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Infrared (IR) detectors and focal plane arrays based on superlattices have progressed significantly
during the past decade, however, there are still fundamental challenges associated with this system,
especially, in understanding the transport of minority carriers due to the anisotropy in the band
structure and the quantum confined miniband transport. In this paper, we investigate the key
parameters influencing vertical minority electron transport and lifetime in nBp MWIR detectors
with a p-type InAs/GaSb type-II superlattice (T2SL) absorber. We measure the minority carrier
diffusion length using temperature-dependent Electron-Beam-Induced Current (EBIC) method at
three electron-beam (e-beam) energies. Our results show that diffusion length is independent of
temperature from 80 K to 140 K and increases linearly beyond that. By varying the e-beam energies
and beam current in EBIC, we examine the effect of carrier distributions from the surface in our
measurement. We further study the minority carrier lifetime using the Time-resolved Microwave
Reflectance (TMR) measurement as a function of temperature and excitation density. TMR results
indicate that the lifetime is SRH-limited for the temperature range of interest in this work (80 K -
150 K), and the Auger recombination is dominant above 150 K, while the radiative recombination
is negligible. The combined results of the diffusion length and the lifetime are used to determine
the temperature-dependent mobility along the growth direction. The transport is found to be
limited by deep-level states for temperatures below 140 K, and the activation energy of 115 meV
is calculated from the minority carrier mobility results for temperatures above 140 K. This effort
is a theoretical and experimental study to address some of the essential questions regarding the
transport in InAs/GaSb T2SLs, the result of which would help optimize the design and growth of
the T2SL structures with improved performance.

INTRODUCTION

The past decade has witnessed a dramatic improve-
ment in the performance of infrared detectors and focal
plane arrays (FPAs) based on type-II superlattices [1].
There are reports of commercial infrared cameras based
on antimonide superlattices [2, 3]. However, there is
still a lack of understanding of the transport of carriers
in this material system. The complications arise from
the fact that the conduction properties of superlattices
are highly anisotropic due to the quasi-2D-3D nature
of the density of states. This anisotropy is imposed
by the degree of quantum confinement as a result of
numerous repeats of a few nanometer-thick alternate
layers of InAs and GaSb and the type-II band alignment

[4]. The highly anisotropic nature of the band structure
and the modified density of states leads to transport
that is very different from bulk isotropic systems such
as InSb and HgCdTe, which has been the traditional
workhorse material for the infrared detector community
[5]. To improve the performance of photodiodes based
on the narrow-bandgap T2SL materials, knowledge
of the minority carrier transport and its limitations
are necessary. The work in this paper is centered
around understanding the transport of carriers using
the measurement of the minority carrier diffusion length
and lifetime.

In general, drift and diffusion of excess electrons and
holes, defined with ambipolar mobility (µ) or diffusion
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coefficient (D), are used to explain the transport behavior
of excess carriers generated in a semiconductor device. It
is not always known to what extent both diffusion and
drift are involved in charge movements unless we know
that only one of these mechanisms prevails. The carrier
drift mobility and diffusion coefficient are related through
the Einstein relation as

D =
kBTµ

q
, (1)

where kB is Planck’s constant, T is the temperature, and
q is the fundamental charge of an electron. This relation
is valid under thermal equilibrium condition [6], never-
theless, it can be used as an approximation to extract the
drift mobility, if the diffusion coefficient is known. Dif-
fusion is further dependent on an average distance that
the relevant charge moves in the semiconductor before
its recombination/extraction from it, hence is related to
the minority carrier diffusion length (Lmc) and minority
carrier lifetime (τmc) through Lmc =

√
Dτmc. So, if one

performs an independent lifetime characterization along
with the diffusion length measurement, the diffusion co-
efficient and subsequently, the carrier mobility can be
determined.

Superlattice vertical transport properties are typ-
ically interrogated using vertical magneto-transport
measurement[7], ultrafast all-optical time-of-flight
technique[8], or electron-beam-induced microscopy
method[9–12]. Among previous studies, there are few
available experimental transport data on p-type T2SL
photodetectors. One study by Li et al. reports on
the diffusion length of minority electrons in a LWIR
p-i-n T2SL structure, and extracts the minority carrier
lifetime, using previously reported mobility values [9].
Umana-Membreno et al. have investigated the vertical
minority electron mobility in a LWIR T2SL structure
using magneto-transport method [7]. Transport in
p-type MWIR T2SL has been also reported through
the application of the quantum efficiency modeling
technique [13], and as a means of investigation of the
gamma irradiation effect[12].

Short carrier lifetimes in T2SLs, limited by Shockley-
Read-Hall (SRH) centers, mandates the use of barrier
architectures for operation at elevated temperatures [14].
Therefore, photodetector architectures utilizing wide-
bandgap barriers are the current state-of-the-art due
to their higher collection efficiency of photo-generated
carriers and reduced dark current generation without
inhibiting photocurrent [15, 16]. Among barrier archi-
tectures, nBn vertical photoconductors with n-type
absorbers and electron barriers have shown much
promise due to low thermal generation and surface
leakage about the junction [17]. In the nBp variant of
this design, used for this study, the n-type absorber is
replaced by a p-doped layer, and the electron barrier

replaced with a hole barrier. Unlike the nBn, in which
the operation is similar to a photoconductor that
requires an applied bias, the nBp is a photodiode with
a built-in potential that can operate with zero applied
bias[18, 19].

In this work, we undertake a comprehensive study to
extract the critical transport parameters and minority
lifetime in a nBp MWIR detector with a p-type 10
ML InAs /10 ML GaSb T2SL absorber. We study
the temperature- and excess density-dependence of the
minority carrier lifetime using Time-resolved Microwave
Reflectance measurements (TMR). We also investigate
the contributions of the various recombination mecha-
nisms, such as SRH, radiative, and Auger recombination,
as a function of temperature and excess carrier density
to provide greater insight into the nonequilibrium carrier
dynamics in the photodetector. Furthermore, we use
the Electron-Beam-Induced Current (EBIC) method to
measure the carrier diffusion length on the processed
T2SL photodetector sample. Finally, we extract the
minority carrier mobility in the growth direction using
the results for Lmc and τmc as a function of temperature.

The proposed study seeks to be among the continuing
efforts to improve T2SL IR detectors performance by
gaining physical insight into these materials. Ultimately,
the results can be used to optimize the design and growth
of the T2SL structures with improved transport, which
in turn will lead to the realization of IR photodetectors
with enhanced performance.

This paper is organized as follows: Section I reviews
the sample design used for this work. Section II presents
the experimental approach used for measuring the minor-
ity carrier lifetime and the analytical modeling to study
the limiting mechanism in the carrier recombination as
a function of temperature and excess density. Section
III discusses the experimental details of EBIC measure-
ment and the semi-parametric modeling technique used
for extracting the diffusion length. Section IV summa-
rizes critical observations and discusses minority carrier
mobility as a function of temperature. Finally, section V
concludes the main observation points.

SAMPLE AND METHOD

The nBp MWIR T2SL structure is grown by solid
source molecular beam epitaxy on a tellurium-doped
GaSb (001) epi-ready substrate. The epi-structure con-
sists of a 250-nm non-intentionally doped GaSb buffer
layer, followed by a 1.5-µm thick p-doped (5×1017 cm−3)
bottom contact layer. The absorber consists of a 4-µm
thick p-doped (5 × 1016 cm−3) layer. Both the bottom
contact and the absorber are composed of a 10 ML InAs
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FIG. 1. Relative band gap of the nBp InAs/GaSb T2SL pho-
todetector, showing the thickness of each constituent layer.
The band gaps were calculated from NRL bands simulation
at 77 K. The layer thicknesses are not drawn to scale.

/10 ML GaSb T2SL with a bandgap of 0.250 eV at 77K.
A 250-nm thick lightly n-doped (5 × 1015 cm−3) hole-
barrier with a bandgap of 0.5 eV composed of a 12 ML
InAs/6 ML AlSb T2SL was then grown. Lastly, the
growth is followed by a 200-nm thick n-doped (5 × 1017

cm−3) top contact layer with a bandgap of 0.350 eV com-
posed of a 5 ML InAs/4 ML GaSb T2SL. The band edge
energy diagram is illustrated in Fig.1.

The epi-layer is then processed into variable area
single-pixel devices using standard fabrication tech-
niques. The shallow-etch scheme is incorporated dur-
ing device fabrication such that the pixel mesas are de-
fined down to the wide-band gap material and not to the
bottom contact layer. These pixels are then metalized,
wire-bonded, and packaged for further electrical charac-
terizations.

In order to extract information about the minority car-
rier mobility (µe) in this sample, we use the Einstein re-
lation written in terms of the minority diffusion length
Le and the minority carrier lifetime τe as

µe =
q

kBT

L2
e

τe
. (2)

We measure τe and Le using TMR and EBIC, respec-
tively. The following section will review the experimen-
tal details and theoretical platform used to extract the
minority carrier lifetime and investigate various limiting
recombination mechanisms.

LIFETIME CHARACTERIZATION

Experimental Measurement

The lifetime measurement setup based on TMR utilizes
a pulsed laser to excite electron-hole pairs in the semi-
conductor material. The generation of excess charges and

subsequent recombination processes alter the conductiv-
ity, which in turn changes the reflection of continuous-
wave microwave radiation from the sample. By tempo-
rally monitoring the power of reflected microwave signal
after optical excitation, one can extract the recombina-
tion rate and hence estimate the carrier’s lifetime.

For this work, we use a 1535-nm pulsed laser with
about a 5 ns full-width-at-half-maximum pulse width, a
2.5 kHz repetition rate, and a beam spot size diameter
of 0.1 cm to inject the excess carriers. A MEMs-based
modulator is used to adjust the excitation fluence from
0.5 to 74 µJcm−2. The reflected TMR signal is then am-
plified using a preamplifier with a 200 MHz bandwidth
and detected using a high-resolution (12-bit) and high-
speed digitizer (10 GS/s).

We etch an unprocessed portion of the T2SL photode-
tector wafer down to the absorber layer to accurately
measure the nonequilibrium carrier dynamics without the
effects of the contact and barrier layers. The sample is
then mounted in a cryostat coupled with a temperature
controller, and the lifetime characterization is repeated
for temperatures between 20 K and room temperature.
In order to estimate the injected carrier density in the
sample, the absorption coefficient is calculated using pre-
viously reported values of 3500 nm penetration depth for
the same optical excitation energy in a similar superlat-
tice material[20].

Figure 2 shows the obtained results for a subset of
injected carrier densities and temperatures. Results in-
dicate an initial decay during the first two hundred
nanoseconds following the generation of excess carriers.
In addition, a secondary decay is observed for tempera-
tures up to 200 K for excitation levels above 1.0 × 1017

cm−3, and up to 150 K for the lower excitation levels, and
is less distinctive as the incident pump fluence or the ini-
tial excess carrier is decreased. The first decay is associ-
ated with the recombination of carriers upon generation.
Whereas the secondary decay is not usually observed,
and its origin is unknown to us. While further investi-
gation is currently underway regarding this observation,
we hypothesize that this secondary decay might be due
to the presence of defects, and is originated through the
band to deep-level state recombination.

For the purpose of this work, we focus on the first decay
to extract the minority carrier lifetime. We have used an-
alytical modeling to determine the experimental recom-
bination lifetime. The intensity-dependent time-resolved
microwave measurements results (Fig.2) are used to cal-
culate the recombination rate per electron-hole pair as in
[21]

R(n) =
1

∆n

d∆n

dt
=

1

∆n

d∆n

dS

dS

dt
, (3)

where S is the microwave signal in the TMR measure-
ment. The results of = 1/R(n) give the instantaneous
lifetime as a function of excess carrier density at each
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FIG. 2. Time-resolved microwave reflectance decays are shown for various initial optically generated carrier densities and
sample temperatures in the MWIR InAs/GaSb T2SL absorber. The arrows highlight two primary decays. We attribute the
first faster decay to the recombination of the minority carriers, which occurs during the first few tens of nanoseconds (inset);
the second decay is not observed usually, and it is currently under investigation.

temperature, and when it is fit to the theoretical lifetime
model, the minority carrier lifetime can be extracted for
each temperature. In this approach, the contribution of
various recombination mechanisms, i.e., SRH, radiative,
and Auger recombination, in the total lifetime is deter-
mined separately as a function of temperature and carrier
density.

The common parameters used throughout this analy-
sis are equilibrium electron (n0) and hole (p0) concentra-
tions, the energy gap (Eg), Boltzmann’s constant (kB),
the temperature (T ), and the effective electron (me), and
hole (mh) masses. We determine the energy gap from
photoluminescence (PL) spectra of the T2SL absorber
as a function of temperature. Figure 3 shows measured
PL spectra of the T2SL absorber for temperatures be-
tween 20 K to 300 K. The temperature dependence of
the bandgap, along with the Varshni fitting, is presented
in the inset.

Theoretical Model to calculate lifetime

The bulk recombination lifetime is determined by the
SRH, radiative and Auger recombination mechanisms as

τ−1 = τ−1srh + τ−1rad + τ−1Auger. (4)

We summarize the main expressions for each of these
recombination processes in the following.

Shockley-Read-Hall lifetime

SRH lifetime is due to the electron-hole-pairs recom-
bination through deep-level impurities or traps, with ex-
cess energy carried away by lattice vibrations or phonons.
The SRH lifetime can be characterized by the defect den-
sityNt, SRH defect energy levels Et, and the electron and
hole defect capture cross-sections σn and σp, respectively,
as [22]

τ−1srh =
n0 + p0 + ∆n

τp0(n0 + n1 + ∆n) + τn0(p0 + p1 + ∆p)
. (5)



5

2 4 6 8

Wavelength (µm)

10�1

100

101

102
PL

Si
gn

al
(a

rb
.u

ni
ts

) 20 K
80 K
120 K
150 K
200 K
250 K
295 K

Increasing 
Temperature

100 200 300

Temperature (K)

0.22

0.23

0.24

0.25

0.26

E
ne

rg
y

(e
V

)

Fit
PLpeak
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function of temperature. Dashed line shows the Varshni fit
with parameters α=0.24 meV/K, and β=270 K.

Here, ∆n and ∆p are the excess carrier densities taken
to be equal in the absence of trapping,[23] and n1, p1,
τn0

, and τp0
are defined as

n1 = Ncexp(
Et − Ec

kBT
); p1 = Nvexp(

Ev − Et

kBT
), (6)

and

τn0 =
1

σnvthNt
; τp0 =

1

σpvthNt
, (7)

where vn and vp are the electron and hole thermal veloc-
ities.

Equation 5 describes the density dependence of SRH
recombination, and for a p-type material, i.e., p0 �
n0, can be further simplified for low-level injection(ll)
(∆n << p0) and high-level (hl) injection (∆n >> p0)
conditions as

τsrh(ll) =
n1
p0
τp0

+(1+
p1
p0

)τn0
= τn0

∣∣
for n1,p1<<p0

, (8)

and

τsrh(hl) = τp0
+ τn0

, (9)

which indicates that the SRH lifetime for p-type material
is limited by the minority electron recombination lifetime
τn0

for the ll injection regime, and is the sum of both
carriers’ lifetimes for the hl injection regime.

Radiative lifetime

The radiative lifetime is associated with the band-to-
band recombination of electron-hole-pairs, in which the
resultant energy is released as photons. The radiative
lifetime can be calculated as [24]

τ−1rad = B(n0 + p0 + ∆n), (10)

where B is the radiative recombination coefficient deter-
mined by the superlattice band structure and is related
to the microscopic radiative coefficient (Br) using the
photon recycling factor (Br = BΦ). Photon recycling
trends to unity for thin samples, however, as the ac-
tive layer thickness increases, the contribution of the self-
absorption followed by electron-hole generation and ra-
diative recombination must be taken into account, which
leads to Φ > 1 [25].

Under ll and hl injection conditions, Eq.(10) for a p-
type material can be written as

τrad(ll) =
1

Bp0
, τrad(hl) =

1

B∆n
. (11)

Auger lifetime

Auger lifetime is a three-carrier process in which an
electron-hole-pair recombine and a third carrier absorbs
their recombination energy. Depending on the third car-
rier being either a conduction band electron or a valence
band hole, the Auger recombination rate is either pro-
portional to n2p (for the eeh-process) or to p2n (for the
ehh-process). Auger lifetime can be calculated as [24]

τ−1Auger = Cn(n0 + ∆n)(n0 + p0 + ∆n)+

Cp(p0 + ∆n)(n0 + p0 + ∆n), (12)

with Cn and Cp being the Auger coefficients of the eeh-
and the ehh-process, respectively. Generally, the eeh-
process is the dominant Auger recombination mechanism
in n-type materials. While for the p-type materials, hole-
dominated ehh-process involving two holes and an elec-
tron should also be considered in addition to the eeh-
process. In the limiting cases of ll and hl injection con-
ditions, Eq.(12) leads to

τAuger(ll) =
1

Cpp20
, τAuger(hl) =

1

(Cp + Cn)∆n2
. (13)

As can be seen, under ll conditions τAuger is injection-
independent, and its magnitude is proportional to the
inverse square of the doping concentration, whereas
under hl conditions, τAuger decreases as the injection
density increases and its magnitude is independent of
the doping concentration.
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Auger recombination is a strong function of the mate-
rial’s electronic structure, and in the case of the super-
lattices with highly nonparabolic energy bands requires
significant computational resources, which has limited
the accurate comparison between the experiment and
the theoretical calculation. Precise determination of the
Auger rate is out of the scope of the present work, and it
will suffice to use the analytical expressions by Beattie,
Landsberg, and Blakemore (BLB)[26] to have an estima-
tion of the temperature dependent Auger lifetime. For
this purpose, the temperature dependence of the ehh-
process for a p-type material can be written as[27]

1

τAuger
=

1

τeeh
+

1

τehh
, (14)

where, the expressions for τ−1eeh is

τ−1eeh =
(n0 + p0)n0

2n2i
(τ ieeh)−1. (15)

Here, τ ieeh is calculated as[28]

τ ieeh = τ ieeh(T → ∞) × exp[(
1 + 2µ

1 + µ
)(
Eg

kBT
)], (16)

where τ ieeh(T → ∞) is unknown and used as a fitting
parameter. similar to τ ieeh, the corresponding relation
for the ehh-process is given by

τ−1ehh =
(n0 + p0)p0

2n2i
(τ iehh)−1, (17)

where τ iehh can be calculated using the ratio

γ =
Cn

Cp
=
τ iehh
τ ieeh

. (18)

Considering a p-type material, experimental recombina-
tion lifetime (= 1/R(n)) data as a function of carrier

density determined from the intensity-dependent TMR
measurements are fitted to the total lifetime using Eqs.
(4, 5, 10, 12) as

τ−1 =
p0 + ∆n

τp0
(∆n) + τn0

(p0 + ∆n)
+B(p0 + ∆n)+

Cp(p0 + ∆n)2. (19)

Figure 4 shows the data (circles) for representative tem-
peratures, compared with the overall fit (solid curve). As
τAuger shows a stronger dependence on the injection level
than τrad, Auger recombination becomes dominant, and
the contribution of the radiative recombination is rela-
tively small to reliably estimate the radiative coefficient
B. Therefore, we fit the lifetime using τp, τn, and Cp as
the fitting parameters, neglecting the radiative recombi-
nation process.

The best fits are obtained for Cp to be 5.1 × 10−28

cm6/s at 20 K, and 3.2×10−28 cm6/s at 300 K. Previous
studies have reported Auger coefficient equal to 1.0 ×
10−28 cm6/s at 60 K [29], 1.3×10−27 cm6/s [30] and 1.1×
10−27 cm6/s at 77 K [31] in Ga-containing superlattices.
Furthermore, the results indicate that τp is lower than τn
for the temperatures above 50 K, both of which decrease
gradually with temperature.

Based on Fig. 4, under all the operating temperatures,
the low-injection portion of τtotal is dominated with
SRH recombination, while at higher injection regime
(> 1.0× 1017 cm−3), Auger contribution is most signifi-
cant.

For the analysis of the temperature-dependent lifetime,
the extracted fitting parameters τn0 and Cp from above
at each temperature are used to measure the minority
carrier lifetime, under the assumption of ll injection con-
dition using

τ−1mc = τ−1n0 + Cpp
2
0. (20)
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Having τmc values at each measured temperature, we
fit the experimental data for temperatures ranging from
20 K to 250 K to the theory based on Eqs. (4, 5, 14),
using Et, σnNt, p0, τ ieeh(T →∞) and γ as fitting param-
eters. For simplicity, we assume σp and σn to be equal
(=σ), and use the effective masses that we obtained us-
ing NRL MULTIBAND® software: [32] me = 0.034m0,
and mh = 0.132m0.

The best fitting parameters are found to be Et=5
meV, σNt=2.4 cm−1, p0=1.0 × 1017 cm−3, τ ieeh(T →
∞)=9.0 × 10−12 s−1, and γ was found to be 18. When
the background doping concentration of p0=5.0 × 1016

cm−3 from the growth calibration is used as an input in
the model, a similar fit is achieved with minor adjust-
ment to all the fitting parameters except for Et and γ,
which change to 9 meV and 5, respectively.

Figure 5 shows the minority carrier lifetime as a
function of temperature. The results indicate that the
lifetime is SRH-limited for 80 K to 150 K, while Auger
recombination is dominant above 150 K. Due to the
large doping of the sample, the radiative transition is
limited and Auger recombination is leading.

Although the lifetime and the extracted fitting pa-
rameters in this work are in close agreement with the
previously reported results[20, 29, 33], It would be
helpful to summarize the anticipated sources of error in

our measurement which might pose some uncertainty on
the estimated carrier density, and hence the extracted
lifetime: There is a lateral gradient in the Gaussian
beam profile of the laser illuminated on the sample,
which may cause non-uniform injection. Also, there
are possible losses in the measurement system, for
example, due to the cryostat windows, etc. In addition
to possible errors in the determination of carrier density,
the lifetime measurement has a limitation error if time
is measured on the order of the minimum response time
of the system. Furthermore, the parameters extracted
from the fitting procedure are not unique. Therefore,
one needs to carefully consider the uncertainty in the
fitting procedure in the analysis of the lifetime results.

Having the minority carrier lifetime as a function of
temperature, minority carrier mobility versus tempera-
ture can be calculated, provided that the minority car-
rier diffusion length is known. In the following, we utilize
EBIC to estimate Le, and consequently, we calculate the
mobility using Eq.(2).

DIFFUSION LENGTH

EBIC Measurement

In EBIC, a beam of high-energy electrons is scanned
across a sample containing a pn junction or a Schottky
junction. The beam generates charge carriers through in-
elastic collisions with the crystal’s lattice. The electron-
hole pairs diffuse to the junction and then swept across
the depletion region and collected externally through the
contacts and measured by a sensitive current amplifier.
The result is a spatially resolved map of the sample’s cur-
rent, and when accompanied by analytical models [34],
it can be used to determine various transport proper-
ties, including diffusion length. To study the transport
characteristics along the growth direction with EBIC,
the ‘normal-collector geometry’ configuration is used, in
which the plane of the collecting pn junction is perpen-
dicular to the irradiated surface. For this purpose, the
processed sample was cleaved to expose the sidewalls of
the devices. This step was facilitated by reducing the
substrate’s thickness before the cleaving to achieve a
smooth sidewall. The prepared devices are wire-bonded
and mounted on a variable-temperature cold-stage cooled
by liquid Nitrogen inside a JSM-IT100 SEM.

As a result of the e-beam incidence on the device’s side-
wall at any distance away from the pn junction, a volume
of electron-hole pairs is generated in the sample. Under
ll injection, carriers will undergo diffusion-based motion
across the illuminated region toward the pn junction and
contribute to the total current induced in the junction.
The diffusion of minority electrons will dominate the cur-
rent since the wide-bandgap hole-barrier layer is engi-
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neered to block the flow of majority holes. The electron-
induced current at various e-beam positions with respect
to the junction (IEBIC(x)) was collected using an SR570
current-amplifier while the device was held at zero bias.
Figure 6(Top) illustrates the geometry of the sample in
the EBIC setup, including the generation volume due
to the e-beam incidence on the sample’s absorber re-
gion. Figure 6(Bottom) shows the cross-sectional SEM
and EBIC images from the side-wall of the device for 80
K.

Due to the high energy of the electrons in the beam, a
single high energy electron incident on the semiconduc-
tor generates a sufficient current. Therefore, a careful
design of experiment and measurement setup is required
to consider the effect of the excitation level on the trans-
port. Moreover, one should note the effect of the surface
in the analysis of the EBIC data. The cleaved surface
at the top, where the beam impinges on the sample, and
the absorber-bottom contact interface (back surface) can
contribute to the surface recombination. Surface recom-
bination velocity acts as a sink for the generated carriers
at these surfaces, and its effect, in addition to the influ-
ence of various external perturbations (for example, tem-
perature) has to be taken into consideration in the anal-
ysis of EBIC results. For this purpose, we investigate
the dependence of EBIC on the surface recombination,
by studying EBIC at varying e-beam energy and current
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FIG. 6. (Top) The structure of InAs/GaSb nBp T2SL and the
generated electron-hole volume in the absorber region due to
the e-beam impingement on the sample, (Bottom) The SEM
and EBIC images of the cross-section of the device under test
at e-beam energy of 20 keV and T=80 K.

at temperatures ranging from 80 K to 150 K. Figure 7
shows the resultant line-scan profile IEBIC(x) obtained
for three representative temperatures for beam currents
of 1.5, 3.5, 8.5, and 35 pA, denoted as 10%, 20%, 30%
and 40% of the filament current in the SEM for beam en-
ergy of 20 keV (Fig. 7[a-c]), and e-beam energies of 10,
15, and 20 keV for beam current of 35 pA (Fig. 7[d-f]).
The e-beam current incident on the sample was measured
using a Faraday cup.

As can be seen, the collected EBIC signal first rises
steeply as the beam moves towards the depletion region,
and reaches to its maximum in the depletion region due
to the built-in field, then decays slowly as the e-beam
moves further towards the substrate. The roll-offs on
either side of the depletion region is relative to the dif-
fusion and recombination characteristics of the minority
carriers in each region. We found the n-region wholly de-
pleted, and the depletion region extended to the p-region
(absorber layer), changing with temperature and e-beam
energies.

We note in Fig. 7[a-c], with increasing temperatures,
the EBIC signal decays slower. Also, as the e-beam cur-
rent increases at a fixed temperature the EBIC signal
rises and the falling edge associated with the absorber
region becomes steeper. This observation is due to the
characteristic of the surface at the top. Unlike bulk re-
combination, surface recombination depends not only on
the density of surface states or interface traps but also
on the charge state of surface states, i.e., depletion or
accumulation [23]. We believe the cleaved sidewall of the
device exposes the narrow band gap absorber region to
oxide formation, and hence acts as an attracting poten-
tial for the generated excess carriers. By increasing the
injection current, the enhanced density of excess carriers
results in the saturation of the surface states; hence, the
surface-induced attractive potential for minority carriers
vanishes and surface recombination diminishes, and con-
sequently, the signal due to the diffusion of the carriers
rises. In contrast, the interface of the absorber and the
bottom-contact (back surface) is accompanied with low
surface recombination velocity in the case of our struc-
ture due to the higher doped bottom contact with respect
to the absorber. The band offset at this interface builds
a repulsive potential to minority carriers which inhibits
further recombination.

To shed more light on the surface recombination cur-
rent, we also investigate the effect of the beam energy in
the SEM. At higher e-beam energies, minority carriers
are generated deeper, and hence, are less likely to diffuse
to the surface and recombine there. While at lower e-
beam energies, the collection process is controlled by the
collection probability at the surface of the sample, and
the surface recombination velocity influences the current
profile. As can be seen in Fig. 7[d-f], higher beam en-
ergies give not only broader carrier generation distribu-
tion but also significantly higher carrier concentrations,
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FIG. 7. Experimental EBIC data are shown for three representative temperatures of 80, 120 and 150 K with (top) varying
beam current denoted as the percentage of the total filament current in the SEM for 20 keV beam energy, and (bottom) varying
beam energy in keV at the beam current of 35 pA. EBIC intensities are normalized by signal peak maximum at the highest
current(top) and accelerating voltage(bottom). The n-, p- and depleted-regions associated to each part of the EBIC signal are
shown in (a) and (b).

so more carriers are collected, and consequently, the sig-
nal increases.

Here, we report the minority carrier diffusion length
for the electron current of 40% (35 pA), for which sur-
face recombination is negligible, and the beam energies
of 10, 15, and 20 keV. In the following, we briefly explain
the semi-parametric model used to extract the diffusion
length from the EBIC data.

Theoretical Model

Various models have been reported previously to pro-
vide an acceptable first-order prediction of EBIC data
[34–36]. Here, we use the model proposed by Bonard
and Ganire [34]. This model, which will be referred to
as Bonard’s model in this text, can be considered as the
generalized form of an earlier model by Donolato [35].
Bonard’s model accounts for the contribution of all three
regions of a pn junction, i.e., the n-type region, the deple-
tion region, and the p-type region, in the EBIC signal,
while considering the surface recombination at the top
surface, for the case of the extended source.

We fit the experimental EBIC data to analytical ex-
pressions for the carrier collection efficiency to extract

vertical minority carrier diffusion length, with diffusion
length (Le) and the ratio of surface recombination veloc-
ity to diffusion coefficient (Se/De) as fitting parameters.
The charge collection efficiency η(x) is IEBIC(x) normal-
ized to the total number of generated electron-hole-pairs
G0. η(x) can be calculated from the convolution of two
terms: the probability of collection φ(x, z), defined as
the likelihood of a carrier being collected and contributes
to the EBIC current after diffusion, and the generation
function h(x, z) as [34]

η(x) =

∫ +∞

−∞
dx′
∫ +∞

0

h(x′ − x, z′)Φ(x′, z′)dz′, (21)

The translational symmetry along the y-direction (speci-
fied in Fig. 4) reduces the problem to a two-dimensional
configuration. Hence the integral is calculated over the
generation volume on the xz plane.
The spatial distribution of the minority carriers can be
defined as [34]

h(x, z) =
1

a
exp(−x

2

σ2
x

)z2 exp(− z

σz
)dxdz, (22)

where σx is the lateral electron range and σz is the
depth electron range, and are dependent on the material
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and the beam parameters. The accuracy of the model
is highly dependent on the calculated generation distri-
bution, so more realistic models like the Monte Carlo
SEM interaction simulator CASINO [37] are usually
used to calculate the spatial distribution of generated
electron-hole carriers in the material. The normalized
distribution of the electron-hole pairs from Monte Carlo
simulation is then used to extract σx and σz by fitting the
numerical results to Eq. (21), as a function of beam spot
size and beam energy [38]. Finally, the obtained gener-
ation function was used along the calculated φ(x, z) for
each region of the photodiode as described previously[11].

We repeat our measurements several times for each e-
beam current and energy and extract the Le using afore-
mentioned. Caution should be exercised in fitting theo-
retical curves to the experimental data since equally good
agreement can often be obtained for several combinations
of materials parameters. The results of Le for variable
e-beam current values at the beam energies of 10, 15 and
20 keV are presented in Fig. 8.

DISCUSSION

Figure 8 shows the extracted minority carrier diffusion
length for three e-beam energies of 10, 15, 20 keV at the
beam current of 35.5 pA. Results for Eb=15 and 20 keV
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FIG. 8. Extracted minority carrier diffusion lengths (Le) for
InAs/GaSb nBp MWIR sample as a function of temperature.
The minority carrier diffusion lengths are extracted from the
EBIC line scan profiles for e-beam energies of 10, 15, and 20
keV, and e-beam current of 35 pA.

show similar trend with temperature, while 10 keV data
is different and shows higher values for Le. As mentioned
above, the e-beam energy defines the depth of the gen-
eration volume in EBIC, and minority carriers generated
closer to the surface at lower Eb, are more likely to con-
tribute to the surface current rather than diffuse and be
collected through the depletion region. From this per-
spective, we believe the behavior at 10 keV is due to the
surface effect.

On the other hand, we see the values for diffusion
length at 15 and 20 keV are very low, and have low-
temperature dependency up to 140 K, after which they
increase. For the temperature range of 80-140 K, the
diffusion length is found to be about 1.5µm for the
absorber thickness of 4 µm. It should be noted that
based on the EBIC data in this range of temperature,
the depleted region is extended about 0.7 µm into the
absorber, which makes the required travel distance less
for the carrier. This might explain the high quantum
efficiency reported previously on the same structure [16].

Having the minority diffusion length and the lifetime
at each temperature, µe was calculated at various
operating temperatures using Eq.(1). Figure 9 shows the
results of the minority carrier mobility against temper-
ature for the three e-beam energies. Since the lifetime
was found to have minor dependency in the range of 80
K to 150 K, the general trend of µe follows the pattern
of the extracted Le, which is fairly independent of the
temperature up to 140 K, for e-beam energies of 15 and
20 keV, and increasing linearly beyond that.

In order to understand the observed mobility trend,
one needs to consider different limiting factors. In the
semi-classical study of transport in superlattices, disor-
ders such as structural and phonon-induced disorders
are responsible in destroying the long-range coherence
of the electron states, and as a result lead to localiza-
tion through different scattering mechanisms, such as
phonons-induced scattering, ionized impurity scattering,
and interface roughness scattering (IRS). However, none
of these scattering mechanisms can be accountable for the
observed trend in the electron mobility data as shown in
fig 9. Each of these scattering mechanisms has different
temperature-dependency[6]: The impurity scattering is
most effective at lower temperatures, with mobility µIS

having ∼ T 3/2 dependency on temperature. While at
higher temperatures, phonon scattering dominates, and
mobility µAS is ∼ T−3/2. These trends are shown on fig
9 for comparison. On the other hand, IRS can happen
due to growth imperfections, such as microscopic fluc-
tuation of the composition of constituent layers, which
can lead to electron mobility degradation. However, the
effect of IRS tends to weakly increase with decreasing
temperature[39].

The trend in the mobility can be explained separately
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for two temperature regions of 80-140 K (region 1), and
140 K above (region 2). For region 1, we believe the
transport is limited by trap-assisted transport rather
than miniband conduction, due to the presence of the
deep-level states. In a perfectly periodic crystal, the
charge density spreads uniformly throughout the crystal,
and the only states are those described by Bloch waves[4].
While in the presence of localized imperfections, energy
states appear within the forbidden gaps, the wave func-
tions of which are localized in the vicinity of the impurity.
The carriers that are bound to the impurity are not free
to move anywhere in the crystal. The minority electron
mobility is controlled by the extent to which they can be
released from these bound impurity states[28]. In region
2, the increase in the mobility with the temperature can
be associated with the carriers being set free from the
impurity states, with an activation energy of 115 meV.
A similar observation has been reported previously in n-
type InAs/InAsSb T2SL structures[40], in which results
show that above 120 K, the minority carrier hole trans-
port occurs through minibands, while for lower temper-
atures, the holes are localized and transport is only due
to phonon-assisted tunneling.
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FIG. 9. Vertical electron mobility for InAs/GaSb nBp MWIR
sample as a function of temperature for e-beam energies of
10, 15, and 20 keV, obtained using the extracted diffusion
length and the minority carrier lifetime from EBIC, and TMR
measurements, respectively

.

CONCLUSION

In summary, we have studied vertical minority electron
transport properties in nBp MWIR detectors with p-type
InAs/GaSb absorbers. In order to investigate the trans-
port, the temperature-dependent EBIC measurements
are combined with microwave reflectance measurements
of minority-carrier lifetimes in the same device to deter-
mine the vertical electron mobilities from 80 K to 150
K. The calculated electron mobility shows two distinct
regions. At lower temperatures, the mobility has a weak
temperature dependence, and its behavior is attributed
to carrier localization in deep-level traps. The second re-
gion at higher temperatures shows an increase with tem-
perature, from which the activation energy of 115 meV
is extracted. In addition, we have investigated the vari-
ous recombination mechanisms and determined the lim-
iting mechanisms as a function of temperature and excess
density. The results show that the lifetime has minimal
temperature dependence, and is SRH-limited for 80 K
to 150 K, and Auger recombination is dominant above
150 K. Furthermore, the effect of different parameters in
the EBIC measurements has been investigated. The re-
sults indicate the contribution of the surface current on
the transport is minimized at higher e-beam energies and
current.
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