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1.0 INTRODUCTION

The objective of this in-house research program was to develop an alternative material system
for use in very long wavelength infrared (VLWIR) focal plane arrays with the sensitivity
required at 40K for long range sensing used in space. The alternative material system researched
and developed was based on thin alternating layers of indium arsenide (InAs) and indium
gallium antimonide (InGaSb) creating a superlattice material capable of infrared detection out to
30 microns. The program utilized a synergistic combination of computational modeling,
materials growth, processing, characterization, and performance demonstration to advance the
state-of-the art in superlattice materials based on InAs/InGaSb heterostructures. Systematic
studies of the molecular beam epitaxial growth and resulting electronic and optical properties
were used to optimize the performance of this material system to push the technology closer to
the predicted theoretical performance. Computational modeling was used to understand the
underlying physics of these materials as well as provide guidance on improved superlattice
designs. There were 19 journal articles and 9 proceedings papers written on the research results.
The complete listing is at the end of the report.

To capture some of the results accomplished and reported under this research task, selected
published papers are incorporated into the report. These selected papers demonstrate the breadth
of the effort and highlight different aspects of the research effort. Further details can be explored
by reading other papers by the team included in the publication list.
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2.0 Very Long Wavelength Infrared Detector Materials Research

2.1 Calculation of the vertical and horizontal electron mobilities in InAs/GaSb
Superlattices

F. Szmulowicz' and G. J. Brown®

'University of Dayton Research Institute, 300 College Park, Dayton, OH 45469-0072
*Materials & Manufacturing Directorate, Air Force Research Laboratory, WPAFB, OH 45433-
7707

ABSTRACT

Efficient perpendicular transport of carriers by drift and diffusion in InAs/GaSb superlattice-
based devices is necessary for achieving high device figures of merit. However, the values of
perpendicular mobilities are usually inferred indirectly or through nonstandard experiments.
Treating perpendicular and transverse mobilities on equal footing, we present here the results of
a calculation of perpendicular and transverse electron mobilities in InAs/GaSb superlattices as
limited by interface-roughness scattering. We prove that, in absence of screening, vertical
mobilities are generally smaller than horizontal mobilities; with screening, either can be greater
than the other. From the mobility curves calculated here for a representative set of samples and
roughness parameters, it is possible to infer the value of the vertical mobility from measurements
of the horizontal mobility.

INTRODUCTION

The performance of third-generation infrared focal plane arrays and photodiodes based on type-II
InAs/GaSb superlattices (SL)' requires efficient, vertical transport of photoexcited carriers’ by
drift and diffusion. Unlike horizontal mobilities, vertical mobilities are not measured routinely
and are either found from nonstandard and indirect experimental techniques such as geometric
magneto-resistance” or inferred indirectly from current-voltage data.® Here, a consistent a model
of horizontal and vertical mobilities as limited by interface roughness scattering is presented.
These results can be used to infer the values of vertical mobilities from knowledge of
experimentally measured horizontal mobilities and then used in device modeling and for guiding
materials development.

Because of the flatness of the heavy-hole bands in the growth direction, charge transport in
InAs/GaSb SLs mainly relies on the movement of minority electrons. Electron mobilities are
limited by interface roughness scattering (IRS),” phonon scattering,’ and alloy, point, or extended
defect scattering.” Since the vertical and horizontal transport is limited by the same scattering
mechanisms, it should be possible, with the aid of a consistent model, to infer the values of
vertical mobilities from the knowledge of experimental horizontal mobilities.

RESULTS AND DISCUSSION

Electron mobilities in InAs/GaSb type-II superlattices are calculated by solving the Boltzmann
equation using the scattering rates found by extending the analytical development due to Butcher
and Dharssi.® First, the electronic structure and wave function of electrons are found by solving
the 3x3 envelope function Hamiltonian® which accounts for the coupling of the conduction, light-
hole, and spin-orbit bands,'® but in which the parallel and perpendicular motions are decoupled.
The Schrodinger equation is solved subject to the periodic boundary conditions, which results in
the familiar Kronig-Penney problem for energies. The energy band structure has the form

2
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£(k, .k
m, , (1)

where (k.k,) are the parallel and perpendicular wave vectors, M, is the parallel mass, and £(k,) is
the solution of the Kronig-Penney problem.'® The wave function has the form "

(2] Ky k) = (5.2)= %EXPGKM °1, i, (Z) "

where %, (2) is the cell-periodic Bloch wave with, =7/ { <k, <z /¢ i the superlattice
period, and A is the cross-sectional area of the superlattice.

Interface-roughness scattering has been shown to be the main source of low-temperature carrier
scattering in InAs/GaSb SLs.'' Its source are the fluctuation in well width 4() at position %, with
the lateral correlation length of interface fluctuations 4, which give rise to localized
perturbations of height Vo (GaSb-InAs conduction band offset) at the well/barrier, z=a, and
barrier/well, z =—-a, interfaces. Assuming the autocorrelation function of interface fluctuations
to be Gaussian, the ensemble-averaged transition rate for scattering between eigenstates kK and

K’ at two equivalent interfaces is given by'”

exp(— ‘ku —Kj

2 2
T(k,k')zzxz”{vo Gl
n A

2A2/4)¢k;(af¢kz(af}xa<s(k)—e(k'>> 5

k

which is randomizing®'® in ¥z and displays explicit dependence on wave function amplitude.

Using these rates, the Boltzmann equation is solved in the relaxation time approximation for the
electron distribution function f(k), with the relaxation rate for perpendicular transport given by'*

B (aj2 I{Azlgk'jexp(—f(k;z +k? )J@(g —& )}

1 B 2m“€ ) 2 M P
rL(g,k,)( n Vs ‘¢kz(a1 JAZA {IO .

4)

where lo is the zeroth order, modified Bessel function of the first kind, =|k|, and @ is the

Heaveside step function. The parallel relaxation rate is given by

1 __ Vv jdk’[l—ﬁwcow}(k,k')

z'”(k) (27[)3 K z'||(k) (5)

which requires an iterative solution. An iterative solutions is started with the quantum-well limit
solution, for which k; =k, (thus, %(k’)=7(k)), so that Equation 5 can be integrated for (ek)",
with |, in Equation (4) is replaced by
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Ak, Ak, Ak,
| = | > 1, 1,
2 2 2 ©)

where 1,1s the first order, modified Bessel function of the first kind. The mobilities are given
py!212

[z, (k)\/i (?;EOJdk
[ fo(k)dk , 7)

My =€

jfll(k)v;[gféjdk
T ©

10e
where the carrier velocity V(k)zgaT is obtained from the calculated band structure. Using (6) for
transverse relaxation rates, one has that fek )z (¢ ’kr), so that for isotropic carrier masses
# = 1. . Importantly, the ratio of the mobilities is independent of A.

The ingredients of the calculation are the calculated band structures and wave functions.
Interface roughness scattering also depends on the modulus squared of the carrier wave function
at the interfaces, Eqs. 3-5 . Mobilities were calculated as a function of superlattice and
roughness parameter, with the parallel relaxation rates iterated until converged to 1 part in a
million. Figure 1 shows a representative graph calculated without screening for mobilities as a
function of InAs layer width. As expected for interface roughness scattering, the calculated
mobilities increase with InAs layer width and, as deduced earlier, #> .. Ataround 60 A the
electron level falls below the top of the valence band in the GaSb barrier material, which allows
the electron to tunnel through GaSb partially as a light hole, which explains the change in the
slope at that InAs width. As a function of GaSb layer width (not shown), the calculated
mobilities decrease with increasing GaSb layer width since the electron wave function cannot
penetrate into the barrier material and is more susceptible to InAs layer width fluctuations;
perpendicular mobilities also decrease because the carrier mass increases with superlattice
period.

4
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Figure 1. The calculated vertical and horizontal mobilities as a function of InAs layer width
for the indicated parameters.

However, interface roughness scattering is screened by the free electrons, which reduces
scattering rates and enhances mobilities. Adopting Thomas-Fermi screening, the transition
matrix is multiplied by the screening factor'>'®

2
S (q):( q JZ _ ‘kn—kﬁ i _ \/kf—Zk,k; cosd' +k!?
c !
q4+9 ey =il +a JKZ2 =2k k! cos &' +K!? +q,

where [~k is the parallel momentum transfer and dis the Thomas-Fermi screening length, a
number on the order of 180 A. Note that screening is largest for backward scattering, & = 7, for
which the factor 1—(k; /k,)cos® =1+(k; /k ) in Equation 5 is also the largest. Hence, screening
accentuates parallel rates with respect to perpendicular rates, making it is possible for
perpendicular mobilities to be larger than horizontal mobilities.

)

We use the roughness parameters (4,4) to fit the measured horizontal mobilities and then
calculate them to calculate the perpendicular mobilities. In Figure 2, we show a fit to the
horizontal mobilities of four n-type InAs/GaSb SL samples studied earlier. '’ Using the
experimentally measured carrier concentrations '’ on the order of 3.0 x10'® cm™and the
calculated band structure, the Fermi energies for the four samples were found to be between 15.6
and 19.5 meV. Taking the vertical roughness parameter for the widest sample to be 4=1 ML
(monolayer), its horizontal mobility was fit with the correlation length 4=225 A, a number that
is of the same order of magnitude as measured by STM by Lew et al.,'® who found (A=1.9+0.1

5
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A, A=112+16 A; A=2.8£0.2 A, A=174+21 A) for InAs on InGaSb and (A=3.2+0.2 A, A=301+39
A; A=4.3+0.2 A, A=327+38 A) for InGaSb on InAs interfaces in (110)/(1-10) cross-sections.
Using this value of 4 for the rest of the samples, the corresponding values of 4 were also on the
order of 1 ML except for the narrowest sample in the study, for which 4 was on the order of 2
ML (observe that for both mobilities x«4?). These values were then used to calculate the
corresponding vertical mobilities, as shown in Figure 2.

Figure 2 shows that as in quantum wells'® the horizontal mobility is a double-valued function of
A, with the minimum corresponding to the value of A comparable to the Fermi wavelength. For
the values of the fitted (4,4) pairs, the perpendicular mobilities are about half the horizontal
mobilities; however, these ratios are very sensitive to the value of A but are independent of A.
Curves like those in Figure 2 make it possible to find the values of perpendicular mobilities
given the measured value of the corresponding horizontal mobility.

20000

/u (72.7 Al24 A)
" A=3.0A

n,(62.3 A/24 A)

15000 [ A =3.5A

<
o
=
E 10000 -
> I n (53.6 A/24 A) |
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=)
[=]
E L
5000 .
p'{411 Ai24 A)
0 1 ] | o [mo=s===- b el el 'I'ﬁ' =6'4A
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A (A)

Figure 2. The calculated perpendicular (continuous) and parallel (dashed) mobilities for
four samples for which low-temperature in-plane mobilities (denoted by squares and
dashed-dotted lines) are available. The ratio of the mobilities is independent of the assumed
value of 4.

CONCLUSION

The vertical and horizontal interface roughness scattering-limited mobilities in InAs/GaSb
superlattices have been calculated by solving the corresponding Boltzmann equation, using the
energy spectra and wave functions obtained from the solution of a coupled envelope-function
Hamiltonian for the superlattice. Both mobilities are treated on equal footing, using the same
model for interface roughness scattering transition rates, which makes it possible to compare the
two. The calculated mobilities are strong functions of the interface roughness parameters and of

6
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carrier screening. In absence of screening, a theorem was derived that shows that vertical
mobilities are generally smaller than horizontal mobilities. With screening included, backward
scattering in horizontal transport is accentuated, so that no general predictions can be made.
Using present results and the measured values of horizontal mobilities, it possible to estimate the
corresponding vertical mobilities for use in detector modeling and materials optimization.
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ABSTRACT

We explore the optimum growth space for a supetlattice (SL) structure of 47.0 A InAs/21.5 A
Gay 75Ing 25Sb designed for the maximum Auger suppression for a very long wavelength infrared
gap. Our growth process to create this SL structure produces a consistent band gap of 50+5
meV. However SL quality assessed by photoresponse (PR) intensity is very sensitive to the
growth temperature (T,). For the SLs grown at 390-470 °C, a PR signal gradually increases as
T, increases from 400 to 440 °C with a maximum at 440 °C. Outside this temperature window,
the SL quality deteriorates very rapidly. All SLs were residual n-type with mobility of ~10,000
V/em® and 300 K recombination lifetime of ~70 ns for an optimized SL.

INTRODUCTION

An alternative infrared material system proposed by Smith and Mailhiot' uses the concept of
broken-gap type-II band alignment of the InAs/GalnSb strained layer superlattices (SLs) to
achieve narrow gaps for the very long wavelength infrared (VLWIR) detection (>14 um). By
alloying indium to the GaSb layer, the lattice constant of the GalnSb layer increases. The biaxial
tension in the InAs layer lowers the conduction band, while the biaxial compression in the
GalnAs layer raises the heavy-hole (HH) band. As a result, the very narrow gap can be achieved
without sacrificing optical absorption. In addition, an intentionally introduced strain can create a
large splitting between the HH and light-hole bands in the p-type SLs; this situation can prevent
the hole-hole Auger recombination process, therefore the Auger limited minority carrier lifetime,
detectivity, and the background limited operating temperature can be significantly improved.
Grein et. al.” demonstrated how a small variation in the strain splitting between the uppermost
valence bands can create an order of magnitude differences on their calculated detectivities. For
the SLs designed for the same 80 meV gap at 40 K, the electronic band structure of either 49.7 A
InAs/57.0 A Gagolng ;Sb or 47.0 A InAs/21 .5 A GagsIng25Sb SL designs computed with the
interface terms had the total lifetime of either 5x10™ or 1.4x10” seconds. This difference leads
the device detectivity to be either 5.2x10" or 6.0x10'* cmHz"/W. Although the greater strain
splitting generates the better detectivity, one has to limit the indium alloy composition below
30% due to difficulties in strain balancing above this percentage. The authors also computed
device detectivity for the more realistic case of 82 meV SL detectors with a 35 ns Shockley-
Read-Hall (SRH) lifetime.” Unexpectedly, Auger processes were fast enough to overrule SRH
processes, and the detectors still can operate at reasonably high temperatures, roughly exceeding
150 K.> Therefore, strained InAs/GaInSb SL system appeared to be an excellent choice for the
VLWIR detection. Unfortunately, the VLWIR InAs/GalnSb material growth studies are still in
immature stage of development. Many crystal growers tend to believe that the existence of an
alloy layer can create a higher degree of disorder caused by alloy scattering, indium segregation,
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compositional interdiffusion, and unpredictable others. Therefore controlling a precise gap and
achieving high quality of materials using the ternary system can be more difficult than using the
binary. So far, a majority of reported VLWIR photodiodes covering 50 % cutoff wavelengths
from 15 to 26 um at 10 K in the past years were based on minimally strained binary SL
materials.*’ Although there was a report of a ternary SL photodiode with a 50 % cutoff
wavelength of 21 um at 40 K using a 29 MLs InAs/10 MLs Gayg 93Ing¢7Sb SLs with 1 ML of
InSb-like interfacial bonds,” the authors added very little indium to their design and could not
take advantages of alloying indium to the GaSb layer to improve Auger lifetimes. Therefore,
their detectivity was about 3x10° cmHz"*/W at 40 K.

In this letter, we report ternary growth studies to develop this material for VLWIR detection. We
select a SL structure of 47.0 A InAs/21.5 A GagsIng»5Sb proposed by Grein et. al.,2 theoretically
adjusted for the greatest possible detectivity, and optimize a growth parameter for the best
possible material quality. Since SL material quality is strongly related to the densities of
nonradiative SRH recombination centers and the residual dopings, the impact of growth
temperature (T,) on the photoresponse (PR) intensity, the charge carrier density and mobility,
and the recombination lifetimes will be investigated using photoconductivity, temperature-
dependent Hall effect, and time-resolved pump-probe measurements.

The ternary SLs were grown by molecular beam epitaxy using elemental metals for Ga and In,
and valved cracker cells for As and Sb. The repeated SL stack and buffer layer were deposited
on a lightly doped n-type GaSb (100) wafer, which provides a high enough resistivity substrate
for electrical measurements.” A series of 0.5 um thick 47.0 A InAs/21.5 A Gag75Ing 25Sb SLs
were grown at T, between 390 and 470 °C. To grow the intended sample structure, the growth
rate combination of 1.20, 0.33, and 0.40 A/s was used for GaSb, InAs, and InSb, respectively.
The V/III flux ratio was set at minimum of 3 for both InAs and GaSb layers. Since monomeric
Sb is the species critical to reducing densities of SRH recombination centers in the SL material,
we set a cracking zone temperature at 950 °C for the series, which is close to the suggested value
by the EPI Model 200 cc Mark V Corrosive Series Valved Cracker. Interface between InAs and
GalnSb layer was not intentionally controlled in order to compensate the residual strain in the
SLs. Therefore, the strain of the SLs varied between +0.2 and 0.0 %. Structural properties of
grown samples such as SL period, residual strain, and overall layer thickness were assessed by
high-resolution transmission electron microscopy (HRTEM) and high-resolution X-ray rocking
curve (HRXRC) measurements. Figure 3a is a HRTEM image of a 47 A InAs/21.5 A

Ing25Gag 75Sb SLs showing the first few SL periods adjacent to the substrate, wherein the
amplitude contrast is optimized to delineate the individual layers in the structure. The average
values for the individual layer thicknesses of InAs and GalnSb measured from this image were
45.7A +0.4 A and22.8 A + 1.6 A, which are close to their respective intended values of 47.0 A
and 21.5 A. In addition, quantitative strain analysis of these images was also performed using
procedures described in a previous report.'® Figure 3b shows the profile of the strain tensor Oyy
normal to the growth direction, averaged along the interface. Sharp negative spikes at the
GalnSb-on-InAs interface (denoted by arrows) are clearly observed, indicating that this interface
is in tensile strain and that the dominant bond type at this interface is Ga-As. On the other hand
the regions corresponding to the InAs-on-GalnSb interface exhibits strain inversion so that the
overall strain at this interface is small. It is also observed that the GalnSb layers exhibit a strong
compressive strain of approximately 0.03, which is consistent with the high indium in this
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sample. Further analysis indicated that the net strain over several periods examined is to be
about 0.0005. With the measured period of 68.4 A strain balanced SL structure, we obtained the
band gap of 45.3 meV or a corresponding onset wavelength of 26.4 um. The measured periods
and strains of the growth temperature study series are listed in Table 1.
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Figure 3. (a) A HRTEM image of a 47 A InAs/21.5 A Ing,sGaShg.s superlattice showing the
first few layers near the substrate. (b) The strain profile of the strain tensor &,y along the
growth direction averaged parallel to the interface.

Table 1. Summary of the measurements results for the sample set. The photoresponse and
Hall results are from measurements at 10 K. The cut-off wavelength 2. is selected at the
point where the intensity drops by 50 %. The PR intensity was measured at 100 meV
above the band gap. All of the samples were n-type.

Sample ;[‘g P € E, Ac PR inten.sity Carr_izer Mol;ility
‘O | A) (%) (meV) | (um) (arb. units) (cm™) (cm”/Vs)
SL1 390 | 67.8 | +0.18 X X X 9.1 E+11 6073
SL2 400 | 68.5 | +0.17 47.0 19.0 0.08 8.9 E+11 9887
SL3 410 | 67.5 | +0.17 43.8 20.1 0.32 7.1 E+11 11286
SL4 430 | 68.0 | +0.17 46.0 19.0 0.59 6.4 E+11 10502
SL5 440 | 67.5 | +0.16 53.0 17.0 1.09 5.2 E+11 9950
SL6 450 | 68.6 | +0.16 50.0 16.2 0.07 5.6 E+11 8529
SL7 460 | 67.7 | +0.11 60.0 15.7 0.06 2.8 E+13 112
SL8 470 | 67.5 | +0.00 X X X 1.2 E+14 21
10
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Since the strength of PR signal is a strong function of the overall material quality, PR spectra
were used to identify the spectral range of the material and strength of the optically excited
signal. The spectra were collected with a Fourier Transform Infrared spectrometer at a
temperature of 10 K. Due to the relatively low resistivity of the samples, the photoconductivity
was measured in the current biased mode, with a current of 0.5 mA between two parallel strip
contacts on the surface. Figure 4 shows the five PR spectra collected from the sample set with
varying T, of 400, 410, 430, 440, and 450 °C. Although the PR intensities are given in arbitrary
units, the relative signal strengths can still be compared as the test conditions for all the samples
were kept constant. We observe that the band gap energies of all SLs in this series are around 50
+5 meV, while PR intensity gradually increases as T, increases from 400 to 440 °C by reaching a
maximum at 440 °C, and then drops by over an order of magnitude at higher temperatures. This
result indicates that while our MBE growth process used can reproduce a consistent gap near 50
meV within a range of few meV. However the PR intensity can be very sensitive to the minor
variations of material quality. We observe a shallow growth window of 410-440 °C for given V
fluxes and cracking zone temperatures we used. Outside this temperature window, the material
quality deteriorates very rapidly.
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Figure 4. Comparison of the photoresponse spectra of five 47.0 A InAs/21.5 A Gay75IngsSb
SL samples grown at 400-450 °C. The insert shows the PR intensity as a function of growth
temperature (T,).

To investigate transport properties, variable temperature resistivity and Hall effect measurements
were performed on each sample in this set. The temperature dependence of the in-plane mobility
for two SLs is shown in Figure 5a, where the mobility is relatively temperature insensitive up to
roughly 70 K. The 10 K carrier density and mobility, along with the corresponding T,, for each
sample are listed in Table 1. The impact of growth temperature on the carrier mobility is
summarized on Table 1, and illustrated in Figure 5b. The mobility increases from 6,000 to
11,300 cm?/Vs as T, increases from 390 to 410 °C, gradually decreases to 8500 cm?/Vs as T,
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increases to 450 °C, and then drops significantly for the two highest T, of 460 and 470 °C. The
background carrier density gradually decreases, reaching a minimum of 5.2 x 10" cm™ at 440
°C, with a corresponding mobility of roughly 10,000 cm?/Vs. Based on the transport data,
transport properties rapidly deteriorate for T, above 450 °C.
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Figure 5. (a) Temperature dependence of the carrier mobility as a function of T for SL
samples grown at 440 (red solid squares) and 390 °C (blue solid triangles). (b) The mobility
as a function of growth temperature.

To measure the minority carrier lifetime, we performed time-resolved differential reflectivity
measurements at 300 K on a SL sample. The pump was the output of an optical parametric
amplifier (OPA), which was pumped by a regeneratively amplified Ti:Sapphire laser (CPA-
2001, Clark-MXR, Inc.) with a repetition rate of 1 kHz. The wavelength of the OPA beam was
tuned to 1.5 um. The probe was the output of a continuous wave (CW) laser diode with a
wavelength of 780 nm. A silicon balanced detector with a bandwidth of 350 MHz (PDB130A,
Thorlabs, Inc.) was used to measure the difference in optical power between a reference arm of
the probe beam, and the probe beam reflected from the surface of the sample at the pump spot.
By measuring the RF output of the balanced detector with a fast oscilloscope, we were able to
measure the change in reflectivity due to the pump with a time resolution of ~1 ns. Figure 6
shows the result of this measurement at 300 K. We interpret that the change in differential
reflectivity is caused by a change in the index of refraction due to the presence of optically
excited carriers. Here, we see multiple exponential decay components in the differential
reflectivity. After fitting the data with the sum of four exponentials, we determined that the
dominant contribution of recombination lifetimes comes from an exponential with a decay time
of ~70 ns. We note that the actual recombination lifetimes from the bulk SL layer are likely to
be longer than the measured lifetimes demonstrated in here; since our sample was grown without
carrier isolating barriers, carrier leakage out of the SL and subsequent surface and substrate
recombination are expected to contribute to the measured recombination rate.
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Figure 6. Time-resolved differential reflectivity data for a ~50 meV 47 A InAs/21.5 A
Ing25GaSb 75 superlattice sample at 300 K. The dominant recombination carrier lifetime
was measured to be ~70 ns.

In conclusion, a combination of photoconductivity, temperature dependent Hall, and time-
resolved differential reflectivity measurements was used to investigate the impact of T, on the
material quality of VLWIR InAs/GalnSb SLs. For the studies, a series of 47.0 A InAs/21.5 A
Gay.75In9 25Sb SLs were grown by MBE at T, ranging from 390 to 470 °C. The results showed
that our MBE growth process used to create a ternary SL structure produced a consistent band
gap of 50+5 meV. However the material quality of the grown samples assessed by PR intensity
and Hall mobility was very sensitive to T,. We observed a general trend of improving PR
intensity as the temperature increases. The PR signal exhibited a maximum at 440 °C, and then
dropped rapidly to less than 0.1 a. u. at higher temperatures. The SLs were all residual n-type,
however the mobility varied between 11,300 and 21 cm?/Vs. The mobility of the SL grown at
440 °C was approximately 10,000 V/cm® with a sheet carrier concentration of 5x10'' cm™,
however the mobility precipitously dropped to 21 cm?/Vs at higher temperatures. The 300 K
recombination lifetime of an optimized SL sample that produced a strong PR signal was roughly
70 ns.
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Abstract

Atomic resolution transmission electron microscopy is performed to examine the strain
distribution in an InAs/InAs;.x)Sby superlattice, grown on a (100)-GaSb substrate. The strain
profiles reveal that the thickness of tensile regions in the superlattice is significantly lower than
expected, with a corresponding increase in thickness of the compressive regions. Furthermore,
significant grading is observed within the tensile regions of the strain profile, indicating Sb
intermixing from the InAsSb growth surface. The results signify an effective reduction in the
InAs layer thickness due to the anion (As-Sb) exchange process at the InAs-on-InAsSb interface.

INTRODUCTION

Arsenide/antimonide based III-V semiconductor strained layer superlattices have attracted
significant attention as tunable device materials for mid- to very long-wavelength infrared
detection.''® There are two categories of interest: those based on the InAs/InyGaj.x)Sb system,
and others based on the Ga-free InAs/InAs,Sbyi.y) system. While InAs/In,Ga(1x)Sb superlattices
have been extensively studied for over two decades,'” InAs/InAs,Sb(;.x) superlattices have only
recently emerged as potential alternatives,”' due to their superior minority carrier lifetime,
which is attributed to the absence of Ga-induced SRH defects.”” A critical aspect in the design
and growth of these materials is balancing the superlattice strain, which needs to be performed
such that, in addition to achieving high structural quality, the appropriate composition and
associated strain of the constituent layers are maintained over the whole structure. Proper strain
profiles across individual layers in the superlattice is particularly important for tailoring of the
superlattice band structure and related properties.* An examination of the local strain distribution
within the superlattice is then important, since it provides a direct means for investigating
atomistic processes that control structural evolution during growth and for understanding how
these affect key properties of the overall structure. Atomic scale strain distribution studies have
been recently been reported on InAs/In,Ga1.Sb superlattices, which revealed the nature of
strain localization at interfaces and surface segregation within GaSb layers.'"'* There is however
a lack of similar studies on InAs/InAs,Sby.x) superlattices. The objective of the present
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communication is to apply recent advancements in high-resolution transmission electron
microscopy (HRTEM) to examine the nature of strain distribution in InAs/ InAs;.x)Sbx
superlattices. The approach employed is similar to that described in recent studies,'’ wherein
aberration corrected HRTEM is used in combination with advanced digital image analysis to
obtain strain maps across thin layers (1 — 2 nm) at high spatial resolution.

RESULTS AND DISCUSSION

The superlattice sample investigated in this study was grown on a (100) GaSb substrate by
molecular beam epitaxy, having a nominal period of 7.2 nm, with nominal thickness values of
5.8 nm for InAs and 1.5 nm for InAs;x)Sby, and a nominal value of x= 0.4 for the composition.
Cross-sectional samples for TEM observations along the orthogonal [011] and [0-11] zone axes
were prepared by conventional ion-milling, with the sample mounted on a liquid-nitrogen cooled
cryo-stage. The HRTEM observations were performed using a Titan 80-300 TEM equipped with
a spherical aberration (image) corrector. The constituent layers in the superlattice were examined
using the negative spherical aberration (Cs) imaging (NCSI) method,"*'* wherein the nominal
value of C; was set to -20 um and the images acquired at over-focus settings in the range of 6-10
nm. Under these imaging conditions the projected atomic columns appear bright on a dark
background, providing high contrast and enhanced spatial resolution of the cation and anion
sublattices for precise location of the atomic columns and subsequent measurement of local
lattice displacements (of the order of 10 picometers).'"*'*

Figure 7 is an X-ray diffraction profile of the (400) reflection from the sample. The superlattice
is closely lattice matched to the GaSb substrate, which is evident from the small separation in the
respective peak positions. The superlattice period as measured from the superlattice satellite
peaks was 7.3 nm. Figure 8(a) is a dark-field TEM image obtained using the chemically sensitive
(200) reflections, wherein the InAs and InAsSb layers appear bright and dark, respectively.
Measurement of the individual layer thicknesses from these images, based on the delineation of
image contrast, yielded an average value of 5.5 = 0.14 nm for the InAs layers and 1.8 + 0.1 nm
for InAsSb layers. The distinct dark contrast typically seen at interfaces in (200) - dark field
images of InAs/InGaSb superlattices' is not observed in these structures. A profile of the
intensity distribution across the layers in the superlattice, shown in Figure 8(b), indicates a
grading in the composition in the interfacial regions.
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Figure 7. (400) ®-20 X-ray diffraction scan of the InAs/InAsSb SL with the inset showing
the substrate peak and the SL zero-order peak.
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Figure 8. (a) (200) dark-field image of the superlattice, showing the InAs (bright) and the
InAs,Sb(-y (dark), and (b) the intensity profile within the marked region in (a), average
parallel to the interfaces, showing grading in the InAs layers.
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Figure 9 is an HRTEM image of the superlattice structure (after applying a background
subtraction filter'® for noise removal) showing the first few layers above the substrate, wherein
the bright dots in this image correspond to the projected atomic columns. To obtain the strain
distribution in the superlattice, these images were further analyzed by the peak-pair method,"’
using a commercial software package (HREM Research, Inc.). The procedure adopted was
similar to that described in the original publication by Galindo et al.,'” except that the Bragg
filtering step was excluded, in order to retain all spatial frequency components contributing to
the image. The analysis was performed such that the strain component &, was parallel to the
interface (along [011]) and &, was along the growth direction ([100]). The two components
were determined with respect to an averaged reference lattice in the substrate (GaSb) region.

Figure 9 A high-resolution TEM image of the superlattice where the bright dots
correspond to the projected atomic columns.

Similar to previous studies, a detailed analysis of the maps of the two components showed that
the values for &, are negligible, thereby indicating that the interfaces are coherent.'' Figures 10
(a) and (b) show the map of the strain component €,y and its profile over a region including the
first few periods of the superlattice adjacent to the substrate. The strain map in Figure 10 (a)
clearly delineates the compressive (yellow/red) and tensile (green/blue) regions in the
superlattice, corresponding to the InAsSb and InAs layers, respectively. From the strain profile
shown in Figure 10 (b), the mean value of the peak strain in the InAsSb layers was measured to
be 0.023, yielding a value of x = 0.25 for InAs(;.x)Sby. The average superlattice period
determined from peak-to-peak separation in the strain profile was 7.3 nm, in good agreement
with those measured by X-ray diffraction profile and dark-field imaging. However, a
measurement of the thickness of individual layers in the strain map indicated a significantly
lower value of 4.66 + 0.13 nm for the region in tensile strain and a corresponding higher value of
2.62 £ 0.05 nm for regions in compressive strain. The strain profiles thus indicate an effective
reduction of over 15% in the InAs layer thickness.
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Figure 10. (a) A strain map of the strain tensor &y, along the growth direction, and (b) a
plot of the strain profile, averaged parallel to the interface, within the marked region in (a).

To further examine the strain distribution within each layer in the superlattice, the mean strain
profile was obtained from aligning by cross-correlation and averaging over the three periods in
the boxed region in Figure 10 (a). The resulting profile, shown in Figure 11, clearly reveals an
asymmetric grading in the InAs layer, with a slow increase in the tensile strain at the InAs-on-
InAsSb interface (right) and a relatively abrupt change from tensile to compressive strain at the
InAsSb-on-InAs interface (left). The grading in the strain profile observed in the vicinity of the
InAs-on-InAsSb interface indicates an incorporation of Sb into InAs, most likely due to surface
segregation of Sb from the InAsSb layer, induced by the As-Sb exchange reaction.'®!"” As
additional support to the observed strained profile, a comparison of the intensity profile in Figure
8(b) was performed by inverting the image in Figure 8(a) and rescaling the pixel values to the
same range as that for the strain map in Figure 10(a). Figure 11 shows the average intensity
profile for the (inverted) (200) dark-field image, obtained from a similar averaging procedure as
that for the strain profile. A direct correlation between the two profiles is evident and, given the
compositional sensitivity of the zinc-blende (200) reflection,” clearly indicates a grading in
chemical composition.
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Figure 11. (a) Profile of the strain tensor &,y (shaded) and the (200) dark-field intensity
(black line) averaged over three superlattice periods.

It is of interest to compare the above results with those reported in similar studies on
InAs/InyGa1.5)Sb superlattices.] 112 1t is well known that strain localization at interfaces and the
need to tailor interface composition plays an important role in Ga-based superlattices, due to the
formation of Ga-As (tensile) and In-Sb (compressive) bonds at the interface. In the present study,
however, the need for interface composition control is alleviated due to the absence of Ga in
these superlattices. Indeed, a comparison of the strain profile in Figure 10, with those reported
for InAs—InXGa(l_x)Sb,“’12 show that the strong negative spikes due to the dominant presence of
Ga-As bonds (in interfaces with no composition control), are not observed herein. The present
results however indicate that anion segregation at the InAs-on-InAsSb interface must be
addressed, which should be possible by appropriate control of As/Sb and V/III flux ratios."’

In summary, the strain distribution across interfaces in an InAs/InAs;.x)Sby superlattice was
investigated by aberration corrected HRTEM. The strain profiles (gyy) revealed significant
reduction in the InAs layer thickness and also compositional grading within these layers, due to
the segregation of Sb from the InAsSb surface. To preserve the designed InAs layer thickness
and composition, the As-Sb exchange reaction at the InAs-on-InAsSb interface must be
controlled, which is important since the band gap of the superlattice and related properties are
sensitive to monolayer fluctuations in its thickness.*'
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ABSTRACT

The impact of post growth annealing on the electrical properties of a long wavelength infrared
type-II superlattice (SL) was explored. Quarters of a single SL wafer were annealed at 440, 480
and 515 °C respectively for 30 minutes. Changes in the electrical properties were followed using
spectral photoconductivity, temperature dependent Hall effect and time-resolved pump-probe
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measurements. The band gap energy remained at ~107 meV for each anneal and the
photoresponse spectra showed a 25% improvement. The carrier lifetime increased from 12 ns to
~15 ns with annealing. While the electron mobility showed little change for the 440 and 480 °C
anneals, it increased from ~4500 cm?/Vs to 6300 cm?/Vs for the 515 °C anneal.

INTRODUCTION

There has been a steady effort in developing long wavelength infrared (LWIR) photodetectors
using InAs/GaSb superlattice (SL) materials due to their capability for engineering the band
structure to optimize detector performance. For instance, by creating a larger energy separation
between the heavy-hole and light-hole bands than the SL energy band gap, Auger recombination
rates can be substantially reduced. Grein et al.' reported that for the LWIR band, an ideal SL
would have substantial performance enhancement due to the suppression of Auger
recombination processes. Unfortunately, most reported epitaxially grown InAs/GaSb
superlattices exhibit overall carrier lifetimes less than 100 nanoseconds (ns).”> Due to the large
number of Shockley-Read-Hall (SRH) defects generated during the deposition process, SL
photodiodes cannot be operated at theoretically predicted performance levels. Unless significant
improvements are made to resolve intrinsic defect issues in these SL materials, the defect-related
generation-recombination process in SL photodiodes will still be the dominant cause of short
minority carrier lifetime. In the past years, we have explored a variety of growth parameters to
reduce defects and background carriers in the mid-wavelength infrared (MWIR) InAs/GaSb SL
materials.*” However, our studies show that the epitaxial growth parameters optimized for
MWIR SL growth are not directly applicable for LWIR SL growth.

In this study, a combination of spectral photoconductivity, temperature dependent Hall effect,
and time-resolved pump-probe studies on a controlled set of SL samples was used to explore
LWIR SL material optimization. The impact of post growth annealing on the charge carrier
density, mobility, photoresponse (PR) intensity and recombination dynamics is reported in the
following sections.

RESULTS AND DISCUSSION

In order to assess the impact of post growth annealing on the lifetime limiting defects and
electrical properties, a sample set containing one unannealed control and three annealed quarters
of the same two inch diameter epitaxial wafer were studied. The SL stack and buffer layer were
deposited on a lightly doped n-type GaSb (100) wafer, which provides a high enough resistivity
substrate for electrical measurements. The 0.3 um thick GaSb buffer layer was grown at 490 °C
followed by growth of a 0.5 um thick SL stack at 400 °C. The 0.5 um thick SL stack was
composed of 16 MLs InAs/7 MLs GaSb with a band gap energy of 107 meV and a
photoresponse onset at 11.6 um. The V/III beam equivalent flux ratio was around 3-4 for both
InAs and GaSb layers, with growth rates of 0.4-0.6 A/s for the InAs layers and 0.6 A/s for the
GaSb layers. The intended SL structure was confirmed by high resolution X-ray rocking curves.
The measured period of the control sample was 68 A.

After the SL growth, the last layer was terminated with a arsenic (As) capping layer to protect
the SL during ex-situ cleaving of the wafer into quarters. Of these 4 samples, one went back into
the growth chamber to remove the As-cap layer and was kept as a control sample (unannealed).
Another quarter went back into the growth chamber to remove the As-cap layer and then
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immediately annealed in-situ at 440 £10 °C for 30 minutes under a Sb-over pressure of 6x107
torr. The same procedure was used for the other two quarters with in-situ annealing temperatures
of 480 °C and 515°C respectively. Samples for Hall effect, spectral photoconductivity and carrier
lifetime were cut from each of these quarters.

For the carrier lifetime measurements, the four samples were analyzed by a pump-probe
technique. Direct measurement of minority carrier lifetimes in LWIR SLs has recently been
conducted by time-resolved photoluminescence.® Here we present time-resolved differential
transmission measurements’ using an electronically delayed pump-probe technique.'® A
commercially available amplified, titanium: sapphire laser was used to pump an optical
parametric amplifier where, through difference frequency generation, pump pulses of 250 fs
duration and a wavelength of 4.6 um were generated and used to excite electron-hole pairs in the
SLs. The long wavelength of the pump pulse ensures that the optically injected carriers are
injected uniformly through the SL and not in the GaSb substrate or cap. A 9.3 um quantum
cascade laser, with a full width at half maximum pulse duration of 3 ns, was used to probe near
the band gap of the SLs, and was synchronized with the 1 kHz pump by a precision electronic
delay generator. By electronically scanning the time delay between the pump and probe,
recombination processes that occur on time scales ranging from a few nanoseconds to a
millisecond can be measured. The pump and probe were focused to radii (¢ of the intensity) of
715 and 290 um, respectively and spatially overlapped on the sample, which was held at 77 K
inside a closed-loop Helium cooled cryostat. The pump was chopped at 500 Hz and the
transmitted probe was detected by a single-element HgCdTe detector cooled to 77 K. A long-
pass filter was placed before the detector to eliminate pump scatter. The pump-induced change in
probe transmission was extracted from the detector signal using a "gate and hold" method
consisting of two gated integrator and lock-in amplifier pairs, one pair measured AT and the
other the transmission of the probe in the absence of a pump pulse. The differential transmission
was recorded as a function of temporal delay between the pump and probe and pump pulse
energy, which was varied from 80 to 20 nJ. The SL absorption coefficient at 4.6 um was
calculated to be 1600 cm™, corresponding to 8 % of the pump being absorbed in the SL. To
exclude any AT/T signature arising from the substrate, measurements were made on similar
LWIR SL material with the substrate removed and it was found that the observed AT/T is
exclusive to the SLs.

The time-resolved AT/T data were well described by a simple model incorporating the cross-
correlation between a Gaussian probe pulse and a mono-exponential decay. The carrier
recombination rates were extracted from these fits. On the relatively long time scales and large
optically excited area considered here, the excited carrier population is assumed to be uniform
throughout the probed portion of SL and to have been instantaneously generated by the ultrafast
pump pulse. The differential transmission for our control sample is shown in Figure 1a for
several excess carrier densities, the lowest of which corresponds to an average carrier density of
2x 10" em™. The inset to Figure 1a shows that, in the range of carrier densities probed, the peak
AT/T has a linear dependence on excess carrier density. Hence, the temporal evolution of AT/T
directly reflects the temporal evolution of the optically injected carrier density. Figure 1b shows
the recombination rate vs. excess carrier density for both control and annealed SL samples. The
recombination rates show a linear dependence on carrier density indicating that Auger processes
are negligible at these densities and that the minority carrier lifetime can be extracted as the
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inverse of the y-intercept.” Using this method, minority carrier lifetimes of 12.0 and 15.4 ns were
measured for the control and 440 °C annealed SL samples, respectively. Lifetimes for the other
two samples are listed in Table 2 and show no additional improvement at the higher anneals. As
these samples were grown without carrier confinement barriers, carrier leakage out of the SL and
the subsequent surface and substrate recombination are expected to contribute to the measured
minority carrier lifetimes. The measured decay rate is, therefore, an upper limit to the SRH
recombination rate. That is, the actual SRH lifetimes from the SL are likely longer than the
measured lifetimes. We note that, in addition to the somewhat longer lifetime in the annealed
samples, the data in Figure 12b show that this sample has a greater radiative decay component,
as indicated by the somewhat larger slope. Both the longer measured lifetime and the larger
radiative decay component are consistent with the modest improvement in the quality of the
annealed SL sample.
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Figure 12. (a) The time-resolved differential transmission decays with model fits for a
control 0.5 pm thick 16 MLs InAs/7 MLs GaSb SL sample. The pump fluence ranges from
3-0.6 p,J/cmz. The lowest curve corresponds to an average excess carrier density of 2 x 10'
cm”. The inset shows the linear dependence of the peak AT/T on the excess carrier density.

(b) The inverse lifetime vs. excess carrier density for the control (open circles) and
annealed SL samples (solid triangles). The minority carrier lifetimes were measured to be
12.0 ns and 15.4 ns for the control and annealed SL samples, respectively and were found

as the y-intercept of a linear fit to the data.
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Table 2. Summary of the measurement results for the sample set. The photoresponse and
Hall results are from measurements at 10K. The cut-off wavelength (1) is selected at the
point where the intensity drops by 50%. The PR intensity was measured at 85 meV above
the band gap. All of the samples were n-type.

sample Anneal Eg A PR Intensity Sheet carmier Mhlobility | Lifetime
(°C) (meV) ) [arb. units) o) {cm /W s) ins)
A control 107.2 10.3 3.1 159 E+12 4800 12
B 4440 107.3 10.2 3.0 1.89 E+12 4238 154
C 480 109.2 10.2 6.3 203 E+12 4005 14.6
D 313 109.4 10.3 6.2 1.13 E+12 6336 15.2

The impact of annealing on the SL sheet carrier density and mobility was investigated using
variable temperature resistivity and Hall effect measurements. The variation of the carrier
density and the in-plane mobility for each SL along with those of the GaSb substrate are shown
in Figure 13. The higher resistivity GaSb substrate enabled isolation of the superlattice charge
carriers from those of the substrate at temperatures up to 80K. Hall measurements on the GaSb
substrate were performed on a pristine wafer from the same lot as the wafer used for the SL
growth. The carrier density curves are tightly grouped at temperatures below 25K. The carrier
densities at 10K are listed in Table 2 along with the corresponding mobilities. The mobility
curves are very similar between the samples, with three of the samples having mobilities in the
range of 4000 to 4800 cm?/Vs at low temperature. The SL annealed at 515 °C has a higher
mobility over a wide temperature range and is relatively temperature independent up to 80K. The
higher mobility (6300 cm2/Vs) and nature of the T dependence indicate that the interface
roughness may be reduced slightly with the 515 °C anneal.
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Figure 13. Temperature dependence of (a) the sheet carrier density as a function of 1000/T,
and (b) the carrier mobility as a function of T of the unannealed and three annealed SL
samples. The measurements on a lightly doped n-type GaSb substrate are included to
demonstrate the insignificant impact of the substrate on the SL parameters at low T.
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Since the strength of photoresponse signal is a strong function of the overall material quality, PR
spectra were used to identify the spectral range of the material and strength of the optically
excited signal. The spectra were collected with a Fourier Transform Infrared spectrometer at a
temperature of 10 K. Due to the relatively low resistivity of the samples, the photoconductivity
was measured in the current biased mode, with a current of 0.5 mA between two parallel strip
contacts on the surface. Figure 14 shows the four PR spectra collected from the sample set.
Although the PR intensities are given in arbitrary units, the relative signal strengths can still be
compared as the test conditions for all the samples were kept constant. The band gap energies
reported in Table 2 were determined by fitting a straight line along the band edge transition and
noting the intersection with the energy axis. Since the band gap energy remained fairly constant,
showing a shift of less than 2 meV, it can be concluded that the SL layers are not interdiffusing
and that samples taken from all four quarters are very consistent. Similar to the carrier lifetime
results, the photoresponse is modestly enhanced (~25% increase in signal) by the annealing. The
typical error in PR intensity from test to test is about 10% which means the slight decrease in
photoresponse at 515 °C is not significant. The result of a lower PR intensity for the 440 °C
anneal is unexpected but does follow the slightly lower mobility and higher carrier density
measured. Previous studies on other SL designs had found annealing at >450 °C to be beneficial
which agrees with the PR, Hall and lifetime results.'"*'?

Photoresponse (arb. units)

100 150 200 250
Energy (meV)

Figure 14. Comparison of the photoresponse spectra from the control and three annealed

SL samples measured at 10K. The annealing temperatures for each sample producing the

spectrum are indicated. The small features on the spectra come from water vapor, organic
residues and 60 Hz noise spikes.

CONCLUSIONS

A combination of photoconductivity, temperature dependent Hall, and time-resolved differential
transmission measurements, which used an electronically delayed pump-probe technique, was
used to investigate the benefits of post growth, in-situ annealing on a LWIR InAs/GaSb
superlattice. The carrier lifetime showed some improvement with annealing, increasing from 12
to 15.4 ns. The electron mobilities were relatively unaffected with the exception of the 515 °C
anneal results where the carrier concentration decreased and the mobility jumped from ~4500
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cm?/Vs to 6300 cm?/Vs. The photoresponse spectra showed a 25% improvement in signal for the
480 °C and 515 °C anneals. Overall the LWIR SLs benefit from a higher post growth anneal than
found in earlier studies where 450 °C was the optimum.
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Strain analysis of compositionally tailored interfaces in InAs/GaSb superlattices

Krishnamurthy Mahalingam, Heather J. Haugan, and Gail J. Brown
Air Force Research Laboratory, Materials and Manufacturing Directorate, Wright Patterson
AFB, OH 45433-7707

Abstract

The effect of interface composition control on interfacial strain distribution in InAs/GaSb
superlattices on (100)-GaSb substrates is investigated by atomic resolution scanning transmission
electron microscopy. The interface composition was controlled by either depositing InSb at each
interface, or soaking the GaSb-on-InAs interface under Sb, atmosphere. The strain profiles reveal
a distinct difference in the extent to which the superlattice strain is balanced using the two
methods. In particular, they indicate that the degree of strain balance achievable with soaking is
inherently limited by arsenic surface coverage during GaSb-on-InAs interface formation,
emphasizing the influence of V/III flux ratio at this interface. The results also explain observed
X-ray diffraction profiles.
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INTRODUCTION

InAs/GaSb superlattices display interesting optical and electronic properties' that are well suited
for many device applications, such as infrared detectors ** and lasers. >’ Matching the effective
lattice constant of the superlattice to its substrate, also referred to as strain balancing, is critical,
and is performed by precise control of interface composition during growth.® It is well known
that the local strain at interfaces can be significant due to the fact that both cations and anions
change across each interface, resulting in interfacial bonds of the type : Ga-As and In-Sb.*’ The
interfacial strain is then dependent on the prevalent bond type, being tensile for Ga-As bonds and
compressive for In-Sb bonds. Recent X-ray diffraction studies have shown that subtle change in
the interface composition causes substantial change in the overall superlattice strain, as measured
from the separation of the superlattice and substrate peaks.® Detailed studies on the composition
profiles of such interfaces have been reported.'''? However, for a fundamental insight into how
local changes in interface composition relate to the overall superlattice strain determined by X-
ray diffraction, a direct examination of the local strain at interfaces is highly desirable. In this
report we have performed such a study, wherein quantitative analysis of the strain distribution
across compositionally controlled interfaces in InAs/GaS superlattices is investigated by
aberration corrected scanning transmission electron microscopy (STEM), using the high-angle
annular dark-field (HAADF) imaging technique.”> The enhanced spatial resolution at the atomic
scale realized by aberration correction, combined with the high contrast due to atomic number
sensitivity in HAADF technique enables direct imaging of the cation and anion sublattices.
Furthermore, digital analysis of these images using peak pair analysis (PPA),"* permits precise
measurement of local atomic displacements, from which a map of the strain distribution in the
superlattice is determined with respect to an averaged reference lattice in the substrate region.

RESULTS AND DISCUSSION

The superlattices investigated in this study were grown on (100) GaSb substrates by molecular
beam epitaxy, using conditions described in detail in a previous report.® The nominal superlattice
period was 7.0 nm, with intended thickness of 4.9 nm for InAs layers and 2.1 nm for GaSb
layers. The samples examined consisted of superlattices in which the interfaces were formed
under with no composition control, and those in which the interfaces were formed with
controlled modification of chemical composition. Two types of interfacial composition control
were investigated: structures wherein each interface was tailored to be “InSb-like,” by a
controlled deposition of 0.8 ML of InSb after completion of each GaSb or InAs layer and
structures where a growth interruption (soaking) of 6 sec under an Sb; flux was performed only
at the InAs growth surface, prior to deposition of the GaSb layer. Cross-sectional samples, for
imaging along the [011] and [0 T 1] zone axes, were prepared by liquid N cooled ion-milling.
The observations were performed using the TEAM 0.5 transmission electron microscope
(NCEM, Berkeley, CA), operated at 300 kV.

Figure 15 shows the X-ray diffraction profile of the (400) reflection from the three samples,
where the well-defined pendellosung fringes around the superlattice peak indicate high structural
quality of the constituent layers. A systematic change in the separation between the substrate and
superlattice peak is observed, showing that interface composition control has a significant effect
on the overall superlattice strain. The superlattice with no interface control is in tensile strain
with respect to the GaSb substrate, whereas that with the InSb deposition is nearly strain
balanced. The superlattice with soaking is in intermediate tensile strain.
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Figure 15. X-ray diffraction profiles of the (400) reflection showing the GaSb substrate and
the superlattice peaks.

Figure 16 is a representative HAADF-STEM i1mage of the different superlattices examined in
this study, where the individual layers adjacent to the substrate are labeled and the position of
interfaces identified by arrows (the background subtraction filter was applied for noise
removal”). The bright dots in this image correspond to the projected atomic columns. The inset
in Figure 16(a) is a magnified image of an interfacial region showing that the projected cation
and anion columns are well separated to perform quantitative analysis of the lattice
displacements. To quantify the strain distribution in superlattice these images were analyzed
using the PPA method, as described in earlier reports. *"'* The mapping procedure was performed
such that the strain components &, was parallel to the interface (along [011]) and &,y along the
growth direction ([100]). Similar to the previous study ° the profiles of &,, were negligible

indicating that the interfaces are coherent with substrate, and that relaxation due TEM to sample
preparation is insignificant.
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Figure 16. (a) HAADF-STEM image of the InAs/GaSb superlattlce structure, where the
arrows indicate position of interfaces. The inset on left is a magnified view of an interface
showing well-resolved atomic columns .

Figure 17 (a) shows the map of the strain tensor, €y, for the superlattice grown with no interface
control, where the compressive and tensile regions in the superlattice corresponding to the GaSb
and InAs layers are clearly revealed. Figure 17(b) shows the strain profile, averaged along the
interface. It is observed that the profile at each GaSb-on-InAs interface exhibits a prominent
negative spike, indicating that this interface is in tensile strain and that the dominant bond type at
this interface is Ga-As. The InAs-on-GaSb interfaces exhibit strain inversion so that the
effective strain in these regions is negligible. Also, the thin GaSb layers within the superlattice
are consistently compressively strained, indicating incorporation of In into these layers which.
Based on the GaAs-like nature of the GaSb-on-InAs interface, this can be due to surface
segregation of In caused by the In-Ga exchange process during deposition of GaSb on InAs."°
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Figure 17. Strain analysis of the superlattice with no interface control showing (a) the map
of the strain tensor, &,, and (b) a plot of the strain profile averaged parallel to the interface
over the whole image in (a).

Figure 18 (a) shows the strain map for the superlattice grown with InSb deposition at each
interface along with the averaged strain profile in Figure 18 (b). A comparison with the profiles
in Figure 17 (b) shows that the negative spikes at the GaSb-on-InAs interface are not present. A
sharply peaked compressive strain is observed at both interfaces (indicated by arrows), which is
consistent with shift in the superlattice peak in the X-ray profiles (Figure 15).
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Figure 18. Strain analysis of the superlattice with InSb deposition showing (a) the map of
the strain tensor, &,, and (b) a plot of the strain profile averaged parallel to the interface
over the whole image in (a).

The strain map and the averaged strain profile for the superlattices grown with growth
interruption at the GaSb-on-InAs interface is shown in Figs. 5 (a) and (b). Similar to the results
shown in Figure 18, it is observed that the strain state changes from tensile to distinctly
compressive at this interface. However, an analysis of images obtained from the orthogonal
[011] zone axis, shown in Figs. 6 (a) and (b), reveals different results. Here it is clear that the
GaSb-on-InAs interface is in tensile strain similar to that observed in superlattices with no
interface control (as in Figure 17). These results indicate that the Sb, soaking only partially
compensates the tensile strain at the GaSb-on-InAs interfaces, which also accounts for the
intermediate tensile strain in the corresponding X-ray diffraction profile (Figure 15).
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Figure 19. Strain analysis of the superlattice with Sb, soaking showing (a) the map of the
strain tensor, &,y and (b) a plot of the strain profile averaged parallel to the interface over
the whole image in (a). The analysis was performed on HAADF-STEM images acquired
with the interfaces viewed along [011].
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Figure 20. Strain analysis of the superlattice with Sb, soaking showing (a) the map of the
strain tensor, &,y and (b) a plot of the strain profile averaged parallel to the interface over
the whole image in (a). The analysis was performed on HAADF-STEM images acquired
with the interfaces viewed along [0 T 1].
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It is worth reiterating that the different characteristics at the GaSb-on-InAs along orthogonal the
two <011> was observed only in superlattices with soaking. In superlattices with no interface
control and with InSb deposition, the strain at the GaSb-on-InAs interfaces in both cross-sections
were similar to those presented in Figs. 3 and 4, respectively. These result can be explained by
taking into consideration the polarity of the orthogonal <011> cross sections, where the two
surface bonds on the group-III species are along [011] and those on the group-V species along [0
T 1].'° In aberration-corrected HAADF-STEM imaging the polarity of the cross-section is easily
determined by inspecting the Ga and Sb atomic columns in the substrate region. An examination
of the GaSb region in the cross-sections of the samples with growth interruption, revealed that
the orientation in Figure 19 was along [011] and that in Figure 20 along [0 T 1].

An explanation of the above results is proposed based on the consideration that under typical
MBE growth conditions, the anion/cation surface coverage is strongly influenced by the V/III
flux ratio. The propensity for Ga-As bond formation during deposition of GaSb at the InAs
growth front (i.e. formation of the GaSb-on-InAs interface) is then dictated by the relative As/In
surface coverage, where the surface-As contribution occurs by direct bonding from impinging
Ga atoms and the surface-In contribution occurs from displacement due to the Ga-In exchange
process (In surface segregation) . Under pre-deposition of 0.8 ML InSb, which is performed by
first depositing In followed by exposure to Sb,, it is clear that the resulting interface is
compressive (“InSb-like”) since the deposition of In restricts the surface-As coverage and the
subsequent exposure to Sb; restricts the surface-exposed In. On the other hand, soaking under
Sb, alone affects only the surface-In coverage, having little impact on the surface-As coverage
(which is based on the fact that while the exchange of impinging As with bonded Sb is favored,
the converse is not'’). The Ga-As bonding resulting from this As-coverage is best revealed along
the [0 T 1] zone-axis (Figure 20b) in the strain mapping procedure adopted herein, since it
projects normal to the substrate and thus directly contributes to the strain tensor &y, along the
growth direction.

SUMMARY

In summary the strain mapping technique by HAADF-STEM reveals the impact of different
methods used for interface composition control on the local strain profiles across interfaces,
providing insight how they relate to the effective superlattice strain determined by X-ray
diffraction. However, full distinction between strain profiles associated with the different
techniques was possible only when orthogonal <011> cross-sections were examined. These
measurements are important for optimizing growth conditions since the overall superlattice
strain, and associated requirements for precisely tailoring interface composition, depend very
much on the superlattice design.'®
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ABSTRACT

We report ternary growth studies to develop a largely strained InAs/InGaSb superlattice (SL)
material for very long wavelength infrared (VLWIR) detection. We select a SL structure of 47.0
A InAs/21.5 A Ing25Gag 75Sb that theoretically designed for the greatest possible detectivity, and
tune growth conditions for the best possible material quality. Since material quality of grown
SLs is largely influenced by extrinsic defects such as nonradiative recombination centers and
residual background dopings in the grown layers, we investigate the effect of growth temperature
(T,) on the spectral responses and charge carrier transports using photoconductivity and
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temperature-dependent Hall effect measurements. Results indicate that molecular beam epitaxy
(MBE) growth process we developed produces a consistent gap near 50 meV within a range of
few meV, but SL spectral sensing determined by photoresponse (PR) intensity is very sensitive
to the minor changes in T,. For the SLs grown from 390 to 470 °C, a PR signal gradually
increases as T, increases from 400 to 440 °C by reaching a maximum at 440 °C. Outside this
growth window, the SL quality deteriorates very rapidly. All SLs grown for this study were n-
type, but the mobility varied in a variety of range between 11,300 and 21 cm®/Vs. The mobility
of the SL grown at 440 °C was approximately 10,000 V/cm” with a sheet carrier concentration of
5x10"" cm™, but the mobility precipitously dropped to 21 cm?/Vs at higher temperatures. Using
the knowledge we learned from this growth set, other growth parameters for the MBE ternary SL
growth should be further adjusted in order to achieve high performance of InAs/InGaSb
materials suitable for VLWIR detection.

INTRODUCTION

The development of infrared (IR) detectors that can operate with minimal cooling requirements
is important for low weight and low power IR imaging systems [1-3]. In the very long
wavelength infrared (VLWIR) band, InAs/InGaSb superlattice (SL) materials are an excellent
candidate for infrared photodiodes with cut-off wavelengths beyond 15 pm, especially for
operating temperatures above 15K [4]. The most promising material system currently is a
largely strained type-II InAs/In; xGa,Sb (ternary) superlattice (SL) system [5]. By alloying
indium to the GaSb layer, the lattice constant of the InGaSb layer increases. Therefore, the
biaxial tension in the InAs layer lowers the conduction band, while the biaxial compression in
the InGaSDb layer raises the heavy-hole (HH) band. As a result, the very narrow gap can be
achieved with larger absorption coefficients enabled by the use of thinner periods in the designs
[6], which is not possible in the case of a minimally strained InAs/GaSb (binary) SL system. In
addition, an intentionally introduced strain can create a large splitting between the HH and light-
hole bands in the SLs; this situation can prevent hole-hole Auger recombination processes.
Therefore the Auger limited minority carrier lifetime, detectivity, and the operating temperature
can be significantly improved. Grein et. al. [7] demonstrated how a small change in the strain
splitting between the uppermost valence bands can create huge differences on their calculated
detectivities. For the SLs designed for the same 80 meV gap at 40 K, the electronic band
structure of either 49.7 A InAs/57.0 A Ing1GagoSb or 47.0 A InAs/21.5 A Ing25Gag75Sb SL
designs had total lifetimes of either 5x10™ or 1.4x10” seconds. This difference led to an ideal
device detectivity of either 5.2x10" or 6.0x10"* cmHz"*/W, which is an order of magnitude
improvement in performance. Therefore, from a theoretical prospective, a largely strained
InAs/InGaSb SL system appears to be the best choice for VLWIR detection. Despite the
predicted theoretical advantages, and the early focus on ternary SL designs, MBE growth studies
on InAs/InGaSb SL materials are not as well developed as for the binary SL materials. A
majority of reported VLWIR photodiodes covering 50 % cutoff wavelengths from 15 to 26 um in
the previous years were based on minimally strained binary SL materials [8-11]. The use of a
ternary alloy layer can lead to a higher degree of disorder during epitaxial deposition causing
alloy scattering, indium segregation, and compositional inter-mixing. Therefore controlling an
alloy composition to produce a precise gap and controlling a growth process to achieve a high
quality material during a ternary material growth can be more difficult than during a binary
material growth. Although there was a report of a ternary SL photodiode with a 50 % cutoff
wavelength of 21 pm at 40 K using a 29 MLs InAs/10 MLs Ing ¢7Gag 93Sb SLs with 1 ML of
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InSb-like interfacial bonds [12], the authors added very little indium to their design and could not
take full advantage of the potential strain benefits. The reported detectivity was only 3x10°
cmHz"/W at 40 K for this photodiode so the opportunity for significant improvements remains.

In this work, using a combination of high-resolution X-ray diffraction (HRXRD), high-resolution
transmission electron microscopy (HRTEM), atomic force microscopy (AFM),
photoconductivity, and temperature dependent Hall effects measurements, we develop a
molecular beam epitaxy (MBE) growth process specifically for the ternary material growth. We
selected a SL structure of 47.0 A InAs/21.5 A Ing25Gag 75Sb proposed by Grein et. al. [7], where
their layer thicknesses and indium composition were theoretically adjusted for the greatest
possible detectivity, and then optimize growth conditions to be suitable for the ternary material
growth. Since SL material quality is strongly coupled with the densities of nonradiative SRH
recombination centers and the residual doping [13-15], growth parameters such as III/V flux
ratio, growth rates of group III elements, group V cracking temperature, and interface shutter
sequence were carefully coordinated to minimize the formation of these defects and then we
investigate the effect of T, on SL material quality.

TERNARY SUPERLATTICE GROWTHS

The ternary SL materials were grown by a Varian GEN-II MBE equipped with dual filament
SUMO cells for the group III elemental solid sources of Ga and In, and EPI valved cracker cells
for the As and Sb. The repeated SL stacks (0.5 um) and the undoped GaSb buffer layer (0.5 pm)
was deposited on lightly doped n-type GaSb (100) wafers, and a series of 47.0 A InAs/21.5 A

Ing »5Gag 75Sb SL samples were grown at T, between 390 and 470 °C. To grow the intended
sample structure under minimum cross contamination environment of the anion fluxes, the V/III
flux ratio was set at a minimum of 3 for both InGaSb and InAs depositions. In order to avoid an
excess amount of As-for-Sb exchange that degrades layer qualities [16, 17], we used very slow
growth rate for InAs layer deposition to minimize the As-background flux during the SL growth.
The growth rate of 1.20, 0.33, and 0.40 A/s was used for GaSb, InAs, and InSb, respectively.
Since monomeric Sb is the species critical to reducing densities of SRH recombination centers in
the SL material [18], we set a Sb cracking zone temperature at 950 °C for the series, which is
close to the suggested value by the EPI Model 200 cc Mark V Corrosive Series Valved Cracker
and As cracking zone temperature at 900 °C [19]. Interface between InAs and InGaSb layer was
not intentionally controlled in order to compensate the residual strain in the SLs. The net strain
of our series varied between +0.2 % and 0.0 %.

RESULTS AND DISCUSSION

Structural Characterization

In order to evaluate structural properties of grown samples, structural parameters such as SL
period, SL net strain, strain profiles across interfaces at atomic resolution, and individual layer
thickness were retrieved from a combination of HRXRD and HRTEM analysis. Figure 21 shows
a typical diffraction pattern of a closely lattice matched 47.0 A InAs/21.5 A Ing,5Gag75Sb SL
structure, showing well defined satellite peaks and Pendelldsung fringes around the satellite
peaks that demonstrate structurally high quality. To determine the SL period, the spacing
between the SL satellite peaks was used. The period was measured to be 68.3 A which is very
close to the intended period of 68.5 A.
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Figure 21. An X-ray diffraction patterns of a closely lattice matched 68.4 A period ternary

superlattice (SL) sample containing a 0.5 pm thick 47.0 A InAs/21.5 A Ing5GaSby75Sb SLs.

This structure produced the band gap of 46.4 meV or a corresponding onset wavelength of
26.7 pm.

While the SL periods can be accurately determined by HRXRC, it is difficult to measure
individual layer thickness and alloy composition with this technique. Therefore, we use HRTEM
images to retrieve these structural parameters to verify our intended ternary structure. The
observations were performed using an aberration (image) corrected Titan 80-300 TEM, which
permits the SLs to be imaged at high spatial resolution (= 1A), with negligible delocalization
artifacts at interfaces. Figure 22 is a typical HRTEM image of a closely lattice matched ternary
SL structure showing the first few SL periods adjacent to the substrate, wherein the amplitude
contrast is optimized to delineate the individual layers in the structure. The inset is a magnified
image showing that the individual atomic columns are clearly resolved. The average values for
the individual layer thicknesses of InAs and InGaSb measured from this image were 45.7 A + 0.4
A and 22.8 A + 1.6 A respectively, which are close to their respective intended values of 47.0 A
and 21.5 A.

Figure 22. A HRTEM image of a 47.0 A InAs/21.5 A Ing,sGaShg.75Sb superlattices showing
the first few layers near the substrate. Inset is a magnified image showing the projected
atomic columns along the [011] direction.
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In Figure 22 it is interesting to note the presence of distinct bright contrast at local regions near
the InGaSb-on-GaSb interfaces, which is not observed at the InAs-on-InGaSb interfaces. To
further examine the nature of these interfaces a detailed HRTEM study was performed, wherein
the local strain distribution across individual layers in SL was examined using techniques
described in recent reports [20, 21]. The inset in Figure 22 is a HRTEM image where the bright
spots correspond to the atomic positions. The image clearly shows that the positions are well
separated to permit quantitative analysis of atomic displacements within the SL. The analysis
was performed such that the strain components &, was parallel to the interface (along [011]) and
gyy along the growth direction ([100]).
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Figure 23. (a) The strain map of an InAs/Ing5Gay 75Sb superlattices and (b) the strain
profile of the strain tensor &,, along the growth direction averaged parallel to the interface
within the white box in (a).

Figure 23a is a map of &y, and Figure 23b is a profile of its distribution across individual layers,
averaged parallel to the interface within the area indicated in the figure. The strain profile (Figure
23b) clearly shows sharp negative spikes at the InGaSb-on-InAs interface corresponding to the
dark blue regions in the strain map in Figure 23a, thereby indicating that this interface is in
tensile strain and that the dominant bond type at this interface is Ga-As. It is also observed that
the InGaSDb layers (bright yellow regions) exhibit a strong compressive strain (approximately
0.03), which is induced by the high indium content in this sample. Further analysis indicated
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that the net strain over several periods examined is to be about 0.0005, which is a closely lattice
matched. For the strain balanced SL structure, with a measured period of 68.4 A, we obtained
the band gap energy of 45.3 meV, or a corresponding onset wavelength of 26.4 um. A summary
of the measured HRXRD SL period, net strains, and measured band gap energy determined from
the onset of the photoresponse spectra is plotted in Figure 24. This figure demonstrates the
repeatability of our MBE growth process over multiple sample depositions, the average period of
grown samples was in the 68.0 A + 0.5 A, which is very close to the intended SL period of 68.5
A. The measured SL structures of the 68.0 A = 0.5 A could produce fairly consistent gap

around 50 + 5 meV.
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Figure 24. (a) The measured period (black circles) and measured band gap (blue stars), (b)
measured net strain (black circles) as a function of the growth temperature (Ty).

Surface Characterization

In order to evaluate the surface morphology of epitaxial samples, the surface roughness and the
number of defects, as well as the size and shape, were monitored by AFM images scanned over
50 um x 50 um areas. Figure 25 shows the images of a few selected SL samples that were
grown at the respective growth temperatures of 390, 400, 440, 460, and 470 °C. Despite the
large difference in the growth temperatures, there were no significant changes in the average
root-mean-square (RMS) roughness for the SL samples grown at T, from 400 to 460 °C. In this
temperature range, the RMS values were around 3 A. However, there were significant changes
in RMS values for the two SL samples grown at the lowest (390 °C) and the highest temperature
(470 °C), their respective RMS values were 21 and 65 A.
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Figure 25. AFM images of 50 pm x 50 pm area scans of 0.5 pm thick 47.0 A InAs/21.5 A
Ing.25Gag.75Sb superlattices grown at growth temperature (Ty) of 390-470 °C (from left to
right). The value listed on the top (the bottom) of each image represents a T, (an average
root-mean-square roughness).

Optical Characterization

Since the strength of the PR signal is a strong indication of the suitability of a material for
infrared sensing, PR spectra were used to determine the band gap and the strength of the
optically excited signal. The spectra were collected with a Fourier Transform Infrared
Spectrometer at a temperature of 10 K. Due to the relatively low resistivity of the samples, the
photoconductivity was measured in the current biased mode, with a current of 0.5 mA between
two parallel strip contacts on the surface. Figure 26a shows the five PR spectra collected from
the sample set with varying T, of 400, 410, 430, 440, and 450 °C. Although the PR intensities
are given in arbitrary units, the relative signal strengths can still be compared as the test
conditions for all the samples were kept constant. We observe that the band gap energies of all
SLs in this series were consistently around 50 =5 meV as shown in the Figure 24a. The PR
intensity measured at 100 meV above the band gap gradually increases as T, increases from 400
to 440 °C, reaching a maximum at 440 °C, and then drops by over an order of magnitude at
higher temperatures (see Figure 26b). Thus, there is a relatively narrow growth window of 410-
440 °C for the group V fluxes and cracking zone temperatures used. Outside this temperature
window, the material quality deteriorates very rapidly. The measured band gap energies from all
of the grown SL ternary samples were approximately 30 meV lower than the theoretically
predicted value of 80 meV by Grein et. al. [7], and the cutoff wavelength of 19 pm, measured at
the point where the PR intensity has dropped by 50%, was longer. Although the HRXRD and
HRTEM measurements verify that the SL samples grown were very close to the intended design,
there remains a discrepancy between theory and experiment that needs to be resolved. Overall, a
good photoresponse signal was measured despite the fact that the SL total thickness was only 0.5
um. The heavy fringing on the long wavelength portion of the spectrum is not noise but a result
of multiple internal reflections through the substrate/buffer/superlattice stack. The lightly n-type
GaSb wafers do have significant infrared transparency [22]. As shown in Figure 26, the SL has
its maximum response over a wide wavelength range up to ~15 pm.
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Figure 26. (a) Comparison of the photoresponse spectra of five 47.0 A InAs/21.5 A
Ing25Gag.75Sb SL samples grown at 400-450 °C. (b) The plot shows the PR intensity as a
function of growth temperature (Tj).

Electrical Characterization

Hall measurements are normally used to characterize semiconductor materials. The best SL
materials are grown on GaSb substrates, where lattice mismatch induced dislocations are at a
minimum. However, standard GaSb substrates are conductive and traditional Hall measurements
have difficulty separating the conductivity of the SL from that of the substrate at temperatures
above about 20K. Recently, lightly doped n-type GaSb substrates have become available with
significantly reduced absorption in the infrared spectrum [22]. For SLs grown on these types of
substrates, we were able to significantly reduce the contribution from the substrate. This
reduction in the contribution from the substrate allows for the use of traditional in-plane Hall
measurements as a measure of material quality needed for device performance [14]. Here we
report transport parameters, carrier density and mobility, obtained by variable temperature
resistivity and Hall effect measurements for SL samples deposited on lightly doped n-type GaSb
substrates. The temperature dependence of the carrier density and in-plane mobility for two SLs
is shown in Figure 27, where the mobility and carrier density are relatively temperature
insensitive up to roughly 70 K, which is significantly higher than the 20 K observed for most
previous SL samples deposited on the p-type GaSb substrates [23, 24]. The 10 K carrier density
and mobility, along with the corresponding Ty, for each sample are summarized in Table 3.
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Figure 27. Temperature dependence of (a) the carrier density as a function of 1000/T and
(b) the carrier mobility as a function of measurement temperature for SL samples grown at
440 (red solid squares) and 390 °C (blue solid triangles).

Table 3. Summary of the measurements results for the sample set. The photoresponse and

Hall results are from measurements at 10 K. The cut-off wavelength A is selected at the
point where the intensity drops by 50 %. The PR intensity was measured at 100 meV
above the band gap. All of the samples were n-type. The average root-mean-square

rou

hness was based on AFM images of 50 x 50 pm” area scan.

sample | T, (C) P 08 E, Ae RMS | PR inten.sity C?lnc. S Molgility
A) | (%) | meV) | (um) | (A) | (arb. units) | (x10"'em™) | (cm’/Vs)

SL1 390 67.8 | +0.18 X X 21 X 9.1 6073
SL2 400 68.5 | +0.17 | 47.0 19.0 3 0.08 8.9 9887
SL3 410 67.5 | +0.17 | 43.8 20.1 5 0.32 7.1 11286
SL4 430 68.0 | +0.17 46.0 19.0 5 0.59 6.4 10502
SL5 440 67.5 | +0.16 53.0 17.0 3 1.09 5.2 9950
SL6 450 68.6 | +0.16 50.0 16.2 3 0.07 5.6 8529
SL7 460 67.7 | +0.11 60.0 15.7 3 0.06 280 112
SLS8 470 67.5 | +0.00 X X 65 X 1200 21

The impact of growth temperature on the carrier density and carrier mobility measured at 10 K is
illustrated in Figure 28. The mobility (carrier density) increases (decreases) from 6,000 (9 x 10"
cm™?) to 11,300 cm?/Vs (7 x 10" cm™) as T, increases from 390 to 410 °C, gradually decreases to
8,500 cm*/Vs (~5 x 10" cm™) as T, increases to 450 °C, and then drops (increases) significantly
for the two highest T, of 460 and 470 °C. The background carrier density gradually decreases,
reaching a minimum of 5.2 x 10'" cm™ at 440 °C, with a corresponding mobility of roughly
10,000 cm?/Vs. Based on the transport data, transport properties rapidly deteriorate for T, above

450 °C.
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Figure 28. (a) The carrier density and (b) the mobility as a function of growth temperature
measured at 10 K.

CONCLUSIONS

In conclusion, a combination of high-resolution X-ray rocking curve, high-resolution
transmission electron microscopy, atomic force microscopy, photoconductivity, and temperature
dependent Hall effect measurements was used to investigate the impact of T, on the material
quality of VLWIR InAs/InGaSb SLs. For the studies, a series of 47.0 A InAs/21.5 A

Ing »5Gag 75Sb SLs were grown by MBE at T, ranging from 390 to 470 °C. The results showed
that our MBE growth process used to create a ternary SL structure produced a consistent band
gap of 50 £ 5 meV. However the material quality of the grown samples, as assessed by various
measurement techniques, was very sensitive to T,. We observed a general trend of improving
PR intensity as the growth temperature increases. The PR signal exhibited a maximum for the
growth temperature of 440 °C, and then dropped rapidly to less than 0.1 a. u. at higher
temperatures. The SLs were all residual n-type, but the mobility varied between 11,300 and 21
cm?/Vs. The mobility of the SL grown at 440 °C was approximately 10,000 V/cm? with a sheet
carrier concentration of 5x10'' cm™, but the mobility precipitously dropped to 21 cm?*/Vs at
higher temperatures. Average surface roughness of SL samples that produce strong PR signals
was around 3 A and a quantitative analysis of the strain distribution performed at the atomic
scale by aberration corrected TEM provided valuable information about strain distribution at the
InGaSb-on-InAs interfaces in the superlattices examined in this study. A strong compressive
strain of approximately 0.03 induced by InGaSb alloyed layers was compensated by tensile
strains created by Ga-As bonds at the InGaSb-on-InAs interface along with the InAs layers.
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LIST OF ACRONYMS, ABBREVIATIONS, AND SYMBOLS

Acronym Definition

VLWIR Very Long Wavelength Infrared

InAs Indium Arsenide

InGaSb Indium Gallium Antimonide

SL Superlattice

IRS Interface Roughness Scattering

PR Photoresponse

HH Heavy-hole

SRH Shockley-Read-Hall

T, Growth Temperature

HRTEM High-Resolution Transmission Electron Microscopy
HRXRC High-Resolution X-ray Rocking Curve
CwW Continuous Wave

ns Nanosecond

MWIR Mid-Wavelength Infrared

As Arsenic

STEM Scanning Transmission Electron Microscopy
HAADF High-angle Annular Dark-field

IR Infrared

HRXRD High-Resolution X-ray Diffraction
AFM Atomic Force Microscopy

MBE Molecular Beam Epitaxy

RMS Root-Mean-Square
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