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Compressively strained InSb (s-InSb) and Ge (s-Ge) quantum well heterostructures are
experimentally studied, with emphasis on understanding and comparing hole transport in these
two-dimensional confined heterostructures. Magnetotransport measurements and bandstructure
calculations indicate 2.5x lower effective mass for s-InSb compared to s-Ge quantum well at
1.9 x 10"*cm™. Advantage of strain-induced m* reduction is negated by higher phonon scattering,
degrading hole transport at room temperature in s-InSb quantum well compared to s-Ge
heterostructure. Consequently, effective injection velocity is superior in s-Ge compared to s-InSb.
These results suggest s-Ge quantum well heterostructure is more favorable and promising
p-channel candidate compared to s-InSb for future technology node. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4892403]

In recent times, there has been great interest in exploring
the alternative to the Si channel in ultra-scaled transistors
with alternate materials featuring lower transport mass and
higher mobility. High performance III-V n-channel quantum
well (QW) field effect transistors have been demonstrated
with Ing 53Gag 47AS channel.! However, for complementary
logic implementation, there is a significant challenge for
identifying high mobility p-channel metal-oxide-semicon-
ductor transistors (pMOS) candidates. Among the most
attractive candidates for pMOS are compressively strained
InSb, InGaSb, and Ge QW heterostructures, which feature
high hole mobility.>™* The important parameters for design-
ing the QW to enhance hole mobility are the percentage of
strain in the channel, the valence band offset (VBO) between
the QW and the barrier determining efficiency of carrier con-
finement, the effective mass and density of the carriers (Ns)
in the light hole (/#) and heavy hole (hh) bands, and the lift-
ing of the degeneracy between the hh and [h bands.
Additionally, it is important to identify the dominant scatter-
ing mechanism, which limits the hole mobility of this two-
dimensional hole gas (2DHG). It is imperative to understand,
comprehensively, the transport in the QW, extract the domi-
nant degradation mechanisms as a function of temperature
and carrier density and subsequently suggest the key design
parameters that would enable the selection of the best
channel material.

In this paper, we systematically analyze and compare
hole transport in 2% compressively strained InSb grown
using molecular beam epitaxy (MBE) and 1.3% strained Ge
quantum well heterostructure grown using rapid thermal
chemical vapor deposition (RTCVD) (Fig. 1(a)). We per-
formed six-band k.p bandstructure calculations to examine
the effect of strain and quantization on the hh and /h sub-
bands and the hole effective mass. Shubnikov-de Haas (SdH)
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magnetotransport measurements were performed as a func-
tion of magnetic field (0-9T) at low temperature (T =4K)
for the InSb QW, and in-plane hole effective mass was quan-
tified using the oscillations observed in the 2DHG. Finally,
using Hall measurements the hole carrier density and mobil-
ity were measured as a function of temperature for both the
heterostructures (Fig. 1(b)). We use a transport lifetime
model, based on relaxation time approximation, to examine
the contributions of individual scattering mechanisms on the
hole transport in the quantum well.’ Although the QW
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FIG. 1. (a) Schematic of the 2% compressively strained InSb QW hetero-
structure along with experimental Hall mobility and sheet density vs. tem-
perature. (b) Schematic of 1.3% strained Ge QW heterostructure and
experimental Hall mobility and hole density vs. temperature.
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thickness for the two heterostructure systems is not identical,
systematic extraction of effective mass and dominant scatter-
ing mechanisms give valuable insight into the fundamental
material dependent transport properties.

A self-consistent Poisson-Schrodinger solver was used
to calculate the valence subband structure of 44 and /h bands
in s-InSb and s-Ge QW heterostructure. Fig. 2(a) shows the
energy band diagram of s-InSb and s-Ge QW heterostructure
used in this work. Through the combined effect of strain and
quantization in the QW, the 4k and [h bands split. VBO
between AlInSb barrier layer and strained InSb QW was
~0.25 eV providing efficient hole confinement. For the case
of s-Ge QW, the Si cap provides a significantly higher VBO
of 0.6eV, ensuring more efficient confinement in Ge QW
and supporting higher sheet carrier density without carrier
spillout.

Due to the complex non-parabolic structure of the
valence band, and to study the dependence of band warping
and effective mass as a function of energy, it is important to
investigate the E-k of individual subband in the plane of
transport. Fig. 2(b) shows the isoenergy surface for the first
hh subband in the s-InSb and s-Ge QW. Under biaxial stress,
the energy surface is an ellipsoid with the energy contours in
the x-y plane being circles, indicating that the band is iso-
tropic in the plane of conduction for lower energy. At higher
energy, the band becomes more anisotropic and the nonpara-
bolicity increases with increasing energy. The effect of
changing E-k and hence, the effective mass as a function of
energy in the valence band has been accounted while solving
Poisson-Schrodinger self-consistently and calculating the
charge in the QW.

The in-plane hole effective mass was extracted using
SdH magnetotransport measurements on the InSb QW heter-
ostructure at low temperature (T =4K) and high magnetic
fields, B (0-9T). An oscillatory behavior can clearly be
seen, superimposed on a parabolic dependence with mag-
netic field indicating high quality, defect free epitaxial
growth of s-InSb QW. The oscillatory behavior is plotted vs.
magnetic field in Fig. 3(a) correcting for the parabolic
dependence, which occurs due to hole-hole interaction.®
Oscillations were periodic with 1/B, a fast Fourier transform
(FFT) (Fig. 3(a), inset) on the data shows that the oscillations
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FIG. 2. (a) Six band k.p simulated energy band diagram of s-InSb and s-Ge
QW heterostructure using self-consistent Poisson-Schrodinger solver. (b) 2D
energy contour for first 4k subband along the transport plane in s-InSb and
s-Ge QW obtained using k.p calculations.

Appl. Phys. Lett. 105, 052102 (2014)

= 10"
2 InSb QW
G T=4K
San2
N ‘F"e’&.}é’:u’c?z E::(w m=0. 08’"
o r,—4x10 sec
InSb QW : 10° — Simulated
T=4K 4 o0 Measured

0.3 4 5 6 7 8 9
(b) Magnetic Field [T]

FIG. 3. (a) Measured sheet resistance of the InSb quantum well heterostruc-
ture as a function of magnetic field from 0-9T, (b) Shubnikov-de Haas
oscillations in sheet resistance as a function of 1/B at low temperature
T=4K, inset shows FFT of the oscillations showing single frequency, indi-
cating that only one A/ subband is occupied at this sheet charge, (c) modeled
and experimental peak Ap./p.o as a function of magnetic field used to
extract the effective mass and quantum lifetime for the InSb QW
heterostructure.

are harmonic with a single frequency implying the occu-
pancy of the lowest energy hole subband. The frequency of
the oscillations in the resistance as a function of the inverse
magnetic field is related to the hole concentration as
Ns =2q/hA(1/B) = 1.9 x 102 ecm 2,

Fig. 3(b) plots the experimental and modeled peak
Ap.dpo as function of magnetic field. The extracted effec-
tive mass from the analysis is 0.08 m at a sheet carrier den-
sity of 1.9 x 10"2cm ™2 (from the period of SdH oscillations)
and the extracted quantum lifetime, 7, was 0.04 ps. The ratio
of the transport lifetime from mobility (~0.22ps) and the
quantum lifetime is ~5.6. This low ratio indicates that the
dominant scattering mechanism in the s-InSb QW hetero-
structure at low temperatures is isotropic, short range, and
interface roughness (IR) scattering.

To compare the experimentally extracted m* for s-InSb
with other QW heterostructures, the effective hole mass was
compared with those derived from the band structure calcu-
lated using the six band k.p approach as discussed earlier
(Fig. 4). The calculations were also extended to 1.3%
strained Ge’ and 1.8% strained InGaSb® QW heterostructure
systems to benchmark and compare as a function of hole
density. Experimentally measured effective mass has been
overlayed on the modeled results for the respective material
systems showing excellent agreement. 2.5 lower in-plane
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FIG. 4. In-plane hole effective mass as a function of hole sheet density
simulated by 6-band k.p bandstructure solver for strained InSb QW, strained
Ge and strained InGaSb QW heterostructure systems. Experimental data for
strained Ge,’ strained InGaSb,” and strained InSb(this work) has been over-
layed to compare and benchmark.
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effective mass was obtained with strained InSb QW com-
pared to s-Ge and s-InGaSb for same hole density of
1.9 x 10" cm ™2, It can be seen that the hole effective mass
increases with increasing hole density, as a result of band
nonparabolicity and warping. s-InSb QW has lowest effec-
tive mass for low hole density (<5 x 10'%/cm?) compared to
strained Ge and InGaSb. At high hole density (>5 x 10'%/cm?),
m* for s-Ge is 1.5 lower compared to s-InSb QW.

Fig. 5 shows the experimental and modeled hole sheet
density extracted from Hall measurements of s-InSb and
s-Ge QW sample as a function of temperature. The low-
temperature carrier concentration in conjunction with a self-
consistent Schrodinger-Poisson solver for the QW structure
allows us to capture the temperature dependence of the
measured carrier concentration, using the Boltzmann approx-
imation model.” Excellent agreement is obtained between
the experimental and modeled sheet carrier concentration as
a function of temperature, allowing us to quantify the respec-
tive contributions from individual subbands. At low tempera-
ture, only the first 4/ subband contributes to the total hole
concentration, whereas at room temperature, 10% of the total
concentration was contributed by the second hh subband,
along with a similar contribution from the buffer layer.

The primary scattering mechanisms in III-V heterostruc-
tures are well recognized and studied. The principal contri-
butions to phonon scattering are from the polar optical
phonons (POP) in the optical branch and the acoustic defor-
mation potential (ADP) scattering. Specific to modulation
doped quantum well heterostructures are the remote ionized
impurity (RII) scattering from ionized dopants in the
o-doped layer and the interface roughness (IR) scattering.
Both the intra- and inter-subband scattering rates were
accounted due to the substantial contribution of the second
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FIG. 5. (a) Experimental and modeled hole sheet density as a function of
temperature for s-InSb and s-Ge QW heterostructure showing contributions
from first and second /h subband and buffer layer conduction at room
temperature.

Appl. Phys. Lett. 105, 052102 (2014)

subband at room temperature. The scattering rates for these
processes were derived using Fermi’s golden rule and com-
bined using Mattheissen’s rule.’®

Fig. 6(a) shows a comparison of the combined scattering
model with the temperature-dependent hole mobility of
s-InSb and s-Ge QW heterostructures along with contribu-
tions from individual scattering mechanisms. At room tem-
perature, the hole mobility shows significant temperature
dependence, the transport being limited by POP scattering
and ADP scattering. At low temperatures, temperature-
independent IR scattering from the barrier-QW interface lim-
its the hole mobility. The low energy phonons for InSb in
addition to effect of strong quantization in thin QW signifi-
cantly increases the overall phonon scattering rate, but the
strain-induced effective mass reduction helps compensate
the loss in mobility by reducing the transport effective mass
and the DOS where holes could scatter into, resulting in
enhanced hole transport in the QW. Fig. 6(b) shows the par-
eto plot depicting % contributions from various scattering
mechanisms at room temperature.

The scattering analysis provides important insight into
the fundamental transport characteristics of s-InSb and s-Ge
QW heterostructures. Magnetotransport experiments have
revealed 2.5x reduced m* for s-InSb compared to s-Ge QW
heterostructure. In-spite of smaller hole transport mass, the
experimental hole mobility for s-InSb is 55% lower com-
pared to s-Ge QW. This is a result of higher polar optical
phonon scattering and acoustic deformation potential scatter-
ing in InSb compared to Ge. The polar optical phonon
energy in InSb is 25 meV,’ 32% lower compared to Ge hav-
ing optical phonon energy of 37meV.’ Additionally, the
acoustic deformation potential, which indicates the strength
of coupling between holes and lattice vibration, is 30eV'®
for InSb, which is 100% higher compared to Ge featuring
15eV.'"" These fundamental material parameters indicate
that room temperature dominant phonon scattering is higher
in InSb compared to Ge. Hence, it can be inferred that, for
similar values of strain in InSb and Ge QW, the hole trans-
port and mobility are likely to be superior for the s-Ge QW
compared to s-InSb.
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FIG. 6. (a) Experimental and modeled hole mobility as a function of temper-
ature along with various scattering mechanisms. (b) Pareto plot of contribu-
tion from different scattering mechanisms to total mobility at 300K for
s-InSb and s-Ge QW heterostructures.
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FIG. 7. (a) Mobility vs. hole density at room temperature overlayed on a
contour map of ballistic mean free path for Strained Si,* s-InSb,? s-Ge,* and
s-InGaSb®> showing 5x higher hole mobility compared to s-Si. (b)
Calculated effective injection velocity as a function of sheet charge density
for s-InSb, s-Ge, and s-InGaSb QW heterostructure systems at 300 K.

Scaled FETs in the future may operate very close to the
ballistic limit. Hence, the ballistic mean free path and the
velocity at the source end, called as effective injection veloc-
ity (Vipj) will have to be enhanced. The 300 K mobilities vs.
hole density overlayed on contour map of ballistic mean free
path for s-Si,4 s—InSb,2 s—Ge,4 and s-InGaSb® QW hetero-
structures is shown in Fig. 7(a). The ballistic mean free path
is directly proportional to the mobility and the square root of
the carrier concentration.’ Hence, the QW heterostructures
featuring high hole mobility have 3x larger hole mean free
path than s-Si. In Fig. 7(b), the calculated viy; as a function
of sheet density for s-InSb, s-Ge and s-InGaSb QW hetero-
structures is shown. The v;,; depends on thermal velocity of
holes that is inversely proportional to m* in addition to the
degeneracy of the Fermi level in the valence band.'>™'* The
significant increase in m* due to band nonparabolicity results
in decreasing vi,; as a function of Ns for s-InSb and
s-InGaSb QW systems. However, vj,; for s-Ge reduces for
Ns of 5 x 10'2/cm2, then increases at high Ns due to constant
m* as extracted from k.p calculations and increasing degen-
eracy of Fermi level. Hence, in the absence of hole scatter-
ing, the lower effective mass enables s-InSb QW system as
favorable for low Ns (<5 x 1012/cm2). However, at high Ns
(>5x 1012/cm2), s-Ge with higher vj,; shows promise as
p-channel ballistic transistor.

We have examined the hole mobility and carrier concen-
tration of 2% compressively strained InSb and 1.3% s-Ge
quantum well heterostructure and over a range of tempera-
ture from 20K to 300 K. Magnetotransport measurements
were performed on the InSb QW and in-plane hole effective
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mass of 0.08 m( was extracted at T=4K and hole concen-
tration of 1.9 x 10"2cm ™2, which is 60% lower than the
experimental effective mass for compressively strained Ge
QW and InGaSb QW at same sheet density. At high Ns,
s-Ge features 1.5x lower transport mass compared to s-InSb
QW. Hole density modeling as a function of temperature
indicated major contribution from the first heavy hole sub-
band, in addition to 1/10 contribution from parallel conduc-
tion in buffer layer at room temperature. Mobility-limiting
scattering mechanisms were identified to be polar optical
phonon scattering at room temperature and interface rough-
ness scattering at low temperature. Advantage of strain-
induced m* reduction was negated by 32% lower phonon
energy and 100% higher acoustic deformation potential in
s-InSb compared to s-Ge. In the ballistic limit, s-Ge QW out-
performs other heterosystems with high vy, at high Ns which
stems from higher Fermi level degeneracy and constant m*.
These results indicate s-Ge as favorable channel material for
high performance p-channel MOSFETs for scaled technol-
ogy nodes.
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