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Minority carrier lifetime and interband absorption in midinfrared range of spectra were measured in
InAs/GaSb strained-layer superlattices (SLSs) grown by molecular beam epitaxy on GaSb
substrates. The carrier lifetime in 200-period undoped 7 ML InAs/8 ML GaSb SLS with AlSb carrier
confinement layers was determined by time-resolved photoluminescence (PL) and from analysis of
PL response to sinwave-modulated excitation. Study of PL kinetics in frequency domain allowed for
direct lifetime measurements with the excess carrier concentration level of 3.5X 10" cm™. The
minority carrier lifetime of 80 ns at T=77 K was obtained from dependence of the carrier lifetime
on excitation power. © 2009 American Institute of Physics. [d0i:10.1063/1.3267103]

There is a continuous interest in development of mid-IR
photodetectors and lasers based on InAs/GaSb strained-layer
superlatice (SLS) structures for the 3—5 um wavelength
range.l’2 Optimization of the device design requires better
understanding of carrier recombination phenomena, and de-
termination of carrier recombination parameters in SLS
structures for adequate device modeling. Carrier lifetime
studies can shed light on carrier generation-recombination
(G-R) processes through Shockley—Read—Hall (SRH) centers
in the depletion region of a p-n junction contributing to the
detector dark current.”’ In this work it is shown that the mi-
nority carrier lifetime in undoped InAs/GaSb SLS can be
determined by photoluminescence (PL) response measure-
ments in the frequency domain. A minority carrier lifetime of
80 ns at T=77 K was obtained from the dependence of the
carrier lifetime on excitation power.

In moderately doped III-V semiconductor compounds
the minority carrier lifetime is typically determined by time-
resolved PL (TRPL) response to a pulsed excitation. If the
excess carrier concentration is small compared to the concen-
tration of majority carriers, the PL will decay with a time
constant equal to the minority carrier lifetime. In low-doped
materials with background carrier concentrations in order of
10'® ¢cm™ and below, the requirement on low excitation is
challenging to meet because of the weak PL signal compared
to noise in a broadband detection system.

The signal/noise ratio in PL. measurements can be im-
proved with reduction in the system bandwidth. We demon-
strated direct measurements of the minority carrier lifetime
in undoped GaSb-based materials with PL frequency re-
sponse to a sinusoidal excitation.* This approach allows for
narrow-band (<1 Hz) signal detection for a substantial re-
duction in noise traded for reduction in the excess carrier
concentration.

In case of carrier generation with stationary rate G
modulated with amplitude G| < G and carrier recombination
with time constant 7, excess carrier concentration An(r) is
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defined by Eq. (1a) with solution Eq. (1b) containing station-
ary and oscillating terms

i(An) =Gy+ G, cos(wt) — &, (1a)
dt T
Gt

The PL response obtained at frequency w with a narrow-
band system is linearly dependent on the oscillating portion
of excess carrier concentration. It allows for adequate deter-
mination of carrier recombination constant 7 from PL re-
sponse measured in a broad frequency range

G]T
V1 + 0?7

Measurement of PL decay constant versus excitation 7(Gy) is
informative for determination of minority carrier lifetime 7
in the limit Gp— 0. Assuming p-type material with back-
ground hole concentration p,, under low excitation condition
An<p, the minority carrier lifetime can be presented as fol-
lows:

Ipr(w) ()

1 A B 3)
- + ¢P0-

Here A and B denote the SRH and radiative recombination
coefficients, respectively; ¢ is the photon recycling factor
due to PL reabsorption. Auger recombination term can be
neglected due to low carrier concentrations and low tempera-
ture range.

Since the steady-state PL intensity and harmonics are
filtered out with a narrow-band amplifier, the PL response at
frequency w<<1/7 is described by oscillating concentrations
of electrons and holes both equal to G; 7 and the correspond-
ing steady-state concentrations of holes py+G,7 and elec-
trons Gy7 [Eq. (4)].
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This dependence can be used for determination of back-
ground carrier concentration py. The latter parameter is criti-
cal for optimization of growth parameters, for determination
of the SRH term of the minority carrier lifetime directly re-
lated to the G-R portion of a p-n junction dark current at low
temperatures, for study of the SRH recombination specifics
with change in the quasi-Fermi level.

The SLS structures were grown by molecular beam ep-
itaxy on low-doped p-GaSb substrates. The active regions
consisted of 200 periods of 7 ML of InAs and 8§ ML of GaSb
enclosed between 20-nm-thick AISb carrier confinement lay-
ers. A 20-nm-thick GaSb cap layer was grown on the top.
The wide-bandgap confinement layers prevented possible
losses of excess carriers from the SLS active region due to
carrier diffusion into the substrate and losses due to recom-
bination of excess carriers at the structure surface. The over-
all thickness of the active region was 0.9 um. Two SLS
structures, KO687 and KO0688, were grown with the same
target layer thicknesses and slight variation in the shutter
sequences. High resolution x-ray diffraction (XRD) spectra
indicated low residual strain and sharp interfaces. The best
XRD simulation fits were obtained with a thin InSb layer
incorporated between the InAs and GaSb layers. For K0O687
the results were: Wya=19.28 nm, Wy,g,=1.93 nm, and
Wgasp=24.24 nm. Similar data were obtained for the other
structure.

The PL responses were measured with the setup similar
to one described in Ref. 4. The excess carriers were excited
either by a 1064 nm Q-switched neodymium doped yttrium
aluminum garnet laser with a pulse width of Ar=0.5 ns
(Ar<7) and repetition rate of 7.5 kHz for TRPL measure-
ments or by a fiber-coupled current-modulated 1.3 um laser
diode for PL frequency response measurements. The PL was
collected with reflective optics and focused on an InSb pho-
todiode with a response time constant of 2.5 ns. The PL
decays were sampled by a digital scope with an acquisition
rate of 5 GS/s and averaged. The PL responses in the fre-
quency domain were measured with a 200 MHz bandwidth
lock-in-amplifier.

The PL spectra for both K0687 and K0688 structures
and the absorption spectrum for KO0687 structure at T
=77 K are presented in Fig. 1. The PL spectra were mea-
sured at an excitation power of 1 W/cm? at a wavelength of
0.98 um. The results confirmed that the PL was due to tran-
sitions between the bandgap edge states (C-V1). The specific
point in the absorption spectrum marked (C-V2) was associ-
ated with the optical transitions between the top of the sec-
ond valence subband and the bottom of the conduction band.
The SLS absorption coefficients at wavelengths of 1 and
1.3 um were estimated to be 3.4 X 10* and 2.1 X 10* em™!,
respectively,5 corresponding to 95% and 85% absorption of
the energy of pumping sources; no PL was observed from the
GaSb substrate. Carrier lifetime measurements using TRPL
approach were performed. The transient PL responses to
pulsed excitation for structure K0687 in a range of pulse
energy from 2.3 to 23 nJ are shown in Fig. 2. The laser beam
cross-section area was 3.4X 107 cm? full width at half-
maximum (FWHM) giving the peak excitation level of 2.5
% 10'® cm™ for the pulse energy of 2.3 nJ. For this excita-
tion level the PL decay constants were found to be 42 ns for
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FIG. 1. The PL spectra for samples K0O687 and K0688 and the absorption
spectrum for K0687 measured at T=77 K with a FTIR Nicolet Magna
6700. The excess carriers were excited with a 0.98 um diode laser at a
power density of 1 W/cm?. The PL spectra correspond to transitions from
the bottom of the conduction band to the top of the valence subband C-V1;
C-V2 in the absorption spectrum denotes transitions from the top of the
second valence subband to the bottom of the conduction band.

K0687 and 46 ns for KO688. The inset to Fig. 2 shows de-
pendence of the PL peak intensity on the excitation pulse
energy and, respectively, the excess carrier concentration. In
the range of explored excitations the PL intensity was pro-
portional to the square of the excess carrier concentration,
Ip (1) <[An(f)]* xexp(=2t/ 7). Thus, the excess carrier con-
centration decay constants can be estimated by multiplication
of the PL decay constants by a factor of 2. The multiplication
factor can be slightly less than 2 considering possible transi-
tion from quadratic to linear recombination mode at the low-
est excitation. The quadratic dependence of PL intensity on
excitation indicates also that the background carrier concen-
tration in both samples was below 2.5X 10'® cm™.
Carrier lifetime measurements at lower than 10'® ¢cm
excitation levels were performed using PL response to modu-
lated excitation in the frequency domain. Figure 3 shows the
results obtained for structure KO687. The carrier lifetime for
a given excitation power was determined by a fit of the ex-
perimental response to Eq. (2). The inset shows power de-
pendences of both the inverse carrier lifetime and PL re-
sponse at low frequency (50 kHz) obtained with the lock-in-
amplifier. With the excitation area of 1.5X 107} cm™
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FIG. 2. The TRPL spectra for KO687 showed in a range of excitation pulse
energy from 2.3 to 23 nJ. The excitation area was 3.4 X 10~ c¢m™2. The peak
excess carrier concentration for the lowest decay was estimated to be 2.5
% 10" ¢cm™. The inset shows the dependence of the peak PL intensity on
excitation energy. The quadratic dependence indicates that the excess carrier
concentration was above the background doping level.
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FIG. 3. The PL frequency responses of KO687 to a small-signal sin-wave
modulated excitation for two continuous-wave power levels of 5.5 and 9.8
mW. The excitation area was 1.5X 10~ c¢cm™. The inset shows power de-
pendences of both the inverse decay constant and the low-frequency PL
response. The minority carrier lifetime of 80 ns was determined by extrapo-
lation to zero excitation level. A rapid increase in the PL response indicated
that the background carrier concentration was below the minimum excess
carrier concentration estimated to be 3.5X 105 cm™.

FWHM, the excess carrier concentration was estimated to be
3.5X 10" cm™ at an excitation power of 2 mW. The minor-
ity carrier lifetime of 80 ns was obtained by extrapolation of
the experimental dependence 1/ 7 to zero excitation power. A
rapid monotonic increase in the low-frequency response on
power starting from the lowest excitation level indicated that
the background carrier concentration was below the level of
3.5X 10" cm™. A sublinear character of this dependence is
expected from Eq. (4) and is due to the decrease in the car-
rier lifetime with excitation power. Association of the slope
of dependence 1/7(G) with increase in the radiative recom-
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bination yielded B/¢=4X10"'" cm?/s at T=77 K. Sub-
traction of possible radiative term from the minority carrier
lifetime with assumption for the background carrier concen-
tration up to 3.5X 10" cm™ would result in the SRH carrier
lifetime value to be in the range from 80 to 90 ns. It can be
concluded that the determined minority carrier lifetime under
low excitation is dominated by the SRH carrier recombina-
tion.

The minority carrier lifetimes of 80 ns was obtained for
undoped short-period SLS structure from PL frequency re-
sponse to sin-wave modulated excitation. Similar results fol-
low from analysis of the TRPL data. The dependence of PL
response on excitation power indicated the background car-
rier concentration of =3.5X 10" cm™. It has been con-
cluded that the minority carrier lifetime is limited by SRH
recombination.
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