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ABSTRACT

Sb-based type-II superlattices (T2SLs) are potential alternative to HgCdTe for
infrared detection due to their low manufacturing cost, good uniformity, high structural
stability, and suppressed Auger recombination. The emerging InAs/InAsSb T2SLs have
minority carrier lifetimes 1-2 orders of magnitude longer than those of the well-studied
InAs/InGaSb T2SLs, and therefore have the potential to achieve photodetectors with
higher performance. This work develops a novel method to measure the minority carrier
lifetimes in infrared materials, and reports a comprehensive characterization of
minority carrier lifetime and transport in InAs/InAsSb T2SLs at temperatures below 77

K.

A real-time baseline correction (RBC) method for minority carrier lifetime
measurement is developed by upgrading a conventional boxcar-based time-resolved
photoluminescence (TRPL) experimental system that suffers from low signal-to-noise
ratio due to strong low frequency noise. The key is to modify the impulse response of
the conventional TRPL system, and therefore the system becomes less sensitive to the
dominant noise. Using this RBC method, the signal-to-noise ratio is improved by 2

orders of magnitude.

A record long minority carrier lifetime of 12.8 ps is observed in a high-quality
mid-wavelength infrared InAs/InAsSb T2SLs at 15 K. It is further discovered that this

long lifetime is partially due to strong carrier localization, which is revealed by



temperature-dependent photoluminescence (PL) and TRPL measurements for
InAs/InAsSb T2SLs with different period thicknesses. Moreover, the PL and TRPL
results suggest that the atomic layer thickness variation is the main origin of carrier

localization, which is further confirmed by a calculation using transfer matrix method.

To study the impact of the carrier localization on the device performance of
InAs/InAsSb photodetectors, minority hole diffusion lengths are determined by the
simulation of external quantum efficiency (EQE). A comparative study shows that
carrier localization has negligible effect on the minority hole diffusion length in
InAs/InAsSb T2SLs, and the long minority carrier lifetimes enhanced by carrier

localization is not beneficial for photodetector operation.
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1.INTRODUCTION

Infrared photodetection technology is widely used for night vision, surveillance
systems, astronomy, chemical identification, art history and restoration, and petroleum
exploration, etc. Semiconductor photodetector is a typical infrared photodetector with
high sensitivity. HgCdTe has become the most widely used semiconductor material for
infrared phototdetectors. By tuning the Hg composition, a very wide infrared spectral
range of 1 um to 30 um can be achieved. The change of Hg composition leads to
extremely small change of the lattice constant, ensuring that the high quality layers and
heterostructures can be grown [1]. Also, HgCdTe has well understood band structure,
substantially improved material crystalline quality, and the precisely controlled doping
profile [1]. However, the minority carrier recombination process in the state-of-the-art
HgCdTe is limited by its intrinsic Auger recombination [2], and the small effective mass
could lead to high tunneling dark current that limits the detectable wavelength,

especially for the long-wavelength infrared regime [3].

1.1. InAs/InAsSb Type-II Superlattices

InAs/InAsSb type-II superlattice (T2SL) is a promising material for infrared
applications as an alternative to HgCdTe. Since the first growth by MOCVD [4],
InAs/InAsSb T2SL has been successfully demonstrated for mid-infrared lasers [5][6],
LEDs [7], and proposed for IR detectors [8]. Recently, InAs/InAsSb T2SL is

demonstrated for long-wave infrared nBn photodetectors [9].
1



Like other Sb-based T2SLs, InAs/InAsSb T2SLs has many advantages over
HgCdTe. Two key features include the suppressed Auger recombination and large
effective mass. The dominant Auger process in the state-of-the-art HgCdTe materials
are Auger 1, which involves two electrons and one heavy hole, and Auger 7, which
involves one electron, one heavy hole and one light hole. In superlattices, the width of
the electron minibands can be engineered to be narrower than the effective band gap,
limiting the available final states of the electrons and eliminates the Auger 1 transition
for momentum in the superlattice direction. Also, due to both strain and quantization
effects, the splitting between heavy and light hole is larger than the effective band gap,
reducing the Auger 7 transition probability [3][10]. Due to the band structure, the
effective masses are relatively large along the superlattice direction compared with bulk
HgCdTe, leading to a low band-to-band tunneling current [3][11][12]. In addition, a
schematic band edge diagram of a T2SL is shown in Figure 1.1. The interband optical
transition in the T2SL is spatially indirect. Therefore, the smallest effective band gap is
not limited by the constituent materials [5]. They also have more uniform material in
the wafer due to good control of alloy composition, and have stronger bonds and
structural stability, which may lead to a better device yield, reliability and radiation

tolerance [13].



electron
minibands

hole
minibands

A B

Figure 1.1. Band edge alignment in a type-II superlattice composites with materials A

and B.

In the InAs/InAsSb T2SL, the absence of Ga simplifies the T2SL interface and
material growth as compared with the traditional InAs/InGaSb T2SL [6][14]. Some
early work prefers InAs/InGaSb strained layer T2SL over InAs/InAsSb T2SL for the
same operation wavelength because InAs and InGaSb has a broken gap band alignment,
thus the InAs/InGaSb T2SL requires thinner periods to reach the same cut-off
wavelength, leading to a larger electron and hole wave function overlap and thus larger
absorption coefficients [15]. A theoretical study suggests an absorption coefficient of
2000 cm™! for a LWIR InAs/Ing4GaosSb T2SL and an absorption coefficient of 1500
cm’! for a LWIR InAs/InAso61Sbos9 T2SL with a similar cut-off wavelength, and the
performance of the ideal InAs/Ing.4GaosSb T2SL device is only slightly better than the
ideal InAs/InAsSb T2SL device [16]. Therefore, the device performance of the
InAs/InAsSb and InAs/InGaSb T2SL photodetectors may be dominantly determined by
other non-intrinsic material properties rather than the absorption coefficients, such as
Shockley-Real Hall (SRH) mechanisms [16].

Minority carrier lifetime is a key material property that determines the dark



current and carrier extraction performance of photodetectors. The minority carrier
lifetime of InAs/InGaSb T2SL is only near 30 ns, dominated by SRH recombination
[17][18][19]. On the other hand, longer minority carrier lifetimes of 412 ns at 77 K in
a long-wavelength infrared InAs/InAsSb T2SL is experimentally observed [20], which
is one order of magnitude longer than that of the InAs/InGaSb T2SLs. In the mid-
wavelength infrared regime, minority carrier lifetimes as long as 9 ps [21], 10 us [22],
and 12.8 ps [23] was reported, 2 orders of magnitude longer than those of InAs/InGaSb
T2SLs. Lower SRH recombination rates in InAs/InAsSb T2SLs is the key reason for
these longer minority carrier lifetimes.

Further investigations indicate that there could be an intrinsic mid gap defect
level acting as SRH recombination center in the InAs/InGaSb T2SLs [24], making the
short SRH recombination lifetime an intrinsic material property. By contrast, the
InAs/InAsSb T2SLs have lower band edges, and the mid-gap SRH recombination
center can potentially locate inside the conduction band, not contributing to the minority
carrier recombination processes. This hypothesis is confirmed by pressure dependent
photoluminescence (PL) measurements, which reveal that a trap state 0.18 eV above
the conduction band edge of a mid-wavelength infrared InAs/InAsSb T2SL [25].
Therefore, it is easier to achieve a long minority carrier lifetime due to low SRH
recombination rate in InAs/InAsSb T2SLs compared with InAs/InGaSb T2SLs,

indicating reduced dark current and improved quantum efficiency in the devices.



Recent material optimization has greatly suppressed the SRH recombination
rates, and leads to radiative recombination limited minority carrier lifetimes in the mid-
wavelength infrared InAs/InAsSb T2SLs of a few microseconds [26][27]. With the
minority carrier lifetime dominated by the radiative recombination, a reduction of
background carrier concentration is suggested to further improve the minority carrier

lifetime for a suppressed photodetector dark current [28].

1.2. Minority Carrier Lifetime Measurement

Even though the long minority carrier lifetimes have been observed in
InAs/InAsSb T2SLs, some of the mechanisms that leads to long minority carrier
lifetimes are not fully understood yet. It is therefore necessary to investigate the
minority carrier lifetimes at cryogenic temperatures which reveal abundant information
of carrier recombination processes. Multiple methods are reported to determine the
minority carrier lifetimes in the T2SLs, including time domain methods time-resolved
pump and probe for differential transmission measurement [21], time-resolved
photoluminescence (TRPL) measurement [17], and frequency domain method optical
modulation response method [18]. Among them, TRPL experiment has a relatively
simple configuration as compared with the other time-domain methods, and more
straightforward than the frequency domain methods.

However, it is challenging to measure the TRPL because the TRPL

measurements of narrow bandgap materials in the infrared waveband usually has a low
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signal-to-noise ratio due to several reasons. First, the material properties under low
excess carrier density conditions are particularly valuable since many photodetectors
operate in the low-injection regime, but low excess carrier density brings low PL
intensities. Second, compared with the materials working in the visible waveband, the
materials working in the infrared waveband give relatively weak PL intensity due to
their low radiative-recombination coefficients, as compared to the large non-radiative
recombination coefficients in these materials. Third, ambient radiation causes strong
background noise in the infrared regime. Additionally, photodetectors used for
collecting the infrared light have limited performance. The success of the measurement
of weak TRPL signals with significant noise in narrow bandgap materials [17] relies on
a critical step which digitizes the signal rapidly (~ GHz).

Boxcar technique represents a low-cost alternative for direct time-domain TRPL
measurements in infrared waveband. However, unlike the digitizer that can utilize all
the photons, the boxcar utilizes only the photons within a small time window, so the
conventional boxcar technique suffers from strong baseline noise and weak noise
suppression capabilities in TRPL measurements. The desired PL signal is usually buried
in the noise under low excitation conditions. Therefore, a major upgrade is desired for

the boxcar technique to improve the signal-to-noise ratio for TRPL measurements.

1.3. Organization of the Dissertation

In this thesis, a novel method is invented to upgrade the conventional boxcar-

6



based TRPL measurement system for the minority carrier lifetime characterization of
infrared materials. Using this method, a record long carrier lifetime is demonstrated as
12.8 ps at 15 K, and it is revealed that the long lifetime is partially due to carrier
localization. Furthermore, the impacts of carrier localization on the minority carrier
diffusion lengths is investigated.

Chapter 2 describes a novel method that can significantly improve the signal-
to-noise ratio of the boxcar-based TRPL experiment. This new method is called “real-
time baseline correction method” (RBC method). In section 2.1, the experimental
apparatus of the conventional TRPL experimental method is described. Section 2.2
analyzes the noise issue in the experimental system. The 1/f noise and baseline
fluctuation noise are dominant. Section 2.3 described the modification of the
conventional method using the novel RBC method, and the fundamental idea of how
the noise suppression is achieved. Further analysis is made in section 2.4 about the
noise suppressing mechanism and the system operation, the noise suppressing
mechanism is summarized as a notch filter that can effectively eliminate the noise at
frequencies other than the modulation frequency. In section 2.5, a simulation of
measurement procedures of the two methods confirms that the RBC method is more
capable of suppressing the low frequency noises. Section 2.6 provides a comparison
between the performance of the two systems is made, and it shows that the signal-to-

noise ratio is improved by 2 orders of magnitude using the RBC method. Some practical



issues are discussed in Section 2.7. Section 2.8 is a summary of Chapter 2.

Chapter 3 described the study of minority carrier lifetimes which leads to the
discovery of carrier localization, using PL and TRPL experiments in InAs/InAsSb
T2SLs. Section 3.1 introduces carrier localization in semiconductors. Section 3.2
provides experimental evidences of carrier localization in InAs/InAsSb T2SLs. A long
minority carrier lifetime of 12.8 us is demonstrated in Sample B at 15 K. The PL peak
blue shift from 15 K to 50 K in Sample B along with the line width broadening
demonstrates the carrier localization in Sample B. On the other hand, Sample C does
not show carrier localization. The carrier localization is attributed to the layer thickness
fluctuation of one atomic layer. Section 3.3 demonstrate a calculation of electron and
hole energy shift under layer thickness disorder, and demonstrate that the layer
thickness fluctuation is the origin of carrier localization in these InAs/InAsSb T2SLs at
15 K. Some possible influence of carrier localization on photodetector performance is
discussed in Section 3.4. This chapter is summarized in Section 3.5.

While Chapter 3 discovers carrier localization in InAs/InAsSb T2SLs, Chapter
4 further studies the influence on the vertical minority carrier diffusion length of
photodetectors. Section 4.1 describes several methods for vertical minority carrier
diffusion length determination. The simulation of external quantum efficiency (EQE)
spectra are used for the vertical transport characterization in this chapter, and the details

of this method is described in Section 4.2. The EQE spectra and absorption coefficients



of two samples made of InAs/InAsSb T2SLs with PIN structure are measured and
discussed in Section 4.3. Section 4.4 discusses the fitting of experimental data using the
model. In Section 4.5, carrier localization is identified in one of the samples below 40
K using optical approaches described in Chapter 3. In Section 4.6, the temperature
dependence of minority carrier diffusion length is discussed and demonstrates that
carrier localization does not influence the minority carrier diffusion length. Section 4.7

summarizes this chapter.



2. AREAL-TIME BASELINE CORRECTION METHOD FOR TIME-RESOLVED

INFRARED PHOTOLUMINESCENCE

Time-resolved photoluminescence (TRPL) is broadly-used to characterize the
carrier dynamics in bulk materials and hetero-interfaces. The TRPL experiment
measures the photoluminescence (PL) decay after a short laser pulse. For wide bandgap
materials, the single photon counting technique provides sufficient signal-to-noise ratio
to recover the PL decay. For narrow bandgap materials in the infrared waveband,
however, it is difficult to measure the TRPL due to its low signal-to-noise ratio in nature.
First, the material properties under low excess carrier density conditions are particularly
valuable since many photodetectors operate in the low-injection regime, but low excess
carrier density brings low PL intensities. Second, compared with the materials working
in the visible waveband, the materials working in the infrared waveband give relatively
weak PL intensity due to their low radiative-recombination coefficients, as compared
to the large non-radiative recombination coefficients in these materials. Third, ambient
radiation causes strong background noise in the infrared regime. Additionally,
photodetectors used for collecting the infrared light have limited performance.

There have recently been reports on the measurement of weak TRPL signals
with significant noise in narrow bandgap materials [17]0. The approaches used in these
reports include a critical step which digitizes the signal rapidly (~ GHz). The boxcar

technique is a lower cost alternative for direct time-domain TRPL measurements in the
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infrared waveband. However, unlike the digitizer that can utilize all the photons, the
boxcar utilizes only the photons within a small time window, so the conventional boxcar
technique suffers from strong baseline noise and weak noise suppression capabilities in
TRPL measurements. The desired PL signal is usually buried in the noise under low
excitation conditions. This chapter describes a real-time baseline correction (RBC)
method that adds cost-effective equipment to the conventional boxcar-based TRPL
system. This method significantly enhances the signal-to-noise ratio by suppressing the

noise, and therefore makes it easy to resolve the TRPL signal.

2.1. Boxcar Operation Principle and the Conventional Boxcar-Based Method

At the heart of this method for TRPL measurement is a boxcar averager. A
boxcar averager is a sampling instrument which integrates the input signal during a
predefined gate width, after a delay following an applied trigger. When the input signal
is periodic, the boxcar averager can recover waveforms by sweeping between the initial
delay and final delay. The gate width is much shorter than the signal period. The boxcar
averager typically takes a set of n samples at certain delay and calculates their average
to reduce high frequency noise. The signal waveform recovering process is illustrated
schematically in Figure 2.1. The first set of samples is taken after the initial delay. After
being averaged by the output averager, the signal intensity value appears as point A on
the output plot. After the signal value at this initial delay is measured, the delay is

increased by a fixed amount, and the cycle repeats, resulting in point B. As the process

11



continues, point C and further points are generated, and the delay eventually reaches

the preset final delay value. As the process completes, the waveform is replicated as the

output. In this case the boxcar can be regarded as a time translation device that can slow

down and recover fast waveforms. Unlike some common sampling techniques which

take a snapshot of the signal level at one point of time, the boxcar technique takes an

average of the signal over the time window, and thus some high frequency noise can be

removed.

Input Signal

— Time

|

100ps 200ps 300ps

H H Sampling Gate

T

—
Initial Gate
delay width

——X— ¢ —X— ¢
Initial Gate Initial Gate
delay width delay width

1 x Delay 2 x Delay
Increment Increment

L1

100ps

Figure 2.1. Boxcar working principle, taken from reference [29]0.

12



Intensity

(a) a scan contains N averages with different delays
L
]

f
an average over M samplings

f A \ input signal
. —— boxcar output
............ . -
delay=1 = - delay=n |
0 100 s 10=ms . 1=s >
Time

Figure 2.2. Definition of a sampling, an average and a scan during a boxcar-based

measurement.

Table 2.1. Definitions of Concepts in the Conventional Method. M Is Number of

Sampling, and N is the Number of Delays in Each Scan.

delays sweeping over the desired range

Concept Definition Period
Sampling Taking a value from one boxcar sampling to
Average Averaging over outputs of continuous M Mxtoy
samplings with the same boxcar delay
Scan Measuring a curve consisting of averages with NxMxtg

Some concepts used in the following text are defined and illustrated in Figure

13




2.2 and Table 2.1. In each period, the boxcar takes one value of the signal at a certain
delay, this step is referred to as a “sampling” process. At each delay, the boxcar takes
multiple samplings and calculates the average value, filtering out the sampling to
sampling statistical fluctuations, this process is referred to as an “average” process.
Finally, multiple averages are taken, and the delay is swept from the initial to the final
delay. This process is referred to as the “scan” process. These concepts are used
throughout this chapter.

A schematic block diagram in Figure 2.3 shows an example of a TRPL system
which utilizes the conventional boxcar technique (this method is referred to as
“conventional method” in this chapter). In this system, the sample is mounted inside a
cryostat. The sample is excited using a pulse laser having a central wavelength of 1064
nm, a pulse width of 0.5 ns, and a repetition rate of 10 kHz. The PL is directed by 4
gold parabolic mirrors into a high-speed liquid-nitrogen cooled HgCdTe detector with
a cutoff wavelength of 11.5 um and a time resolution of 20 ns. A 3-12 pm band pass
filter is placed in front of the detector to filter out any scattered laser light, to avoid
damage of the detector due to strong laser light, and also to make the photocurrent of
the detector proportional to the PL intensity from the sample as a function of time. The
detector current is amplified by a transimpedance preamplifier, and then the amplified
signal enters the boxcar averager which is synchronized with the pulse laser. A

computer controls the boxcar delay and records the boxcar output, so that the PL
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intensity as a function of time (TRPL signal) is measured.
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Figure 2.3. The experimental setup of the conventional boxcar-based TRPL experiment.

2.2. Noise in the Conventional Boxcar-Based Method

Infrared detectors work in low excitation regimes with excess carrier density
lower than 10'3/cm?. The initial excess carrier density excited by the laser can be as
high as 10'8/cm?, but only when the decay reaches a small enough excess carrier density
~ 10'%/cm® will it give valuable information about the relevant material properties for
infrared detectors. Low excess carrier density corresponds to low PL intensity. To
resolve this part of the PL decay, it requires a significantly lower noise than the weak
PL signal so that the PL signal can be distinguished.

The main noise in the conventional boxcar-based method consists of two parts.

First, the 1/f noise is identified to be dominant from 10 Hz to 3 kHz in this experiment.
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A lock-in amplifier is used to measure the noise power spectrum by manually sweeping
the frequency. The measured noise spectrum of a single output (i.e. one average
contains only one sampling) from the boxcar in Figure 2.4 shows that the total noise is
dominated by the 1/f noise from 10 Hz to 3 kHz. The equipment is incapable of
resolving noise below 0.5 (uV)*Hz. The 1/f noise is tested and confirmed to be
independent of the boxcar delay. This noise includes the noise from the detector, the
amplifier, the boxcar, the laser and the cables. By measuring the noise at different points
along the signal path, it demonstrates that this 1/f noise mainly comes from the detector.
The white noise that typically appears in the high frequency domain, such as Johnson

noise and shot noise, is beyond the measurement sensitivity in this experiment.
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Figure 2.4. The measured noise spectrum in the TRPL experiment from a single boxcar

output.
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The second part of the noises is a strong sub-Hertz noise associated with the
boxcar baseline fluctuation. The boxcar output is the sum of the TRPL signal and the
baseline (this total output is referred to as the “received signal” in this chapter). The
baseline of the boxcar is a function of delay, and it differs depending on the
experimental conditions. In this experiment, the baseline has a strong oscillation

following the laser pulse, as shown in Figure 2.5.
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Figure 2.5. Boxcar baseline fluctuation issue. The baseline fluctuation cannot be fully
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canceled by subtracting the measured baseline (red) from the measured signal (black).
The curves after subtraction are shown in blue. The strong PL signal in (a) keeps a

recognizable shape, but the weak PL signal in (b) is buried in the baseline noise.

A few things are done in order to identify where the oscillation is from. It is
discovered that when the laser is off, the oscillations disappear. A further test shows that
the signal can be detected using an antenna connecting to an oscilloscope when the laser
is on, this shows the laser emits a parasitic electromagnetic wave around it when it is
operating. By placing the laser far away from the other electronics including the boxcar
and the detector, the intensity of the baseline oscillation can be reduced. However, even
if the laser is placed in a Faraday cage to block the parasitic electromagnetic wave, the
oscillation is not completely removed. Two experiments were performed next. First, an
opto-electro coupler is inserted between the laser trigger channel and the pulse
generator which triggers the laser. However, this does not change the oscillation at all,
which proves that the oscillations do not relate with the trigger. Second, an
uninterrupted power supply (UPS) is used as the laser power source to prevent any
interaction between the laser and the wall-plug power line, and the baseline oscillation
intensity is reduced. It is therefore concluded that the baseline is generated by both the
parasitic electromagnetic wave coming from the laser and the coupling from the wall-
plug electricity with the laser power source. By screening these two sources, the

oscillation is completely removed, however, the experimental system becomes too
18



bulky to allow handling flexibility in narrow space. Therefore, it is desired to have an
alternative method to remove the baseline oscillations.

To resolve the TRPL signal, the baseline needs to be measured and subtracted
from the received signal in the TRPL experiment. Since the laser contributes to the
baseline, it has to be kept on while collecting the baseline to ensure a correct baseline
subtraction. For this reason, in the conventional method, the received signal is collected
with the laser beam illuminating the sample, and the baseline has to be collected
separately with the laser beam blocked. Figure 2.5(a) shows the experimentally
received signal and baseline of the conventional method. An important assumption of
the conventional method is that the baseline does not change from measurement to
measurement. However, the laser block/unblock frequency is on the order of (0.1 ~ 1)
Hz, and the baseline will have changed when switching between the signal
measurement and the baseline measurement in such time scale. Therefore, simply
subtracting the baseline cannot fully cancel it, as can be seen in Figure 2.5(a), the
subtracted signal (blue curve) has strong residuals of the baseline because the parasitic
electromagnetic wave significantly contributes to the baseline and introduces
significant noise. The strong PL signal in Figure 2.5(a) still suffer from the baseline
variation. On the other hand, a weaker PL signal, as seen in Figure 2.5(b), is almost
buried in the baseline fluctuation residuals. The baseline oscillation comes after the

excitation by the laser pulse, lasting from 200 ns to 1000 ns. Such drift can be attributed
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to the fluctuations in and around the experimental system [30]. This noise is referred to
as “baseline noise” in the following text.

To suppress the baseline noise, a straightforward way is to screen the laser
interference. The laser has to be placed inside a Faraday cage and also it has to be
powered by an UPS. However, these shielding components significantly increases the
volume of the experimental equipment, making it more difficult to arrange the
experiment in a small space and do the optical alignment. A new method for baseline
noise suppression is therefore desired to avoid the inconvenience. It will be
demonstrated later that this new method also has the advantage that the low frequency
noise components can be suppressed without identifying the sources, making it

adaptable to more complex situations.

2.3. Real-Time Baseline Correction Method

The noise in this experimental system is dominated by 1/f noise and baseline
noise, both of which are significant at low frequencies. This is very similar to the
conventional Fourier-transform infrared spectroscopy (FTIR) system. In the
conventional FTIR experiment, since the signal is measured on top of the background
blackbody spectrum, the ambient temperature fluctuation leads to a significant change
of the signal intensity. Therefore, the measured results usually contain strong
background noise. Thus, a “double-modulation” method was proposed, and is now

widely used for the FTIR technique, to suppress the low frequency temperature
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fluctuation problem [31]. In this “double-modulation” method, the signal is modulated
at a frequency much higher than the interferogram frequency, and the fluctuation noise
is suppressed “frame by frame”. Here the author develops the RBC method to suppress
the low frequency noise in the boxcar-based TRPL system, by “double modulating” the
laser.

As the “double-modulation” method does in the FTIR experiment, the RBC
method also introduces a signal modulation into the experimental procedure. Unlike the
“double-modulation method”, which modulates the signal at a very high frequency, the
RBC method modulates the signal with a much lower frequency than the pulse
frequency of the laser. The double-modulation method and the RBC method are

compared in Table 2.2.

Table 2.2. Comparison between the Double Modulation Method and the RBC Method

Additional
Method Application Purpose modulation
frequency
Double-modulation FTIR Suppress low High
frequency noise
RBC TRPL Suppress low Low
frequency noise

21



e —

e N
Computer cc?rizjfer / Lock-in \
P ) -omp 1 amplifier [ per 2
interface ererence
Set delay \_I./
Kolmar fast | Signal
ey McT P e
PRl detector P Signal ‘IReference 1
(8-12) um Pulse

bandpass filter

generator
Hz TTL lTrigger

Laser
control box

Small

! . Chopper
mirror™~a,

1064 nm
Pulse laser

f,= 101.5 Hz

T

7 A
Chopper \
\controlle r//

S —”

R

Cryostat

Figure 2.6. The experimental setup of the boxcar-based TRPL experiment using RBC

method.

The modified TRPL experimental system using the RBC method is shown in
Figure 2.6. A chopper is placed in front of the laser to modulate the laser beam
mechanically at a frequency of 100 Hz to 800 Hz, much lower than the frequency of
the laser pulse rate of 10 kHz. By doing this, the boxcar output alternates between
“received signal” and “baseline” at the frequency of the chopper. The width of the
chopper blade is 100 times larger than the laser beam diameter, ensuring that the partial
blocking of the laser beam occurs during only 2 % of the total time in each cycle. With
this mechanical modulation for the light beam with the laser kept on, the real baseline

due to the laser is subtracted more precisely than the conventional method (as
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previously stated, the laser contributes to the baseline). A lock-in amplifier
synchronized with the chopper is inserted between the boxcar averager and the
computer to measure the difference between the received signal and the baseline. The
time constant of the lock-in amplifier is set to 3 times the modulation period of the
chopper.

Figure 2.7 shows how the modulation of the chopper influences the signal
output from the detector. In the conventional method, the system takes multiple
samplings for the same delay (Figure 2.7(a)), and then gives the average value (Figure
2.7(b)). Multiple of this average with different delay consist a scan of signals, and then
a separate scan for the baseline. In the RBC method, the chopper modulates the laser
so that the signal with the same delay is divided into a few “on” and “off” states. As a
result, the system alternatively takes a sampling of the signal and baseline, repeatedly
(Figure 2.7(c)), and then calculates their average values respectively (Figure 2.7(d)). In
the square wave of Figure 2.7(d), the high level corresponds to the received signal value
at the delay, and the low level corresponds to the baseline value. The difference between
the high and low levels are then measured by a lock-in amplifier. With the modulation,
the RBC method switches between received signal and baseline measurements at much

higher frequency than the conventional method.
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Figure 2.7. Modification of the boxcar output signal in the RBC method. (a) is the
voltage coming out from detector without modulation. The boxcar has a fixed delay and
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modulation, leads to the final boxcar output (d).

Figure 2.8 schematically compares the TRPL measurement procedures using
the conventional method and the RBC method. The received signal can be treated as
the sum of a signal component and a baseline component. Figure 2.8 (a) and (b) show
the experimental procedures of the conventional method and the RBC method
respectively. For clarity purposes, the total received signal is not shown here. Figure

2.8 (c) and (d) show the final results of these two method, where “corrected baseline”
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is the result of the baseline component cancellation for each method. The conventional
method collects the whole received signal decay and the baselines afterward separately
(Figure 2.8 (a)), then calculates their difference (Figure 2.8 (¢)). In contrast, in the RBC
method the received signal values at laser “on” and the baseline values at laser “off”
states appear alternatively and the difference is immediately measured by the lock-in
amplifier for each individual boxcar delay in real-time, as shown in Figure 2.8 (b). By
adopting this modulated data acquisition sequence, the RBC method is more capable of
suppressing the noise and therefore improves the signal-to-noise ratio. As shown in
Figure 2.8 (c) and (d), the conventional method still contains significant oscillation, but
the corrected baseline component of the RBC method is much closer to zero. In the
conventional method, the measurement of the received signal and the baseline is so far
apart (a few seconds), that the baseline has shifted between these two measurements.
On the contrary, the RBC method immediately (within a few 10s of us) takes the
baseline values after measuring the received signal values, thus the baseline values can
be better conserved before the low frequency baseline fluctuation significantly changes

the baseline values.
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Figure 2.8. Schematic comparison of the conventional method and the RBC method. (a)
The measured result (not shown) by the conventional method is the sum of a signal
component and a baseline component. (b) At each boxcar delay, the RBC method
modulates the signal and baseline, so that the baseline value is taken immediately after
the signal value is measured. (c) The measured result (black curve) of the conventional
method deviates from the actual signal component (blue curve). (d) The measured result

(black curve) of the RBC method is close to the actual signal component (blue curve).
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2.4. Noise Suppression Mechanism

An in depth understanding of the noise suppression mechanism can be achieved
by comparing the conventional method with the RBC method in both the time and the
frequency domains.

In the conventional method, the single boxcar samplings are averaged over a
certain time constant #p, then the baseline is subtracted from the received signal long
after the signal is taken. This is mathematically equivalent to a convolution with a
weighting function [32] f;(z), which consists of a positive pulse and a negative pulse
separated by the length of the scan ¢ in each period, as shown in the Figure 2.9 (a). In
the frequency domain, it is a multiplication with its spectrum g;(f) as shown in the black
curve of Figure 2.9 (b). In order to make it simple and easy to understand, the spectrum
can be regarded as oscillations on top of an envelope. The envelope function of g;(f),
which is plotted in Figure 2.9 (b) as the red curve, increases as frequency increases
below 1/t,, and decreases as //fat frequencies higher than /¢, and it is constant between

1/t and 1/1.
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Figure 2.9. (a) One period of the weighting function in the conventional method and (b)

its spectrum. The red curve is an envelope function that guides the eye.

The frequency domain manipulation of the RBC method is understood in two
steps. The boxcar sampling outputs immediately enter the lock-in amplifier, which

measures the amplitude of the first order harmonic by

1 p,x .
output = Ffo y(t) sin(2mf,,t) dt 2.1
The above expression is equivalent to two mathematical steps. First, it
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multiplies the input with a sinusoidal wave, f>(¢)=sin(2xfut). The frequency is equal to
the modulation frequency f», which is much higher than 1/f9, where #y is the average
time in the conventional method. The waveform is plotted in Figure 2.10 (a), and the

spectrum g»(f) is a single delta function as shown in Figure 2.10 (b).
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Figure 2.10. (a) A sinusoidal function with a frequency of fy and (b) its spectrum.

The second step is an integration over the time constant 7. Mathematically it is
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a convolution with a square pulse function f3(¢). The comparison between the RBC
method and the conventional method is fair when they have the same measurement time.
Since the conventional method measures signal and baseline with a total time of 21y,
the integration time (pulse width) here is also 2¢y. Function f3(2) is shown in Figure 2.11
(a). In the frequency domain, it processes a multiplication with the spectrum
g3(f)=2sin(2ntof)/f, as shown in the black curve of Figure 2.11 (b). An envelope function
of g3(f) is plotted in Figure 2.11 (b) as a red curve. This multiplication performs as a

low pass filter which suppresses the high frequency parts.
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Figure 2.11. (a) One period of the pulse function with a pulse width of 2¢p and (b) its

spectrum. The red curve is an envelope function that guides the eye.

The change of the power spectrum of 1/f noise by the core processes of these
two methods are compared in Figure 2.12. The black curve is the 1/f noise power
spectrum, coming from the boxcar output. The blue curves are the final noise power
spectra after going through the previously described processes of Figure 2.10 and 2.11.
The red curve is the envelope function of the blue curve for a better visualization. In
Figure 2.12 (b), the green curve is the intermediate state when the signal goes through
the convolution with the sinusoidal function. The high frequency parts (> 100 Hz) of
the final results (blue curves) are similar. On the other hand, in the low frequency parts
(< 100 Hz) the noise power of the conventional method Figure 2.12 (a) is higher than
that of the RBC method Figure 2.12 (b). This is due to the multiplication with the
sinusoidal function in the RBC method “shifts the zero frequency” of the noise to its
modulation frequency (green curve in Figure 2.12 (b)), so that the low frequency part

can be reduced.
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Figure 2.12. Noise power spectrum of 1/f noise after the measurement of (a)
conventional method and (b) RBC method. The black curves are the original 1/f noise
power spectrum. In (b) the green curve is the intermediate spectrum after the
convolution with the sinusoidal wave in the RBC method. The blue curves are the final
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the eye.

Some discussions of the spectrum analysis results are present in this paragraph.

First, the RBC method suppresses both low and high frequency noise due to its
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averaging by the lock-in amplifier. Indeed, the lock-in amplifier provides a notch filter
in the frequency domain that takes both the signal and noise near the modulation
frequency, and reduces the noise at all other frequencies. Second, similar analysis of
other types of low frequency noise, including the baseline fluctuation noise in this
experiment, also demonstrates that better low frequency noise suppression can be
achieved by using the RBC method. The fundamental reason for the better suppression
is due to the notch filter in the RBC method removing the low frequency noise. Third,
as an additional step, the signal needs to go through a computer sampling process, and
it is numerically demonstrated that the final noise power intensity is still proportional
to the noise power density at the modulation frequency. When the 1/f noise dominates,
the final noise power intensity is proportional to 1/f, so a high modulation frequency
allows for better noise suppression. Fourth, the conventional method can be regarded
as having a modulation period of the scan length, which is much longer than the
modulation period of the RBC method, and therefore is more vulnerable to low

frequency noise.

2.5. Simulation of the Noise Suppression

As analyzed previously, the main problem of the conventional TRPL
experiment is the low frequency noise, which can be suppressed by the additional
modulation introduced by the RBC method. In this section a series of simulations are

performed to compare the conventional method with the RBC method, for the purpose
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of examining the effectiveness of the RBC method.

An initial simulation compares the output at a fixed boxcar delay, and the details
of the simulation are described in this paragraph. The signal intensity is arbitrarily set
as 1. The signal and baseline values are sequenced based on the measurement sequence
of the conventional method and the RBC method respectively. This sequence is
schematically illustrated in Figure 2.13. A 1/f noise is generated and added on top of
the signal and baseline. Since 1/f noise is self-correlated, a sequence of noise values
covering the scan length is generated, and only the noise during the signal and baseline
measurements of the same delay is used for this calculation (see upper part of Figure
2.13). In this simulation the boxcar sampling rate is 10* Hz, the modulation frequency
is 10> Hz, and with a total measurement time of 1 second, including signals and
baselines. In this initial calculation, the scan only contains 1 boxcar delay so the scan
length is 1 second. For the conventional method, the output is the averaged signal minus
the averaged baseline. For the RBC method, the output is the weighted average with
the sinusoidal weighting function. To compare different kinds of noise, 1/f, white and
blue (power intensity ~ f, representing an example of high frequency noise) noises are
added to all the data points respectively. For each method, the simulated single
measurement is repeated 10° times to check the variation that demonstrates the noise in

the final measurement.
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The calculation results are shown in Figure 2.14. For 1/f noise (Figure 2.14 (a))
which is more significant at low frequencies, the RBC method significantly reduces the
variation in the measurement compared with the conventional method (Figure 2.14 (b)).
For white noise which has an even weight at all frequencies (Figure 2.14 (c)), both
methods behave similarly (Figure 2.14 (d)). For blue noise which weighs more at high
frequencies (Figure 2.,14 (e)), the RBC method has larger variation than the
conventional method (Figure 2.14 (f)). The variances of the output are calculated and
shown in Table 2.3. This result shows that the RBC method is more sensitive to high
frequency noise than the conventional method. Since the scan length is 1 second, the
conventional method has an effective modulation frequency of 1 Hz, so the variance
ratios are very close to the ratio of the noise power density of the input noise at the

effective modulation frequencies. Therefore, the 1/f noise (low frequency noise) can be
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reduced by the RBC method more efficiently than the conventional method.
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Table 2.3. Comparison between the Variance of the Simulated Results Achieved by the

Conventional Method and the RBC Method, with a Modulation Frequency of 100 Hz

and Different Types of Noise

2
ORBC

Type of noise 1/fnoise White noise Blue noise
Frequency dependence of 1! 7 f!
the noise power density
Oonventional 1.03x10? 0.98x10° 1.05x1072

As a second simulation, the noise at different modulation frequencies in the

RBC method are tested with 1/f noise. The results shown in Figure 2.15 demonstrate

that at higher frequencies the noise is reduced more efficiently. The variance ratios of

the results by these two methods are calculated and shown in Table 2.4. The ratio is

proportional to the modulation frequency, confirming the previous conclusion that the

noise is proportional to the noise power density of the 1/f noise spectrum at the

modulation frequency.
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Figure 2.15. Comparison between RBC method and conventional method, with

modulation frequencies of (a) 10 Hz, (b) 100 Hz and (c) 1000 Hz.

Table 2.4. The Variance Ratios in the Simulation Results for the Conventional Method

and the RBC Method, with Different Modulation Frequencies under 1/f Noise

Modulation 10 100 1000
frequency (Hz)
2
Oconventional 1.07x10! 1.03x10? 1.02x10°
Okc
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In the third simulation, a time-dependent signal is introduced to simulate the
measurement of an exponentially decaying signal as a function of time. Two types of
noise are used separately, representing two dominant noises in this experiment. One
noise is 1/f noise, shown in Figure 2.16 (a), the other noise has a power intensity
proportional to %, as shown in Figure 2.16 (c). The exponent -6 is chosen to be much
lower than -1, so that this noise will have a much larger component in the much lower
frequency region than the 1/f noise. The behavior may differ from the actual baseline
fluctuation noise, but it is useful to demonstrate the situation of very low frequency
noise. As shown in Figure 2.16 (b), when 1/f noise dominates, the RBC method gives
a clearer exponential decay than the conventional method, while the conventional
method gives an exponential decay with significantly larger noise. For the lower
frequency noise shown in Figure 2.16 (c), the result in Figure 2.16 (d) shows some slow
variation for the conventional method, which makes the decay tail very different from
the single exponent. As a comparison, the RBC method gives a much clearer single
exponent. Such result suggests that the RBC method is more efficient for different types

of low frequency noise than the conventional method.
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Figure 2.16. Simulation of a TRPL measurement, assuming the PL signal decays single
exponentially, using both the RBC method and the conventional method. With a 1/f
noise shown in (a), the results are shown in (b). With a noise ~f * shown in (c), the

results are shown in (d).

To summarize this section, the simulation results suggest that the RBC method
is sensitive to the noise at modulation frequency, and can suppress noise of other
frequencies. As a result, low frequency noise can be suppressed more efficiently by the
RBC method since it has a larger effective modulation frequency than the conventional

method.

2.6. Performance
The superior performance of the RBC method is confirmed by experimental
results. The desired TRPL signals obtained using the conventional and the RBC

methods are shown in Figure 2.17 on the same sample with identical conditions. The
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results obtained using the RBC method with two different modulation frequencies are
also compared. As in Figure 2.17, using the conventional method (black dots), the
TRPL signal possesses multiple oscillations over the timescale of 0.5 ps to 1.5 ps,
caused by the low frequency baseline fluctuation induced by the laser pulse. On the
other hand, using the RBC method (red and blue dots) these oscillations are completely
removed. The RBC method with a modulation frequency of 100 Hz suppresses the
standard deviation of the dominant noise by 60 % after 6 ps, as compared to the
conventional method. With a modulation frequency of 800 Hz, the RBC method further
suppresses this noise by 70 %. The TRPL signal from 1.5 ps to 4.5 ps, which was buried
in the noise using the conventional method, is now resolved clearly by using the RBC
method. This improved experimental method resolves the weak TRPL signal buried in
the noise in short time, making it more practical for the TRPL measurements of infrared

materials.

10’ ‘! = Conventional method
. RBC method 100 Hz
10° 4 RBC method 800 Hz

PL Intensity (a.u.)

Time (us)

Figure 2.17. Comparison between the TRPL signals measured by the conventional

44



method and the RBC method with modulation frequencies of 100 Hz and 800 Hz. These
signals are collected on the same sample with identical conditions. The RBC method
not only removes the baseline fluctuations between 0.5 ps and 1.5 ps, but also
suppresses the noise at decay times greater than 6 ps. Using the 800 Hz modulation

frequency, the noise is further suppressed compared with 100 Hz.

2.7. Discussions

It is desirable to use the RBC method with a high modulation frequency, but the
modulation frequency must satisfy certain conditions. First, the modulation frequency
fo cannot be higher than the boxcar sampling frequency. The boxcar sampling period
has to be long enough to cover the complete PL decay after each excitation, so that the
lifetime of interest can be accurately resolved, therefore the upper limit of the
modulation frequency is related to the lifetime of interest. For example, in this TRPL
experiment, the longest lifetime of interest is on the order of 10 ps, and a boxcar delay
scanning range of at least 100 ps has to be chosen, thus a modulation frequency of at
most the reciprocal of 100 ps (10 kHz) can be used. Second, as a practical issue,
depending on the position of the chopper blade and the phase of the laser pulse, the
number of pulses in each chopping period can vary by 1 from period to period. This
issue can be resolved by setting the ratio between the pulse frequency over the
modulation frequency to an accurate integer N by using an extra circuit for
synchronization. As an alternative practical solution for this issue, the modulation

frequency can be set much lower than the pulse frequency, and this issue can be
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alleviated as the small difference between the number of pulses in each period leads to
negligible measurement error.

A more efficient approach with the highest possible modulation frequency in
the RBC method can be achievable with better synchronization devices. In our
demonstration of the RBC method, since the chopper cannot be synchronized with the
pulse laser (10 kHz), the modulation frequency has to be set much lower than the
frequency of the pulse laser. However, some non-mechanical choppers such as acousto-
optical modulators or electro-optical modulators can be modulated at much higher
frequency. It is possible to use those choppers to bring the modulation frequency up to
the laser pulsing frequency and further reduce the noise.

The RBC method is not only useful for the TRPL experiment, but also can be
applied to any boxcar-based time-resolved experiments that suffers from low frequency
noise and have baselines repeating at the frequency of the external excitation such as

laser pulse in this case.

2.8. Summary

The noise issues in a TRPL system using a conventional method is analyzed,
revealing that the total noise is dominated by low frequency noises, including 1/f noise
and baseline fluctuation noise. The RBC method is proposed to suppress the signal-to-
noise ratio. The RBC method is realized by modifying the conventional TRPL system

with a chopper and a lock-in amplifier. The noise suppression is supported by both the
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analysis in the frequency domain and the computer simulation. The improved signal-
to-noise ratio of the RBC method is confirmed by experimental results. After this
improvement, the signal-to-noise ratio of the TRPL measurement is significantly
enhanced by 2 orders of magnitude and the signal decay with lower PL intensity, which
can provide critical information but was previously buried in the noise of the
conventional method, can be resolved using the new method more efficiently. This RBC
method is used for TRPL measurements to determine the minority carrier lifetimes in

Chapters 3 and 4.
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3. CARRIER LOCALIZATION IN INAS/INASSB TYPE-Il SUPERLATTICES

One significant advantage of InAs/InAsSb type-II superlattices (T2SLs) over
InAs/InGaSb T2SLs is the low Shockley-Read Hall (SRH) recombination rate, which
leads to a long minority carrier lifetime [20]. Optical approaches, such as TRPL [20],
time-resolved differential transmission [21] and optical modulation response [27], have
been used to measure minority carrier lifetimes in InAs/InAsSb T2SLs. The lifetimes
have been reported to be as long as 412 ns in the long-wavelength infrared (LWIR)
regime [20][33], 9 us [21], 10 ps [22] and 12.8pus [23] in the mid-wavelength infrared
(MWIR) regime at 77 K under low excitation conditions. These reported lifetime values
are much longer than the ~ 30 ps [17][18][19] measured in InAs/InGaSb T2SLs, which
is a result of the low SRH recombination rate [20]. Long minority carrier lifetime is
therefore regarded as an indicator of good device performance in InAs/InAsSb T2SL
photodetectors, because a low SRH recombination rate leads to a high photo-generated
carrier extraction efficiency and a low dark current [34]. However, it is reported that
the radiative recombination dominant minority carrier lifetime in a MWIR InAs/InAsSb
T2SL is only 2.8 us at 77 K, with a carrier concentration of 1.5x10'> ¢m™ [35]. Since
the radiative recombination is intrinsic, this suggests that the long minority carrier
lifetime may not be purely due to the reduced SRH recombination rate, and there are
other factors that influence the minority carrier lifetime. Since the minority carrier

lifetime is a key parameter for optimizing the InAs/InAsSb T2SL photodetector, its
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origin needs to be carefully investigated.

This chapter demonstrates that the long minority carrier lifetime in MWIR
InAs/InAsSb T2SLs are influenced by strong carrier localization at low temperatures.
Carrier lifetimes measured using optical approaches can be greatly enhanced by carrier
localization [36] which has been widely observed in semiconductor materials
[36][37][38][39][40]. When carrier localization is strong, spatially indirect SRH
recombination dominates the non-radiative recombination in optical measurements [40],
but generation-recombination (GR) dark current usually follows the trend Jer~(7Gr)”’,
where 7gr is the spatially direct SRH generation lifetime in the depletion region. Under
the influence of carrier localization, the GR dark current is underestimated if calculated
using the optically measured carrier lifetime. Moreover, in the case of strong carrier
localization, carrier transport is inhibited [39] and the photo-generated carrier
extraction efficiency could potentially be diminished. It is therefore important to
identify whether carrier localization exists, so as to properly design and evaluate the

InAs/InAsSb T2SL photodetectors using the optically measured carrier lifetimes.

3.1. Carrier Localization

Carrier localization is a common phenomenon in semiconductors, originating
from the disorder in solids. The properties of an ideally ordered system is relatively
easy to solve since the quantum objects have Bloch-type wave functions which are

periodical throughout the whole space. However, in reality materials always contain
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disorders such as impurities, vacancies, dislocations and other defects. These disorders
have a significant impact on some of the material properties. Since the 1970s, thanks to
bigger and faster computers, numerous theoretical methods have been used to study the
electronic properties of disordered solids. At the same time, emerging experiments are
employed to verify or falsify these theories.

One important and extensively studied field of carrier localization is the
influence of disorder on the transport properties in condensed matter systems [41]. The
one-particle wave functions in the disordered system decays exponentially in space
when the level of disorder is sufficiently strong. If the particles are in states with
exponentially decaying wave functions in space, they are restricted to a finite region
and cannot contribute to the transport without the interaction with other particles such
as phonons. These states are called localized states. On the other hand, if the disorder
is weak, or the eigen-energy of the state is high, the wave functions are more likely to
extend throughout the whole space, with fluctuating intensities and phase near the
disorder, and these states are known as extended states. Only the particles in the
extended states can transport spatially. If the Fermi edge is below the mobility edge, as
shown in Figure 3.1, close to the localized states, the transport will be limited. Even if
the Fermi edge is near the extended states, i.e. in the metallic regime, the disorder serves
as a scattering center, leading to an increasing resistance. For these reasons, there could

be significant influence from disorder and localized states on the semiconductor device
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Figure 3.1. Scheme of mobility edge and localized states, originally from reference [41].

When the Fermi level is below the mobility edge, the bottleneck to carrier
transport is the thermal activation from the localized states into the extended states, so
the mobility is inversely related to the temperature. When temperature is near 0 K, the
hopping process becomes the dominant transport process [41], which can be described
by the “Mott’s T-"* law” [42][43]. In Mott’s theory, the hopping process is assisted by
phonons, and the hopping probability is exponentially related to the percolation
parameter, which are determined by the wave function overlap between two localized
states, and the energy difference between these two states [44].

Recently, the carrier localization has also been studied using pure optical
approaches. Carrier transport properties of an intentionally disordered GaAs/AlGaAs
superlattice are studied by observing the PL of the bottom layer. After comparing the

superlattices with different degrees of disorder, it is concluded that the transport is
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inhibited in the disordered superlattices [39]. A significant characteristics of carrier
localization in a disordered semiconductor is the “S-shaped” PL peak energy as a
function of temperature, shown in Figure 3.2 (a). In a disordered system, the localized
state energy distributes randomly. As shown in Figure 3.2 (b), when temperature is near
0 K (blue), most carriers cannot be thermally excited outside the localization centers
with randomly distributed energies. As temperature increases (green) the carriers in the
shallow localization centers can be thermally excited, and fall into deep localization
centers. Since most carriers are in the localization centers at these temperatures, the PL
is mainly due to the transition between these localization centers, and the PL peak shows
a red shift. As temperature increases more (red), the carriers in the deep localization
centers are also thermally excited into the extended states, and therefore, the PL peak
energy shows a blue shift. As temperature further increases, the band gap shrinkage
leads to a PL peak red shift again. Such S-shaped PL peak energy is observed in many
material systems, including GaInNAs quantum wells [40][45], InGaN/GaN quantum
wells [36], AlGaN quantum wells [46], GalnP [37][47][48], GaAs/AlGaAs system
[49][50], AlAs/AlGaAs superlattices [51], InAlAs [52], AllnAs [38]. The S-shape is
related to [37][38][50] and well-explained [40][45] by carrier localization. The
disordered material is compared with ordered material, and this confirms that the S-
shape is unique to the disordered systems [50][51]. Photoreflectance [37][47], PL

excitation [38] or optical absorption [50] experiments are also performed to measure
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the band gap energy, confirming that the PL peak shift is not due to the band gap
shrinkage. This S-shaped relation between the PL peak energy and temperature is

regarded as an indicator of carrier localization.
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Figure 3.2. (a) An example of the inverted S-shape PL peak energy as a function of
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temperature from reference [36], and (b) its origin. At low temperatures the localized
states do not exchange carriers. As temperature increases, the carriers in the shallow
localized states are thermally excited, and eventually captured by deep localized states.
As temperature further increases, the carriers are thermally excited into the extended

states, and the PL peak energy follows the band gap shrinkage.

The PL line width also has an anomalous behavior associated with the PL peak
energy shift, as the PL peak blue shifts, the line width decreases, as the PL peak red
shifts, the line width increases [36][52]. This behavior is mainly due to the broadening
of the high energy side of the PL spectra, related with carrier localization. As shown in
Figure 3.3 (a), at low temperatures most of the carriers are distributed in the localized
states. The exchange of carriers between the localized states is difficult, resulting in
different Fermi levels at different localization centers. The trapped excess carriers
follow the statistical distribution of the localization energy instead of a global Fermi
distribution, which broadens the PL spectra. As shown in Figure 3.3 (b), at high
temperatures when carrier localization does not occur, many carriers occupy the
extended states, and the high energy side of the PL spectrum is dominated by the Fermi-
distribution of carriers, leading to a steep slope and narrow line width. In the
temperature range where the carriers are thermally excited out of the shallow localized
states into the deep localized energy states, it also leads to a broadening of the PL peak

because of the more populated deep localized energy states.
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Figure 3.3. Excess carrier distribution in the disordered semiconductor. (a) At low
temperatures, different localization centers do not exchange carriers, therefore the
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Fermi levels in different localization centers are different and the carriers do not obey
a global Fermi distribution. (b) When temperature is high, the carriers in the localization
centers have enough thermal energy to overcome the barrier and occupy the extended
states. (c) If excess carrier concentration is high, all the localized states are occupied
and the excess carriers begin to fill the extended states, in the cases (b) and (c) the high

energy carriers follow a global Fermi distribution.

Even though carrier localization occurs at low excitation densities, the shape of
the PL spectra changes with high excitation densities. As excitation density increases,
shown in Figure 3.3 (c), the localized states become filled and some extended states are
occupied. In this case a global Fermi-distribution can be achieved, and the high energy
side of the PL spectrum has the shape of a Fermi-distribution.

When carrier localization occurs, the minority carrier lifetimes are long, but as
temperature increases, the long lifetime decreases very sharply [36]. At low
temperatures, the dominant transition occurs between those localized states that capture
most of the excess carriers. The schematic wave functions of the extended states and
the localized states are shown in Figure 3.4. The wave function overlap between these
localized states is small, leading to a small transition probability and long carrier
lifetime. As temperature increases, more carriers are populated into the extended states

with larger wave function overlap, leading to the rapid decrease of carrier lifetime.
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Figure 3.4. The wave functions of the electron and hole for both extended and localized
states. The large wave function overlap between the extended states leads to a high
transition probability. The small wave function overlap between the localized states

leads to a low transition probability and thus, a long minority carrier lifetime.

In the following sections, experimental evidence demonstrates the existence of
carrier localization in InAs/InAsSb T2SLs. As illustrated in Section 3.3, the most
probable origin of carrier localization is the interface atomic layer fluctuation in the
superlattice, confirmed by calculations. This observation is similar to that previously
observed in GaAs/AlGaAs quantum wells, where interface roughness leads to carrier

localization [49]0.

3.2. Experimental Evidence of Carrier Localization in MWIR InAs/InAsSb T2SLs
Three groups of samples are grown by solid source molecular beam epitaxy on
(100)-oriented GaSb substrates, and are outlined in Table 3.1. Group A contains bulk

InAsSb lattice-matched to GaSb, group B contains InAs/InAsSb T2SLs with periods
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shorter than 12 nm, and group C contains InAs/InAsSb T2SLs with periods longer than
18 nm. These superlattices are designed to be strain-balanced to the GaSb substrate as
described in [53]. Detailed growth conditions were previously reported [20][54][55].
Group A has an Sb mole fraction of 0.09, and is lattice-matched to the GaSb substrate.
All samples have 500-nm-thick GaSb buffer layers to smooth the substrate surface. The
absorber layers are sandwiched between 10-nm-thick AISb barrier layers which provide
confinement for the photogenerated carriers in the PL experiments. The entire structure
is capped with 10 nm of GaSb (group A and non-IQE samples in group B) or 10 nm of
InAs (IQE samples) to prevent oxidation of the upper AlSb layer. An example of high-
resolution x-ray diffraction (XRD) in the (004) direction is shown in Figure 3.5,
confirming that the superlattices are closely strain-balanced to the GaSb substrate. The
total thickness of the superlattice varies from 500 nm to 1000 nm. These T2SLs are
unintentionally n-type doped and chapter 4 demonstrates that the minority carrier (hole)
diffusion lengths are longer than 2400 nm below 77 K, much longer than the thickness
of the T2SLs, ensuring a uniform carrier distribution for steady state experiments. The
PL spectra are therefore not influenced by the layer thickness after calibrating the excess
carrier concentration. The minority carrier lifetime is not influenced by the layer
thickness as it is determined at the tail of the TRPL curve (excited by a pulse laser) at

low excitation densities, where the carriers already reach a quasi-uniform distribution.
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Table 3.1. Summary of the Sample Structures

Group | Sample | Wave band No. of dmas (nm) | dmassb (nm) XSb
Periods
A B1784 - 1 0 1000 0.09
B1856 MWIR 90 9.0 2.6 0.30
B B1875 MWIR 100 5.2 4.7 0.19
IQE29 LWIR 59 6.8 1.8 0.40
IQE43 LWIR 71 5.7 1.5 0.40
C IQE33 LWIR 29 17.0 7.2 0.27
IQE44 LWIR 21 12.5 4.9 0.29
10’
- | —— Measurement GaSb
:gﬁ : —— Simulation / substrate
>10'F
L10°L
>
5 10° |
c
210'F
£
10°
10" F
29 310 31 3l2

Omega (degrees)

Figure 3.5. (004) X-ray diffraction of sample B1875, the zeroth peak of superlattice

overlaps with GaSb substrate peak, indicating the superlattice is strain-balanced to the

substrate.

Samples from the same group behave similarly in terms of the PL spectra and

minority carrier lifetimes. In the following discussions, only the experimental results of
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B1784, B1875 and IQE33 are discussed, representing group A, group B, and group C,
respectively, and they will be referred to as sample A (B1784), sample B (B1875) and
sample C (IQE33).

Strong evidence of carrier localization is revealed by steady-state PL
measurements carried out using a Fourier transform infrared spectroscopy (FTIR). The
samples are excited using an 808 nm laser with an excitation density of 0.05 W/cm?.
Using such a relatively low optical excitation density ensures that the excess carrier
densities in all the samples are much less than the unintentional background n-type
doping of ~2x10'¢ cm™ [20], close to the detector working conditions. The PL peak
energies and full-width at half maximums (FWHM) of samples A, B and C are plotted
as a function of temperature in Figure 3.6. The Varshni empirical expression can be
used to fit the temperature dependence of the PL peak energy for samples A and C, as
shown by the solid lines in Figure 3.6. For sample B, however, the Varshni expression
only fits the data in the temperature range above 50 K. As temperature increases from
15 K to 50 K, the PL peak energy shows a significant blue shift of 3 meV, much larger
than the error bar limited by the FTIR system resolution of 0.25 meV. The FWHMs in
the PL spectra of sample A and sample C increase monotonically as temperature
increases, but the FWHM of sample B shows the opposite trend below 40 K. As
described in Section 3.1, this behavior is a strong indication of carrier localization. At

low temperatures and low optical excitation densities, the photo-generated electrons
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and holes are bound at these spatially separated localization centers, and the optical
transition occurs between electron and hole localized states with corresponding lower
transition energies and probabilities. As temperature increases, carriers are thermally
excited into the extended states, and the PL peak shifts to higher energies. As the
temperature increases further, the carriers predominately populate the extended states,
and the PL peak energy shifts to lower energies as the bandgaps of the superlattice

constituents become smaller.
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Figure 3.6. PL peak energy and FWHM of samples A (bulk InAsSb), B (short period

InAs/InAsSb T2SL) and C (long period InAs/InAsSb T2SL) as a function of

temperature. As temperature increases from 15 K to 50 K, the peak energy of sample B

increases by 3 meV and the FWHM decreases by 3 meV, indicating carrier localization.

The solid lines show the Varshni fit of the PL peak energy as a function of temperature.
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At low temperatures, the PL linewidth broadens with decreasing temperature
when the carriers are localized. This phenomenon is due to the broadening of the high
energy side of the spectra. Excitation dependent PL experiments shed more light on this.
The PL spectra are plot on the logarithmic scale in Figure 3.7 (a) and (b). As shown in
Figure 3.7 (a), at 15 K, for sample B, when the excitation density is high, the high
energy side of the PL spectra follows the Fermi distribution with a slope of ~ e/kT.
However, when excitation density decreases, the slope on the high energy side
gradually decreases, deviating from the Fermi tail. As a comparison, sample C does not
exhibit any carrier localization at 15 K, and in Figure 3.7 (b), as excitation density gets
lower, the high energy side of its PL spectra always follow Fermi distribution. These
slopes are calculated and shown in Figure 3.7 (c). These phenomena in sample B

endorse the existence of carrier localization.
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Figure 3.7. Excitation power dependent PL spectra of (a) sample B and (b) sample C
on the logarithmic scale. The slopes of the high energy sides on these spectra are shown

in (c).

The minority carrier lifetimes of samples A (bulk InAsSb alloy) and B (short
period InAs/InAsSb T2SL) are measured using TRPL at 15 K. The samples are excited
using a Nd:YAG pulsed laser with a wavelength of 1064 nm. The luminescence is

collected using a liquid nitrogen cooled HgCdTe detector with a time resolution of 20
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ns. The transient integrated PL decay signal is measured and processed using the RBC
method described in Chapter 2. The measured PL decays shown in Figure 3.8 become
single exponential after 1.5 us and 8 ps, following the laser excitation pulse for samples
A and B, respectively. The lifetimes extracted from the single exponential decays are
1.24 ps for sample A, and 12.8 ps for sample B. The TRPL measurement of sample C
is reported elsewhere 0[33], showing a minority carrier lifetime of 280 ns at 11 K. Even
though a very long minority carrier lifetime of 12.8 ps is discovered in sample B at 15
K, as discussed in Section 3.1, if carrier localization occurs, the photo-generated
electrons and holes recombine through spatially separated localized states. The small
wave function overlap between these low-energy states, which leads to a low optical
transition probability at low temperatures, thus may lead to a minority carrier lifetime

of 12.8 us 0, much longer than that of samples A and C.

initial carrier density ESn0 =2x10" ecm”®
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Figure 3.8. TRPL decays of the bulk InAsSb alloy (sample A) and the short period
InAs/InAsSb type-II superlattice (sample B) at 15 K. The minority carrier lifetimes are
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determined to be 1.24 ps and 12.8 ps respectively.

The temperature dependence of the minority carrier lifetime is measured. If
carrier localization occurs, as temperature increases, more carriers are populated into
the extended states, with larger wave function overlap, leading to the rapid decrease of
carrier lifetime. This temperature dependence is experimentally observed as shown in
Figure 3.9. In Figure 3.9 (a), under the influence of carrier localization, the long
minority carrier lifetime of sample B at 15 K decreases rapidly as temperature increases.
The minority carrier lifetime decreases by an order of magnitude as the temperature
increases from 15 K to 77 K. As a comparison, in Figure 3.9 (b), the carrier lifetime of
sample C decreases as the temperature reduces below 77 K by the increasing radiative

recombination rate.
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Figure 3.9. Minority carrier lifetimes as a function of temperature in (a) sample B and
(b) sample C. Figure (b) is from [20].

The long minority carrier lifetime at 15 K and its temperature dependence of
sample B differs from sample C, consistent with the descriptions of carrier localization
in Section 3.1, endorsing the existence of carrier localization at 15 K in group B samples
Along with the strong indications of carrier localization revealed by PL measurements,

it is concluded that strong carrier localization occurs in sample B below 50 K.

3.3. Origin of Carrier Localization in InAs/InAsSb T2SLs

The experimental evidence in Section 3.2 is a strong indication that carrier
localization exists in group B samples [36][40], but does not exist in group A or group
C samples. As described in Section 3.1, the origin of the localization is the random
disorder in the materials which generates potential fluctuations, and leads to local

potential minima, acting as localization centers in the semiconductor [40]. The carrier
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localization observed in this study can be due to bulk material properties, or associated
with superlattices structures. The layer thickness and Sb alloy composition fluctuations
can generate localization centers and these fluctuations can happen laterally within one
layer or vertically from layer to layer [49][56]. For example, Figure 3.10 (a)
schematically shows the carrier localization due to layer-to-layer thickness fluctuations.
The thicker layers generate lower energy states which are decoupled from the miniband,
and thus become localized states. The case of the carrier localization due to the intra-
layer disorder along the lateral direction is shown in Figure 3.10 (b). The epitaxially
grown material usually forms island-like interfaces, therefore, the layer thickness has a
fluctuation of one monolayer. As a result, the thicker part generates energy states lower

than average, and these low energy states become localized states.
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Figure 3.10. Schematic representation of the carrier localization due to layer-to-layer

thickness fluctuation along (a) the vertical direction and (b) the lateral direction. The
localized states are generated when one layer is thicker than the surrounding layers in

the superlattice. The values are based on the experimental observations of B1875.

Since sample A (bulk InAsSb) does not exhibit any PL peak blue shift or
linewidth broadening, the possibility of disorder in the bulk material, such as dopant
atoms acting as localization centers, can be excluded. Therefore, the localization is
related to the period of the superlattice or the Sb composition of the InAsSb layer. Since
group C (long period samples) contains a larger Sb mole fraction than some of the group
B (short period samples) in the InAsSb layers, the absence of carrier localization in
sample C indicates that Sb composition fluctuation in the InAsSb layers is not the main
causes of carrier localization. Therefore, the strong carrier localization in sample B is
most probably due to the superlattice periods. Two types of disorders related with the

period can take place. First, Sb diffusion from InAsSb layers to InAs layers [57][58]
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can lead to a graded interface between InAs and InAsSb layers in the superlattices
instead of an abrupt one. Calculation shows that this situation can change the miniband
edge as large as 10 meV. However, it is difficult to estimate the effect of the fluctuation
of such intermixing across the sample due to lack of quantitative experimental data.
Another type of disorder is the layer thickness fluctuations on the order of one
monolayer are expected in MBE-grown samples [56], which can be evaluated more
quantitatively. Such layer thickness fluctuations are similar in sample B and sample C
due to their similar lattice constants. The InAs and InAsSb thicknesses in sample B are
smaller than those in sample C, therefore a monolayer variation in thickness is a greater
fraction of the total layer thickness of sample B than that of sample C, leading to a

stronger potential fluctuation.

Numerical calculation is utilized to quantitatively compare the degree of
disorder in samples B and C due to thickness fluctuation. A strict calculation must
contain a stochastic model to account for the random distribution of the layer
thicknesses. A simplified model is acceptable based on the following considerations.
First, when layer-to-layer thickness fluctuation (Figure 3.10 (a)) is dominant, a transfer
matrix method can be used to calculate the energy states when one layer deviates from
the periodicity. The results show that the energy of the localized state for either electrons
or holes are mainly determined by the single quantum well whose width deviates from

the periodicity, and the wave function will be localized in that abnormal quantum well.
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The energy shift in the case of a single quantum well differs by less than 10 % compared
with that of a superlattice. Second, when intra-layer thickness fluctuations (Figure 3.10
(b)) dominates, considering the fact that the island size of the InAs and InAsSb layers
during growth is (30~50) nm, and the Bohr radius of the excitons in InAs and InAsSb
is ~ 80 nm, the energy of the localized state can be influenced by a couple of islands in
the lateral direction. The wave function is localized in the wider well, based on the
estimation using perturbation theory, the energy shifts can be influenced by the

neighboring islands for less than 50 %.

Under such considerations, the layer-to-layer thickness variation model can
account for more than 50 % of the energy difference between the extended states and
the localized states, therefore, it is reasonable to be used as an approximation. A transfer
matrix method, which assumed one layer deviates from superlattice periodicity, is
utilized to calculate and compare the effect of such disorder in samples B and C. In
InAs/InAsSb T2SLs, the electron quantization energy is mainly determined by the
thickness of the InAs layer, and the hole quantization energy is mainly determined by
the thickness of the InAsSb layer. The energy shift of the localized states due to the
thickness variation is shown in Figure 3.11. In Figure 3.11 (a), an InAs layer thickness
variation of 1 monolayer causes a 1.6 meV shift of the electron quantization energy in
sample B, 167 % larger than the shift of 0.6 meV present in sample C. In Figure 3.11

(b), 1 monolayer fluctuation of the InAsSb layer thickness causes the hole quantization
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energy to fluctuate 3.0 meV in sample B, 150 % larger than the shift of 1.2 meV seen
in sample C. These comparisons of energy shifts indicate a weaker potential fluctuation
in sample C than in sample B. Therefore, the carriers in sample C require much lower
thermal energy to overcome the localization potential barrier introduced by the
monolayer fluctuation. This calculation shows that a superlattice with a shorter period
has a larger potential variation due to the random monolayer variation of InAs and
InAsSb layer thicknesses. Note that the energy fluctuations in sample B are comparable
to the average carrier kinetic energy of 1.9 meV at 15 K, therefore they can be
responsible for the carrier localization in InAs/InAsSb T2SLs. As a result, PL peak blue
shift and linewidth broadening at low temperature are observed only in sample B, and
not in sample C. Therefore, it is confirmed that the carrier localization is due to the
layer thickness fluctuation in InAs/InAsSb superlattices 0[23], similar to that
previously observed in GaAs/AlGaAs quantum wells [49]. Furthermore, the effect of
Sb intermixing fluctuation leads to more disorders and therefore stronger carrier

localization is expected.
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Figure 3.11. Electron and hole energy shift of the decoupled states AE. and AEn

introduced by a disordered InAs (a) and InAsSb (b) layer in samples B and C at 15 K.

3.4. Possible Influence on Photodetectors

In InAs/InAsSb T2SLs with periods shorter than sample B (9.9 nm), the

potential variation is larger and carrier localization could potentially occur at higher

temperatures, such as 77 K where typical infrared photodetectors operate. In such cases,

the carrier localization can influence the photodetector performance. Dark current and
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carrier extraction efficiency are important parameters of a typical photodetector, the
former influences the noise and the later influences the responsivity, and both can be
influenced by carrier localization. On one hand, the dark current of a photodetector is
typically dominated by generation-recombination (GR) current at high temperatures,
and drift current at low temperature. The GR dark current is determined by the spatially
direct generation process, and therefore is not affected by carrier localization. However,
one cannot use the measured recombination lifetime to estimate the GR dark current,
since it is much longer than the spatially direct generation lifetime. The drift current is
related to the minority carrier diffusion length, which may change under carrier
localization. On the other hand, the carrier extraction efficiency is also determined by
the minority carrier diffusion length. The influence of carrier localization on minority
carrier diffusion length is the key to understanding how carrier localization influences
photodetector responsivity. The minority carrier diffusion length is related to the carrier
mobility and lifetime by L =+/Dt = k?T,uT. Here D is the diffusivity, u is mobility
and 7 is the carrier recombination lifetime. When carrier localization occurs, the lifetime
increases but the mobility decreases. The overall effect is unknown, and the minority
carrier lifetime cannot be used as a single indicator of device performance. In the next
chapter, further experimental results are presented to investigate how carrier

localization changes the minority carrier diffusion length.
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3.5. Summary

The influence of carrier localization on carrier recombination processes in a
bulk InAsSb alloy (group A), short period InAs/InAsSb T2SLs (group B) and a long
period InAs/InAsSb T2SLs (group C) strain-balanced to the substrate, are evaluated
using TRPL and temperature-dependent PL measurements. The minority carrier
lifetimes are determined to be 1.24 ps for the bulk InAsSb alloy, and 12.8 us for the
short period InAs/InAsSb T2SL at 15 K. The PL peak energy of the short period
InAs/InAsSb T2SL shows a significant blue shift of 3 meV when temperature increases
from 15 K to 50 K, indicating strong carrier localization in this temperature range. The
carrier localization is a result of the spatial potential fluctuation due to the random
disorder of InAs and InAsSb layer thicknesses, as confirmed by numerical calculation.
As a comparison, the long period InAs/InAsSb T2SL, which has larger InAs and
InAsSb layer thickness, thus less spatial potential fluctuations, does not show any blue
shift of the PL peak energy. Under the influence of carrier localization, the excess
carriers distribute in the localized states with small electron and hole wave function
overlaps, and the minority carrier lifetime below 50 K in the MWIR InAs/InAsSb T2SL
1s significantly enhanced.

It is desirable to have a long SRH lifetime in InAs/InAsSb T2SLs as it leads to
long carrier lifetime and high mobility. However, as carrier localization occurs, a long

minority carrier lifetime is not an indication of long SRH lifetime, as the lifetime is
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enhanced by the small wave function overlap between localized states. Also, even
carrier localization leads to long minority carrier lifetimes, the carrier mobility in
InAs/InAsSb T2SLs could be reduced. Therefore, a long minority carrier lifetime may
not guarantee a long minority carrier diffusion length and a good infrared detector
performance. In the next chapter, the influence of carrier localization on minority carrier
diffusion length, which is a very important material parameter for photodetectors, is

investigated.
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4. EVALUATION OF MINORITY CARRIER VERTICAL DIFFUSION LENGTH

UNDER THE INFLUENCE OF CARRIER LOCALIZATION

At high temperatures and low excitation densities, a long minority carrier
lifetime is often an indicator of a low SRH recombination rate, and therefore leading to
a low dark current and large carrier extraction efficiency [34]. However, as shown in
Chapter 3, carrier localization occurs in InAs/InAsSb T2SLs at temperatures below 50
K and significantly enhances the minority carrier lifetime. At these low temperatures
the minority carrier recombination lifetime is dominated by the spatially indirect
transitions between localization centers instead of directly relating with the low SRH
recombination rate. The dark current and carrier extraction efficiency of the
photodetectors are greatly influenced by the minority carrier diffusion length in the
photodetector material. The influence of carrier localization below 50 K on the minority

carrier diffusion length in InAs/InAsSb T2SL photodetectors is evaluated in this chapter.

4.1. Review of the Methods for Minority Carrier Diffusion Length Measurement

The minority carrier diffusion length is determined by L =+/Dt = \@ ,
where D is the diffusivity, u is the minority carrier mobility and 7 is the minority carrier
lifetime. The minority carrier lifetime can be measured using TRPL, so the minority
carrier mobility and diffusion length are correlated. Available methods of characterizing
the vertical carrier mobility or diffusion length are discussed in this section.

The Hall measurement is a commonly used method to measure the lateral carrier
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mobility in a magnetic field. However, in highly anisotropic materials, such as
InAs/InAsSb T2SLs, the carrier transport is very different along different directions.
Along lateral directions, the carriers transport in the same layer of the superlattice, along
the vertical direction, the carriers go through multiple interfaces between InAs and
InAsSb with different scattering mechanisms. It is very common to extract current from
the vertical direction in quasi-one-dimensional photodetectors, in which case the carrier
transport along the vertical direction determines the overall carrier extraction efficiency
and the diffusion current. On the other hand, the lateral mobility mainly influences the
distribution of the current. It is therefore important to investigate the vertical transport
which is not easily measured by Hall measurement.

A method of measuring the vertical carrier transport is the time-of-flight (ToF)
experiment. This experiment can be done both electrically [59][60][61][62] and
optically [62][63][64][65]. When the luminescence decay is dominated by carrier
transport instead of recombination, the TRPL signal can be used for carrier transport
characterization [62]. In the all-optical approach, a narrower band gap material is placed
underneath the material of interest as an optical marker, and they have a type-I band
edge alignment, ensuring that the excess carriers excited in the material of interest can
move into to the bottom semiconductor. This type of structures has been used for optical
characterizations of wide band gap materials [63][64], and more recently has been used

for narrow band gap materials [65]. An ultra-short pulse laser with a pulse width on the
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order of pico-seconds, incidents on the top surface of the sample, excites the excess
carriers near the top surface. In an ideal case, where all the carriers are generated at the
top surface, the time difference between the laser pulse and the luminescence peak from
the bottom layer relates with the transient time of minority carrier transport. Practically,
the luminescence peak from the bottom layer is not distinguishable from the laser pulse
due to broad initial carrier distribution. The transient processes of the carriers in the
device need to be modeled and fit to the experimental results to determine the carrier
mobility. Instead of measuring the luminescence signal in the optical approach, the
electrical ToF experiments measures the current or voltage signal from the device under
a DC bias to generate an electric field to determine the field dependent vertical drift
mobility. The carriers are injected using an electron beam or a laser pulse into the
sample. The carrier transport information can be extracted from the delay and shape of
the output pulse. For typical compound semiconductors with thickness of a few microns,
the transient time during the ToF experiments is usually from a few hundred pico-
seconds to a few nano-seconds.

Electron beam induced current (EBIC) can also be used to measure the minority
carrier diffusion length 0[66]. An electron beam is moved along the desired direction,
and the beam induced current is collected by the junction. To characterize the vertical
transport properties of a semiconductor sample, the move of the electron beam along

the vertical direction can be made by changing the electron energy with normal
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incidence, or by illuminating the beam on the cross section of the sample. The minority
carrier diffusion length can be determined from the relation between the output current
and the beam position. This technique is used to characterize the minority carrier
vertical transport in InAs/InAsSb photodetector with nBn structure [67]0.

Surface photovoltage (SPV) technique is a traditional used method to measure
the diffusion length of minority carriers, taking advantage of the different absorption
coefficients at different light wavelengths. Since its initial proposal in the 1950s, this
contactless and fast technique has been widely used to for almost all the important
material systems including group IV materials, III-V materials, 1I-VI materials, and
other materials [66]. Different absorption coefficients lead to different initial carrier
distributions and different SPV with excitations using light of different wavelengths. In
the early SPV experiments the key assumption is infinite absorber thickness. The
thickness of the absorber must be much longer than both the minority carrier diffusion
length and the light penetration depth. These assumptions greatly simplify the
mathematical equations to solve the carrier distribution. Under these assumptions the
light penetration depth has a linear relationship with the reciprocal of the SPV, or the
light intensity, and the carrier diffusion length is determined by its intercept on the
penetration depth axis [66]0. Later studies pay more attention to thin absorber thickness,
where the above assumptions are no longer valid. J. Lagowski derived a more general

case of the SPV method with a finite device thickness, comparable to the minority
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carrier diffusion length and the light penetration depth [68]. With the above assumptions
released, a new linear relation between the SPV and the light penetration depth is
established. However, to achieve such a linear relation, a very large interface
recombination velocity at the bottom interface has to be assumed. Some techniques are
used to improve the measurement capability, such as using back light illumination to
separate the front and back interface effects [69], and using short circuit current as an
indicator of constant SPV [70].

In practice, the ToF method requires equipment with high time resolution, and
the EBIC measurement requires complicated sample preparation. The SPV method can
be conveniently done with steady state measurement, however, some assumptions must
be satisfied as previously discussed. An alternative method can overcome these
restrictions and can be more directly used for actual devices. Using the experimentally
measured short circuit current, or quantum efficiency (QE) spectrum of the device,
instead of the SPV, this method determines the minority carrier diffusion length by
taking into account all the factors of the drift-diffusion model [71][72][73], which
represents the equations used in the SPV method. This chapter will focus on analyzing
the External Quantum Efficiency (EQE) spectra of the InAs/InAsSb T2SL
photodetectors with PIN structures, and investigate how the carrier localization

influences the minority carrier diffusion lengths.
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4.2. The Method of EQE Simulation

In the classical SPV method for diffusion length determination, not all the
device parameters have to be considered, since two fundamental assumptions are
satisfied: 1. minority carrier diffusion length is much shorter than the device thickness;
2. light penetration depth is much shorter than the device thickness. However, in
photodetectors it is desired to have a minority carrier diffusion length longer than the
absorber thickness to ensure a high carrier extraction efficiency, so the first assumption
is not satisfied. The absorber thicknesses should be thick enough to absorb most light,
but thin to reduce the manufacturing cost, so in this case the absorber thickness is not
much larger than the light penetration depth and the second assumption is not satisfied.
To investigate the minority carrier diffusion length in photodetectors, it is desired to use
a more general model to calculate the EQE spectrum of the device.

In PIN photodetectors, the EQE spectra can be calculated using the drift-
diffusion model, which includes current equations, continuity equations and Poisson’s
equations. For a narrow band gap material InAs/InAsSb T2SLs, the simulation shows
that the Fermi energy is often above the band edges, and a non-degenerate relationship
between the Fermi-level and charge density has to be considered. The boundary
conditions are considered as Ohmic contacts. Typical photodetectors work under low
excitation conditions where the photon-excited carrier densities are so low that the

Fermi level is not significantly changed. In this case, the drift-diffusion model gives an
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output current proportional to the input light intensity. With multiple excitation sources,
the carrier distribution output current is a linear combination of each individual
excitation source.

The EQE spectra of a photodetector with PIN structure is related to many
material and device parameters. Among all the factors, the absorption coefficient and
the minority carrier diffusion length are responsible for more than 90 % of the EQE
simulation result. Other parameters are also included in the model, such as effective
masses, intrinsic carrier concentrations, doping concentrations, shunt elements,
effective density of states, and band gaps, etc., but these factors are responsible for only
less than 10 % of the simulation result.

The EQE spectra are measured by an FTIR and calibrated with a standard
blackbody. The absorption coefficients are measured using transmission experiments.
These experiments are described in Section 4.3. The minority carrier lifetimes are
measured using the TRPL system described in Chapter 2. The light reflection at
different interfaces is calculated by using the refractive indexes of the materials on each
side of the interface. The band gap of InAs/InAsSb can be calculated using the Kronig-
Penney model, and also can be measured using PL experiments. The other material
parameters, including effective masses, refractive indexes, intrinsic carrier
concentrations, effective conduction and valance band density of states, etc, are

estimated using a weighted average between those of InAs and InAsSb material
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parameters from references [74][75]. The carrier diffusion lengths are unknown
parameters, and are determined by changing them to fit the simulated EQE spectra with

the experimental data.

4.3. EQE and Absorption Coefficient Spectra

Two InAs/InAsSb T2SLs photodetector samples with PIN structure, B1858 and
B1863, are used in this study. As shown in Figure 4.1, they have a top n-doped InAs
contact layer, an un-intentionally doped (UID) T2SL layer, and a p-doped bottom
contact layer of the same T2SL material. The detailed parameters of these two samples
are shown in Table 4.1. The UID layers are n-type with an effective doping

concentration of 2x10'¢ cm™.

electron transport

———~__ o n-InAs
—T—_ i-T2SL

p-GaSb p-T2SL
400 nm

o
hole transport

Figure 4.1. Schematic band edge alignment of the T2SL PIN photodetectors.
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Table 4.1. Material and Device Parameters of Samples B1858 and B1863

doping (cm)

B1858 B1863
d_InAs (nm) 4.4 5.2
Superlattice d_InAsSb (nm) 33 4.8
parameters Sb mole fraction 0.2 0.2
Wave function 0.76 0.71
overlap
InAs thickness (nm) 100 30
InAs doping (¢cm™) 1x10'® 1x10'®
UID T2SL thickness 5000 2500
Device parameters (nm)
UID T2SL doping n-type, 2x10!° n-type, 2x101°
(cm?)
Bottom contact 5x10" 5x10"

The high-resolution x-ray diffraction (XRD) results on the (004) direction of

B1858 and B1863 are shown in Figure 4.2. The zeroth order superlattice peak of B1863

overlaps with the GaSb substrate peak, indicating that it is perfectly strain-balanced to

the substrate, ensuring good material quality. The zeroth order superlattice peak of

B1858 is different from the GaSb substrate peak, indicating that the strain in B1858 is

slightly not strain-balanced.
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Figure 4.2. The XRD measurement results of the samples B1858 and B1863.

The EQE spectra and the absorption coefficient spectra are measured using a
FTIR system. In the EQE measurement, the wire-bonded photodetector sample is
placed in a cryostat with electrical output ports. The internal detector of the FTIR
system is replaced with the photodetector sample. With the pre-measured spectrum of
the light source and the throughput of the system, the spectral shape of the EQE is
determined. A standard 800 K blackbody is then placed in front of the detector to
determine the integrated responsivity in the blackbody spectral range, and later this
integrated responsivity is used to calibrate the absolute value of the EQE spectra.

The EQE of both B1858 and B1863 at 15 K are shown in Figure 4.3. B1863 has
a high peak EQE of 40 %, and B1858 has a low peak EQE of 16 %. For B1863, the
EQE increases as photon energy increases from 230 meV to 600 meV, but for B1858,

the EQE increases as photon energy increases from 250 meV to 350 meV, and then as
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photon energy further increases, the EQE decreases. The notches on the curves at 290
meV, 360 meV and 470 meV are due to atmospheric absorption. Detailed analysis of

the EQE spectra will be discussed along with the simulation results.

40 -
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360 | 460 | 560 | 660
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Figure 4.3. Comparison of the external quantum efficiencies of B1858 and B1863 at 15

K.

The absorption coefficients of the InAs/InAsSb T2SLs are determined from the
transmission measurements by the FTIR. The T2SL on one of the two pieces are etched
using a mixture of citric acid and hydrogen peroxide (citric acid : hydrogen peroxide :
DIwater=1:1:1). The overall etch rates are 74 nm/min on B1858 and 84 nm/min on
B1863, depending on the layer thickness and Sb composition. The etch time is
controlled so that the etch depth is roughly 70 % to 90 % of the T2SL layer thickness,

ensuring the largest transmission change to maximize the signal, while keeping the
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GaSb buffer layer from being etched. The etch depth has a variation of 100 nm due to
the etch uniformity. Comparing the spectra of the transmitted light before and after the
etch yields the transmission of light in the T2SL layer which is etched away. The

absorption coefficient is related to the transmitted light spectra by

—ad _ ﬂ
e = 4.1)

Here a is the absorption coefficient, d is the etch depth, 77 is the spectrum of the
transmitted light before etch, and 79 is the spectrum of the transmitted light after etch.

The absorption coefficient is determined by

a= %log (;—:) 4.2)

The measured spectra of the transmitted light through sample B1858 at 15 K is
shown in Figure 4.4 as an example for discussion. The black curve shows 7 and the
red curve shows 77. The blue curve is the deducted transmission of the etched T2SL T
= To/T. For the energy of the band gap (~270 meV) and above, Ty and 77 significantly
differs from each other due to strong absorption of the T2SL layer. Since the GaSb
substrate has absorption in the long-wavelength infrared (LWIR) region [76], the
transmitted light 1s weak below 120 meV, introducing significant uncertainty in this
range. The oscillations of the black curve between 100 meV and 270 meV demonstrate
equal distance between the neighboring peaks. These oscillations are due to the

interference between the multiple reflections in the T2SL layer, and do not exist above
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the band gap of the T2SL (~270 meV) due to heavy absorption. The band gap energy is
taken as PL peak energy minus £7/2. The transmission above the band gap is used to

calculate the absorption coefficient using Equation 4.2 for further device simulations.

Transmission of
T2SL + GaSb substrate (no etched)
St GaSb substrate (after etch)

T2SL

- error due to

low signal intenity
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N
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Figure 4.4. Spectra of the transmitted light of B1858 with the T2SL etched (red curve)
or not etched (black curve) at 15 K. Dividing the black curve with the red curve yields

the transmission of the removed T2SL layer.

The absorption coefficient of samples B1858 and B1863 at 15 K are shown in
Figure 4.5. In the photon energy range between 300 meV and 430 meV, sample B1858
has a higher absorption coefficient than B1863, which is attributed to a shorter
superlattice period and thus a larger wave function overlap between electrons and holes.

The turning point of the absorption coefficient curve near 450 meV corresponds to the
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band gap of InAs. The faster increase of the absorption coefficient in the photon energy

range between 450 meV and 700 meV in B1863 can be attributed to the larger

InAs/InAsSb thickness ratio leading to a stronger InAs absorption. At photon energies

higher than 600 meV, the absorption of the GaSb substrate becomes strong, and both 7y

and 7; become weaker, leading to strong noise in this range.
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Figure 4.5. Absorption coefficients of B1858 and B1863 at 15 K.

4.4. Fitting the Model

The method described in Section 4.2 is used to simulate the EQE spectra of the

T2SL PIN photodetectors. As discussed in Section 4.2, the absorption coefficient and

the minority carrier (hole) diffusion length are responsible for 90 % of the EQE. Since

the absorption coefficient is experimentally determined, the minority hole diffusion

length dominates the simulated EQE spectra, shown in Figure 4.6 with different dot

lines representing different hole diffusion lengths. Note that the absorber thicknesses
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are 5 um for B1858 and 2.5 um for B1863. As the hole diffusion lengths become much
larger than the absorber thickness, further increase of the hole diffusion length does not
improve the EQE since most holes can already transport to the bottom contact and get
extracted. For both samples, the saturated EQE at 2000 nm is close to 65 %, in which
case most photons are absorbed and contribute to the output current. 31.5 % of the
photons are reflected on the surface, and the remaining loss is due to light being
transmitted into the substrate. When the hole diffusion lengths are shorter than the
absorber thickness, the shape and intensity of the EQE spectra are significantly
influenced. First, for the hole diffusion lengths comparable to or larger than the absorber
thickness, i.e. larger than 4 um in B1858 and 2 um in B1863, the EQE monotonically
increases with increasing photon energy. The experimentally measured EQE spectra of
B1863 belongs to this situation. Second, when the hole diffusion lengths are
significantly shorter than the absorber thickness, i.e. lower than 4 um in B1858 and 2
um in B1863, the EQE shows a peak at a certain photon energy. The experimentally
measured EQE spectra of B1858 belongs to this situation. These differences are
explained by the device structures as following. The intrinsic layer of the PIN
photodetectors are unintentionally n-type doped, and the major contribution of the
photo-current is due to the hole transport. As shown in Figure 4.1, the holes are
collected in the bottom contact. With a high excitation photon energy, more light is

absorbed but more carriers are generated near the top surface. If the hole diffusion
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length is long enough, these photo-generated holes can be extracted effectively, and the
EQE is higher. If the hole diffusion length is significantly shorter than the absorber
thickness, most carriers recombine before reaching the bottom contact, and thus leads

to a reduced EQE in the high photon energy region.
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Figure 4.6. Simulated EQE with different hole diffusion length L (dot lines) compared
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with the experimental EQE (solid lines) of (a) B1858 and (b) B1863.

The measured EQE of B1858 decreases at photon energies larger than 350 meV
implies that the hole diffusion length is significantly shorter than the absorber thickness.
This argument is supported by the fact that even though B1858 has a similar absorption
coefficient and larger absorber thickness of 5 um compared to 2.5 um of B1863, the
EQE of B1858 is still lower than that of B1863. Indeed, the short hole diffusion length
and thick absorber layer hinders the hole transport and reduces the EQE. Therefore, for
PIN photodetectors with n-type unintentionally doped absorber, a better carrier
extraction efficiency can be achieved by making the p-type contact on the top and n-
type contact on the bottom.

Different hole diffusion lengths are used and achieve different simulated EQE
spectra to fit the experimental data. Best fits between the simulation and experiment are
found to be L = (2.4 £ 0.8) um on B1858, and L = (3.5 + 1.3) um on B1863 at 15 K.
The error bars are based on the uncertainty of the fitting, of the absorption coefficient,
and ignoring the higher order factors that account for less than 10 % of the simulation
result.

Even though the high order factors are responsible for only less than 10 % of
the result, some of them are worth being discussed below. First, the upper limit of the

contact resistance of the devices are 50 Ohms based on I-V measurement. Simulations
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show that contact resistances below this value do not influence the calculated EQE
spectra. Second, the background doping level of the unintentionally doped absorber
mainly influences the radiative minority carrier lifetime. Since the excitation density in
the device is low, the radiative recombination is much weaker than the SRH
recombination rate and thus, the doping concentration does not have significant
influence on the EQE spectra. Third, the interface recombination velocities at the
contact layer/absorber interfaces are estimated to be lower than 10° c¢m/s from the
minority carrier lifetime measurement results. Simulations show that such low interface

recombination velocities have limited influence on the EQE spectra.

4.5. Identification of Carrier Localization

The PL peak energy and full-width of half max (FWHM) are shown in Figure
4.7, with a low excitation density of 0.5 W/m?. For B1863, the PL peak energy
monotonically decreases as temperature increases, which is expected as the band gap
energy shrinks with increasing temperature. The PL FWHM of B1863 increases
monotonically as temperature increases, resulting from the flatter Fermi tail on the high
energy side of the PL spectra. On the other hand, for B1858, in the temperature range
from 15 K to 40 K, the PL peak energy increases with increasing temperature, the total
blue shift is 2.5 meV, and the FWHM decreases as temperature increases in this

temperature range.
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Figure 4.7. Temperature dependent PL peak energy and FWHM of samples B1858 and

B1863. The solid lines represent PL peak energy, and the dot lines represent the FWHM.

The minority carrier lifetimes as a function of temperature are measured with
TRPL and plotted in Figure 4.8. For B1863, when temperature increases from 15 K to
77 K, the minority carrier lifetime monotonically increases, due to the increases of
radiative recombination lifetime [20]. While for the B1858, as temperature increases,
the minority carrier lifetime monotonically decreases. At a temperature of 15 K, the
minority carrier lifetime of 1858 is 1.65 ps, much longer than 0.70 ps at 40 K, and 0.26

us of the B1863 at 15 K.
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Figure 4.8. Temperature dependent minority carrier lifetimes of samples B1858 and

B1863.

Based on the analysis of chapter 3, these experimental results indicate the
existence of strong carrier localization in B1858 below 40 K, and carrier localization
does not exist in B1863 above 15 K. The difference between these two samples are
possibly due to the following two reasons. First, the period thickness of B1858 is
thinner compared with that of B1863. As discussed in chapter 3, the same magnitude
of layer thickness fluctuation can lead to more potential variation, and therefore carrier
localization is easier to occur. Second, the XRD result in Figure 4.2 shows that the T2SL
of B1858 is not perfectly strain-balanced to the GaSb substrate. This can potentially
lead to more disorders such as defects, and carrier localization is more likely to occur.
This point is also supported by the TRPL result at 77 K, where carrier localization does

not exist in both samples. At 77 K, the minority carrier lifetime of both samples are
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dominated by SRH recombination as confirmed by excitation dependent PL
experiments described in [77]0. The minority carrier lifetime in B1858 is much shorter
than that of B1863, indicating the SRH recombination rate is larger, possibly due to
more defects.

It is worth noting that B1863 has similar T2SL period thicknesses and Sb mole
fractions as those of B1875 in chapter 3. Since layer thickness fluctuation is the main
origin of the carrier localization, they are expected to demonstrate a similar degree of
carrier localization. However, at 15 K, B1875 demonstrates carrier localization
behavior but B1863 does not. This difference is attributed to the PIN layer structure of

B1863, which generates built-in electric fields.

4.6. Correlation between Carrier Localization and Hole Diffusion Length

The fitting for minority hole diffusion length described in Section 4.5 is used to
extract the minority hole diffusion lengths as a function of temperature, and the results
are shown in Figure 4.9. The minority hole diffusion length of these two samples
demonstrate similar temperature dependence in the temperature range from 15 K to 200
K. Below 77 K, the hole diffusion lengths of both samples are nearly independent of
temperatures. Indeed, the measured EQE spectra and absorption coefficient are nearly
independent of temperature in this temperature range. Since the EQE spectra are mainly
determined by the absorption coefficients and the minority hole diffusion lengths, the

fitted minority hole diffusion length are expected to be independent of temperature
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based on these experimental results. The key observations at 15 K and 77 K are

summarized in Table 4.2.

Table 4.2. Key Observations from the Experiments and Simulations in Chapter 4

Carrier localization Diffusion length (pm)
B1858 at 15 K Yes 24+£0.8
B1858 at 77K No 2.3+0.8
B1863 at 15K No 35+1.3
B1863 at 77 K No 35+14

N w
T T

Hole diffusion length (nm)

o

below 77 K
constant hole diffusion length

1
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Temperature (K)
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Figure 4.9. Temperature dependent hole diffusion length of samples B1858 and B1863.

The minority carrier diffusion length is determined by L = +vDt = /k—:u‘r,

where D is the diffusivity, ¢ is the minority hole mobility and 7 is the minority carrier
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lifetime. In B1863, the minority hole diffusion length is independent of temperature
below 77 K, indicates that utT is a constant in this temperature range. As temperature
decreases, both T and t decrease, therefore the hole mobility increases. For B1858,
carrier localization occurs below 40 K, and the hole diffusion length has a similar
temperature dependence with B1863 in this temperature range. As temperature
decreases, the minority carrier lifetime 7 increases. Compared with B1863, the
increasing trend of minority hole mobility u is reduced, but the product ut has the
same temperature dependence, indicating that the existence of carrier localization does
not influence the minority hole diffusion length when the carrier localization is related
with layer thickness fluctuation or interface roughness.

The fact that carrier localization does not influence minority hole diffusion
length may be related with the wave function overlap between localized states in
InAs/InAsSb T2SLs. When carrier localization occurs, the carriers can only transport
via hopping process 0[41][78]. This process is related with the wave function overlap
between localized states [41] and expected to have weak temperature dependence [79],
as described by Mott’s T law [43]. The “resistivity” of the hopping process is
exponentially related with the distance and energy barrier between the localization
centers in this phonon-assisted process [80]. The mobility u is positively related to the
wave function overlap between the hole localized states. The minority carrier lifetime

7 is inversely proportional to the transition probability, thus the wave function overlap
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between electron and hole localized states. Statistically these two wave function
overlaps are proportional to each other. The effect of enhanced minority carrier lifetime
and the reduced hole mobility may compensate each other under carrier localization,
and leave the hole diffusion length un-influenced.

Since the minority carrier diffusion length is not influenced by carrier
localization, the steady state parameters of InAs/InAsSb T2SL PIN photodetector, such
as responsivity and detectivity are not influenced. However, based on the device
parameters, the RC time constants of B1858 and B1863 are estimated to be shorter than
10 ns, while the minority carrier lifetimes are longer than 200 ns, and therefore can
dominate the transient behavior of the devices. The carrier localization can enhance the
minority carrier lifetimes which leads to a slower response of the device. On the other
hand, since carrier localization originates from the disorder of the system, if they are
due to the defect related localization centers, the non-radiative recombination rate of

the material can degrade the device performance.

4.7. Summary

The drift-diffusion model is used to simulate the EQE spectra of two T2SL
photodetectors with PIN structures using the experimentally measured absorption
coefficients. The simulation results are compared with the experimentally measured
EQE spectra to determine the minority hole diffusion lengths at different temperatures.

At 15 K, the hole diffusion length in the unintentionally n-type doped regions are, (2.4
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+ (.8) um on B1858, and (3.5 = 1.3) um on B1863. The hole diffusion lengths in both
samples are independent of temperature below 77 K. Carrier localization is strong in
B1858 below 40 K, and weak in B1863. By comparing these two samples, it shows that
the carrier localization does not influence the minority carrier diffusion length in
InAs/InAsSb T2SLs, even though the minority carrier lifetime is enhanced. The steady

state performance of the InAs/InAsSb T2SL photodetectors are not influenced.
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5. CONCLUSIONS

This thesis develops a novel method for minority carrier lifetime measurement,
and performs a comprehensive investigation of the minority carrier lifetimes and their
correlation with minority carrier transport in photodetectors in InAs/InAsSb type-II
superlattices (T2SLs) at temperatures below 77 K. The novel method referred to as real-
time baseline correction (RBC) method significantly improves the signal-to-noise ratio
of a boxcar-based time-resolved photoluminescence (TRPL) measurement systems.
This method successfully measures the minority carrier lifetimes that was undetectable,
leading to the discovery of long carrier lifetimes up to 12.8 us which are the result of
strong carrier localization below 50 K in the short period T2SLs. Even though the
minority carrier lifetimes are enhanced by carrier localization, the minority hole
diffusion lengths and responsivity in the photodetectors are not influenced.

The key of RBC method is to change the impulse response function, so as to
make the system less sensitive to the dominant low frequency noise including sub-hertz
baseline fluctuation and 1/f noise. The widely-used “active baseline subtraction”
method cannot subtract the baseline correctly because the baseline is related to the laser
pulse frequency. Another conventional method overcomes the baseline subtraction
issue but is incapable of suppressing the low frequency noise. The RBC method
introduces an optical chopper which divides the laser into multiple “on” and “off” states

with a frequency much lower than the laser pulse frequency, and a lock-in amplifier is
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introduced to measure the difference between the signal and the baseline in real-time.
Equivalently, in the frequency domain, a notch filter at the modulation frequency is
placed to change the impulse response, suppressing low frequency noise. The noise
suppression capability of the RBC method is confirmed by the simulation, and
experimental results demonstrate a signal-to-noise ratio improvement of 100 times.

A record long minority carrier lifetime of 12.8 us at 15 K is discovered, and
relate to carrier localization in the InAs/InAsSb T2SLs with short periods. In these short
period T2SLs, as temperature increases, the PL peak energy demonstrates a significant
blue shift as temperature increases from 15 K to 50 K. At 15 K, the high energy sides
of the PL spectra deviate from Fermi distributions at low excitation densities. The long
minority carrier lifetimes at 15 K decrease rapidly as temperature increases. These
experimental results are strong indication of carrier localization, and their physical
picture is described as following. When carrier localization occurs, the optical transition
between the spatially separated localized states dominates during the PL experiment,
leading to the long minority carrier lifetime, and the minority carriers do not follow a
global Fermi distribution. As temperature increases the transition between the extended
states become dominant, leading to the PL peak blue shift and the rapid decrease of
lifetime. Comparison among the bulk InAsSb, the short and the long period
InAs/InAsSb T2SLs indicates that the carrier localization originates from the atomic

layer thickness fluctuation. A calculation using transfer matrix method shows that due
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to the existence of atomic layer thickness fluctuation, the localization energy is 2 to 3
times larger in the short period T2SLs than in the long period T2SLs. In addition, the
localization energy is close to the k7 value at 15 K, confirming that the atomic layer
thickness fluctuation leads to the carrier localization.

Minority carrier diffusion length is the key to understand the InAs/InAsSb T2SL
photodetector operation. The external quantum efficiency (EQE) of the photodetector
is dominantly determined by the absorption coefficient and the minority carrier
diffusion length. Therefore, the minority carrier (hole) diffusion lengths can be
determined by simulating the EQE spectra using the drift-diffusion model, with the
experimentally measured absorption coefficients. A comparative study between
samples that demonstrate strong or weak carrier localization indicates that when carrier
localization occurs, even though the minority carrier lifetimes in the InAs/InAsSb
T2SLs are enhanced, the reduced carrier transport leads to an uninfluenced minority
hole diffusion length. Correspondingly, the experimentally measured responsivity of
the photodetectors are unchanged, therefore, long minority carrier lifetime does not

always imply improved photodetector performance.
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