMTs with a barrier layer thickness of 10 nm. The energy
was measured from the bottom of the conduction band of InSb on the upper
heterojunction side. The solid lines correspond to the case of the
nonparabolic band, and the dashed lines correspond to the case of the
parabolic band.

of the nonparabolic band, the first subband level remains
within AEc 4 at the Aljsolng4;Sb/InSb heterointerface over
a wide range of ns. The second subband level also remains
within AEc g for a relatively low ns but lies slightly above
AEc . for ns larger than 1.5 x 10'2cm™2. In the case of the
parabolic band, on the contrary, even the first subband energy
is close to AEc.q and the second subband energy lies far
above AE(C ef.

In the case of the parabolic energy band, Er approaches
the bottom of the 5-doping layer at Vg greater than 0.6V,
and then electrons begin to accumulate in the d-doping layer
(Fig. 3). At the same time, ng of 2DEG in the channel is
no longer proportional to Vss and saturates with increasing
Vis, as shown in Fig. 3. The same phenomena have been
observed in AlGaAs/GaAs HEMTs by Hirakawa et al.*>3)
For the case of the nonparabolic energy band, on the other
hand, Ef is located far below the bottom of the d-doping
layer, and hence, n; of 2DEG in the channel does not saturate,
as shown in Fig. 3.

As expected, the ng calculated for the InSb-PHEMTs is
as large as that of the InAs-PHEMTs,'® despite the AEc
of the InSb-PHEMTs being two-thirds that of the InAs-
PHEMTs. This is due to the strong nonparabolicity of InSb
compared with InAs because the bandgap energy of InAs is
about twice as large as that of InSb, and hence, the a value of
InAs is about half that of InSb. In this way, it was clarified
that the channel structure with the composite channel is
effective in realizing not only a low mismatch strain but
a high n, taking into account the nonparabolicity of the
conduction band in the calculation of the quantum state of
2DEG in InSb-PHEMTs.

The electron effective mass may increase owing to the
nonparabolicity of the conduction band. According to the
results of a previous study,'® the effective mass of electrons
m; , in the nth subband can be obtained by averaging over the
whole channel using the unperturbed wave equations:

1 1
LI f dz——1&,@)P. ©)
, @)

© 2016 The Japan Society of Applied Physics
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The m, is calculated for the quantum state shown in Fig. 4. 2)
The m; (the first subband) is 0.0161 mg and m, (the second
subband) is 0.0287 m,, whereas the effective mass at the 3)
bottom of the conduction band m is 0.0139 m,. Although
my, is twice as large as mg, my is slightly larger than m;. 4)
Since 95% of the electrons is found to occupy the first
subband, as described in Sect. 3, the decrease in the electron 5)
mobility owing to the nonparabolicity for the conduction
band is considered to be small. 6
5. Conclusions
We proposed an InSb-PHEMT with an InSb composite 7)
channel in which an Aljn;_,Sb sub-channel layer was g;
inserted between the InSb channel and the Al In;_,Sb barrier
layers to increase the effective conduction-band offset  10)
(AEc ) between the InSb channel and the barrier layers. 1)
The channel structure of the proposed InSb-PHEMTSs was 12)
decided on the basis of People’s critical thickness theory. The
energy states for the proposed InSb-PHEMTSs were calculated — 13)
by our analytical method taking account of the nonpara-
bolicity for the conduction band. For the proposed InSb- 1)
PHEMT, putting a composite channel into the channel was
found to be effective for obtaining a sufficiently large AEcer  15)
(~0.563¢eV) to restrain electrons in the channel. As a result,
the sheet concentration (n;) of 2DEG increased to as high 1?;
as 2.5x 10" cm™, which is comparable to that of InAs-  1g)
PHEMTs. It was confirmed that the effect of nonparabolicity  19)
on the energy states of 2DEG is greater in InSb-PHEMTSs ;?;
than in InAs-PHEMTs. Electrons in the proposed InSb- 22)
PHEMTs were strongly bound to the channel layer compared — 23)
with those in InAs-PHEMTs, despite the effective mass at ~ 24)
the conduction band of InSb being smaller than that of InAs 25)
and AEc¢ for InSb-PHEMTs being 25% smaller than that for 26)
InAs-PHEMTS. This is because the bandgap energy of InSb  27)
is about one-half that of InAs, and hence the nonparabolicity
parameter of InSb is about twice as large as that of InAs. gg;
30)
31)
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