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Maksim Ermolaev,' Sergey Suchalkin,® Gregory Belenky," Gela Kipshidze,'
Boris Laikhtman,? Seongphill Moon,** Mykhaylo Ozerov,® Dmitry Smirnov,>

Stefan P. Svensson,® and Wendy L. Sarney®

IState University of New York at Stony Brook, Stony Brook, New York 11794-2350, USA
’Racah Institute of Physics, Hebrew University, Jerusalem 91904, Israel

3National High Magnetic Field Laboratory, Tallahassee, Florida 32310, USA
4Department of Physics, Florida State University, Tallahassee, Florida 32306, USA
5U.S.Army Research Laboratory, 2800 Powder Mill Rd, Adelphi, Maryland 20783, USA

(Received 12 August 2018; accepted 4 November 2018; published online 20 November 2018)

Metamorphic strain compensated InSb/InAsSby s, superlattices (SLs) with ultrathin layers and
different periods grown on GaSb substrate were designed, fabricated, and characterized. It was shown
that a period increase from 3 to 6.2 nm reduced the effective bandgap energy from 70 to OmeV. A
further increase in the period leads to inversion of the valence and conduction bands. Magneto-optical
experiments demonstrated that Dirac-like carrier dispersion is characteristic of almost gapless
InSb/InAsSby 5, SLs. Indication of hole transport enhancement over that found in InAsSb/InAsSb SL
structures is presented. Published by AIP Publishing. https://doi.org/10.1063/1.5051767

Fabrication of semiconductor devices operating at a
wavelength of 8 um and above requires narrow gap materials.
In the case of III-V strained-layer superlattices (SLs) grown
pseudomorphically on GaSb, the layer containing electrons
must be very thick' in order to minimize the SL bandgap.
This requirement leads to suppression of the hole transport
and reduction of the optical absorption coefficient.?

The metamorphic approach for growth of virtual sub-
strates on GaSb allows the lattice constant to be a design
parameter and enables growth of bulk InAsSb as well as type
II SLs with enhanced design flexibility which make them the
best amongst the competing choices to HgCdTe for long and
very-long wave optoelectronic applications.” The materials’
effective bandgap can be tuned to values lower than the mini-
mum bulk value of InAsSb by the use of high quality narrow
band, strain compensated SLs with ultra-thin layers (short-
period SLs)* that can be thought of as an ordered alloy. A SLS
period can generally consist of InAs;_,Sb,/InAs;_,Sb,. The
commonly used “Ga-free” SLS refers to the case x >y=0.
We have recently demonstrated the properties of the case
x>y >0. In this work, we use x=1, y>0 and present a
short-period strain-compensated InSb/InAsSbg s, SL grown on
a virtual substrate with an in-plane lattice constant of 6.33 A.
Variation of the period thickness allows fabrication of a series
of SL structures with bandgaps ranging from 70 meV down to
zero and further to band inversion. Besides applications for far
infra-red optoelectronics, the materials can serve as a new plat-
form for observation of intriguing physical phenomena like
Dirac carrier dispersion and non-trivial topological phases™®

Increasing the As composition in the electron-containing
layer and the Sb composition in the hole-containing layer leads
to an increase in the type-II band discontinuity [Fig. 1(a)].
The discontinuity is further enhanced by the tensile strain in
the electron-containing layers and the compressive strain in the
hole-containing layers. The distribution of strain between the
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“electron” and “hole” layers is controlled by the lattice con-
stant of the virtual substrate.

The pair of materials we have chosen for the SL layers
allows us to reach almost the maximum type II discontinuity
while maintaining manageable layer strain (Fig. 1). The SLs
were grown by solid-source molecular beam epitaxy on
undoped (100) GaSb substrates. The P-doped metamorphic
buffer was graded from GaSb to Alg3,Ing ¢gSb with a thick-
ness of ~2240nm and an effective lattice constant of 6.33 A.
InAsg 48Sbg 5o/InSb ordered alloys having a thickness of 1 um
and periods of 3, 4.7, 6.2, and 7.8nm were sandwiched
between 500nm (bottom) and 200nm (top) thick p-doped
Alyg7Ing33Sb barriers. The top barrier was covered with
~30nm of the corresponding ordered alloy as a cap layer.
The InAsSby s, layers are under 1% tensile strain and InSb
layers are under ~2% compressive strain. Strain balance was
achieved with a layer thickness ratio of 2. The cap, both bar-
riers, and the graded buffer are p-doped to 10'®cm™ for all
samples to avoid formation of 2D carrier “pockets” at the
interfaces between the alloy layer and the barriers.” The crys-
talline quality of the samples was studied by high resolution
x-ray diffraction (HRXRD) with a coupled 2Theta/Omega
scan and transmission electron microscopy (TEM). Carrier
concentrations were obtained from Hall measurements. The
Hall bars were formed by wet etching down to the bottom
barrier. Ohmic contacts were fabricated by deposition of Ni/
Au/Ge/Ni/Au layers followed by rapid thermal annealing at
260 °C for 2 min and deposition of Ti/Pt/Au cover layers.

The energy band structure and bandgap were probed by
magneto-optics measurements. Magnetic field dependence of
the transmission spectra was obtained in the Faraday geome-
try. Samples were mounted in a cryostat equipped with
a superconductive magnet. A Fourier-transform infrared
(FTIR) spectrometer with a globar as an emission source and
a Si bolometer was used to capture spectra. The substrate
side of the samples was wedged to eliminate interference
effects. Hall and magneto-optics measurements were per-
formed at liquid He temperatures.

Published by AIP Publishing.


https://doi.org/10.1063/1.5051767
https://doi.org/10.1063/1.5051767
mailto:sergey.suchalkin@stonybrook.edu
mailto:sergey.suchalkin@stonybrook.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5051767&domain=pdf&date_stamp=2018-11-20

213104-2 Ermolaev et al.

400+
Ec
200
S Qe >
L 0 ’ ) .
E o AEy, =
w ' ! K o
200 ¥ . [
’ w
1 .7
-400- : Seeeaet .
-600 T T T T J
0 02 04 06 08 0.1
Sb composition

Appl. Phys. Lett. 113, 213104 (2018)

0.4m E,
0.3
1 b
0.1=

Ehh
0.0
0.1 Tensile strain ~1% Epn
02
03 Compressive strain ~2%
0.4
0.5 —

.

INASg 435Dy 5, InSb

FIG. 1. Conduction and valence band energies of InAs; _,Sb, as a function of Sb composition x. The bowing of the valence band is neglected. The solid verti-
cal red and blue lines correspond to the constituent layer materials of the InSb/InAsSby s, SLs, and the dashed red and blue lines correspond to InAsSby 3/
InAsSby -5° (a); Schematic band edge structure of a single period of SL with bulk electron (E.), heavy hole (Eyy,), and light hole (Ey,) energies of the SL materi-

als. The gray area corresponds to the bandgap of bulk materials (b).
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A 2Theta/Omega x-ray rocking curve for the SL with a
period of 4.7 nm is shown in Fig. 2(a). Zero and first order
peaks are well resolved, and their position is in agreement
with the designed period of the samples. A TEM image [Fig.
2(b)] demonstrates a dislocation-free periodic structure with
light layers corresponding to InSb layers and the dark ones
corresponding to InAsSb.

Carrier concentrations obtained from Hall measurements
for all samples were in the range of 1.11 x 10'° to 2.26 x 10'°
cm ™ (Table I). Since it is very difficult to observe photolumi-
nescence from ultralow bandgap materials, we used magneto-
absorption to evaluate the SL bandgaps.

Relative transmission T(B)/T(0) spectra for samples
with a period equal to 6.2nm are presented as heat-maps
with intensity indicated by color in Fig. 3.

A simple two-band kp model® was used to fit the experi-
mental interband Landau level absorption lines. In this
model, the in-plane spectrum of a narrow gap short period
SL can be characterized with two parameters: SL bandgap
E, and Fermi velocity v

TABLE 1. Carrier concentrations and experimental bandgaps for InSb/
InAsSby 5, with different periods.

3

Sample # Period, nm Concentration, cm™ Eg, meV
1 3 2.26 x 10" ~70
2 45 1.11 x 10'° ~40
3 6.2 1.43 x 10'° ~0
4 7.8 1.55 x 10'° Inverted

FIG. 2. Omega/2theta scan (a); TEM
image of the sample with a period of
4.7nm. Brighter lines correspond to
InSb layers (b).

ey

Here, E, is the SL bandgap, formed by the ground electron
and heavy hole subbands, v is the Fermi velocity, and zero
energy is taken at the top of heavy hole subband. The Fermi
velocity depends on the electron-hole envelop overlap and
the average over the SL period momentum matrix element
between electron and heavy hole subbands. The dashed lines
in Figs. 3(a) and 3(b) are calculated intraband (CR) and
interband optical transitions. There is another group of con-
current interband transition lines with an intercept energy of
~400 meV. The latter depends on the SL period so we attri-
bute this feature to the optical transition between the first
heavy hole sub-band and the ground electron sub-band.’
This transition is parity-forbidden for k| = 0 but allowed for
ki =7%in a type II S1.'° The calculated transition energy is
close to the observed one. The detailed study of these fea-
tures will be reported elsewhere.

Qualitatively, the magneto-absorption spectra are similar
to those observed in narrow bandgap InAsSby3/InAsSby 75
SLs.® This is expectable since in a nearly gapless SL, the in-
plane spectrum is determined by just one parameter—v;.. The
best fit is obtained with a Fermi velocity of ~7.4 x 10° m/s
which is ~10% higher than in the previously reported
InAsSbg 3/InAsSby 75. Since the interband momentum matrix
elements are very close in InAs and InSb,11 the difference can
be accounted for by slightly different overlap between elec-
tron and hole states in the SL.
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FIG. 3. Color plot of the relative trans-
mission as a function of energy and
magnetic field B for the SL with a
6.2nm period in the Mid-IR (a) and
Far-IR (b) spectral ranges. Red color
corresponds to lower magnitude. The
dashed lines are the calculated transi-
tion energies.
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FIG. 4. High resolution TEM image of
structure 2. Brighter areas correspond
to InSb (a). Calculated band structure
of an InSb/InAsSby s, SL with a 6.2-
nm period. Graded interfaces with an
effective thickness of 2nm were used
for the model as shown in the inset (b).
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The bandgaps, estimated from the energy axis intercept
of the magnetic field dependence of the interband Landau
level transition energies, are presented in Table 1. The
8 band kp calculations'? give bandgap values which are
lower than the experimental ones.

For example, the zero bandgap crossing is calculated to
take place for a SL period of 4.8 nm while the experiment
indicates that the zero gap is reached at ~6.2 nm. A possible
reason for this discrepancy is interface roughness'® which is
clearly seen in the high resolution TEM pictures [Fig. 4(a)]
and a well-known problem in the InAs/InSb system.'* In the
first approximation, the interface roughness can be taken into
account by the introduction of interfaces with a linearly
graded composition [see the inset in Fig. 4(b)]. This will
“soften” the SL ordering and make the material somewhat
more resembling of the random ternary alloy with a bandgap
of about ~100meV. The effect of “smoothed out” interfaces
will be more pronounced in a short period SL. To obtain
nearly zero bandgap at the SL period of 6.2 nm, the effective
interface width has to be around 2 nm.

The calculated in-plane dispersion for such a SL is
shown in Fig. 4(b). The Fermi velocity calculated using data
in Fig. 4 is ~8.6 x 10°m/s, which is close to the experi-
mental value. The CR and interband absorption lines in the
SL with a period of 7.8nm (Fig. 5) demonstrate nonzero
intercept with the magnetic field axis, which is indicative of
the bandgap inversion. '

One of the striking features of the structures is that in
spite of the considerable interface roughness, the transitions
between electron and hole Landau levels are resolved much

better than in a InAsSbgs/[nAsSby7s SL with the same
period, while the cyclotron absorption lines have similar
intensity and half-width. It is clearly seen in magneto-
transmission spectra of structures with 4.5nm and 6.2 nm
periods shown in Fig. 6. The same effect was observed in
all the structures.

The interface disorder provides a major mechanism of the
elastic scattering in structures with narrow quantum wells.'®
It may have a different effect on the intraband magneto-
absorption (cyclotron resonance) and interband transitions
between electron and hole Landau levels. Qualitatively, the
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FIG. 5. Color plot of the relative transmission as a function of energy and
square root of the magnetic field B for the InSb/InAsSby 5, SL with a 7.8-nm
period in the Mid-IR.
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interface roughness can be considered as a local random
change in the SL layer width.

For a qualitative illustration, we used the approximation
of smooth potential, i.e., the electron wavelength is less than
the correlation length of the interface roughness profile. In
the case of a SL with ultralow effective E,, the Landau level
energies can be expressed as

E hVF

EF,,N——i—l— 2(n+1) (2a)
B
for electrons and
g hVF
Ehhn N___ V2n (2b)

for heavy holes. For simplicity, just one spin direction is con-
sidered. Here, n is the Landau level number, Iz = \/E is the

_ \Phhel 6

magnetic length, vy can be expressed as vp = and my

is the free electron mass. Interface roughness makes the E,
and vy functions of the lateral coordinate r: E,,vp = Eg,
vr(r). However, lateral fluctuations of E, do not contribute
to the cyclotron resonance transition energy Ecp = E.»
—E, . This energy fluctuates only due to fluctuations of vg.
The latter depends on the local SL layer width even if the
momentum matrix element in the adjacent SL layers is close.
In this case, |Pp.| = P 1% and

1z1.2-106-1[ﬂ, 3)

P
" V2
where P in the momentum matrix element for InAs and
GaSb, % ~22eV and [ = ’fod ie(z)fzh(z)dz’ is the overlap

between electron ¢,(z) and heavy hole states ;,(z) in the
SL; z is the coordinate along the growth direction. The lat-
eral fluctuations of the SL layer widths lead to fluctuations of
the overlap between electrons and heavy holes and hence to
fluctuations of vz. Therefore, the fluctuations of the transition
energies are

h
OEop — OEe,y = — [\/n1 +1—+/m+ 1}1)51 (4a)

for cyclotron resonance transition and

h
5Ee‘nl - 5Ehh,i12 = W |:\/ m+1+ \/n2i| PoI (4b)
0B

150 200 250 300 350

Energy (meV)

for interband transitions. It is obvious that the effect of the
same interface roughness on the line width of interband tran-
sitions will be much stronger than on the line width of the
cyclotron resonance due to the different sign in the square
brackets. This difference of the line widths for cyclotron res-
onance and interband transitions will take place even beyond
the approximation of long range roughness used to obtain
Egs. (4a) and (4b). since it comes from a strong correlation
of the level fluctuations. This correlation is due to a strong
intermixing between electron and hole states in a narrow gap
SL. Landau level fluctuations in the same band are in phase,
while for different bands, they are out of phase. This is
explicitly seen in Egs. (2a) and (2b).

In conclusion, metamorphic strain compensated InSb/
InAsSbg s, SLs with ultrathin layers and different periods
grown on the GaSb substrate were designed, fabricated, and
characterized. It was shown that a period increase from 3 to
6.2 nm reduced the bandgap energy from 70 to O meV. A fur-
ther increase in the period leads to inversion of the valence
and conduction bands. Magneto-optical experiments demon-
strated that almost gapless InSb/InAsSby 5, SLs are character-
ized by Dirac-like carrier dispersion. Evidence for the hole
transport enhancement compared to InAsSbg;/InAsSby 75
structures was presented.
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