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ABSTRACT

The first part of this dissertation reports the study of the vertical carrier transport and
device application in InAs/InAs1.xSby strain-balanced type-I1 superlattice. It is known that
the low hole mobility in the InAs/InAs1«Sbx superlattice is considered as the main reason
for the low internal quantum efficiency of its mid-wave and long-wave infrared
photodetectors, compared with that of its HQCdTe counterparts. Optical measurements
using time-resolved photoluminescence and steady-state photoluminescence spectroscopy
are implemented to extract the diffusion coefficients and mobilities of holes in the
superlattices at various temperatures from 12 K to 210 K. The sample structure consists of
a mid-wave infrared superlattice absorber region grown atop a long-wave infrared
superlattice probe region. An ambipolar diffusion model is adopted to extract the hole
mobility. The results show that the hole mobility first increases from 0.2 cm?/Vs at 12 K
and then levels off at ~50 cm?/Vs as the temperature exceeds ~60 K. An InAs/InAs1-xSbyx
type-11 superlattice nBn long-wavelength barrier infrared photodetector has also been
demonstrated with a measured dark current density of 9.5x10* A/cm? and a maximum
resistance-area product of 563 Q-cm? at 77 K under a bias of -0.5 V. The Arrhenius plot of
the dark current density reveals a possible high-operating-temperature of 110 K.

The second part of the dissertation reports a lift-off technology using a water-soluble
sacrificial MgTe layer grown on InSh. This technique enables the seamless integration of
materials with lattice constants near 6.5 A, such as InSb, CdTe, PbTe, HgTe and Sn.
Coherently strained MgTe with a lattice constant close to 6.5 A acts as a sacrificial layer

which reacts with water and releases the film above it. Freestanding CdTe/MgxCdixTe



double-heterostructures  resulting from the lift-off process show increased
photoluminescence intensity due to enhanced extraction efficiency and photon-recycling
effect. The lifted-off thin films show smooth and flat surfaces with 6.7 A root-mean-square
roughness revealed by atomic-force microscopy profiles. The increased
photoluminescence intensity also confirms that the CdTe/MgxCdixTe double-

heterostructures maintain the high optical quality after epitaxial lift-off.
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1. INTRODUCTION

1.1 Background

Since the invention of semiconductor heterostructures [1] and superlattices (SL) [2],
many scientific research and technology applications have been developed based on the
wide variety of possible band alignments. These structures enable such as high electron
mobility transistors (HEMTS), light-emitting diodes (LEDs), quantum cascade lasers
(QCLs), interband cascade lasers (ICLs), quantum-well infrared photodetectors (QWIPS)
[3], and solar cells. All of these types of devices were made possible by epitaxial growth
techniques including molecular beam epitaxy (MBE) [4] and metal-organic chemical vapor
deposition (MOCVD).

In order to obtain high quality and dislocation-free epitaxial films, lattice-matching of
the grown films to the substrate is required. From the bandgap vs. lattice constant diagram
shown in Figure 1, one can see that there is always a commercially available substrate for
a group of lattice-matched binaries. For example, ZnTe and CdSe can be grown atop InAs
or GaSb substrates since each features a lattice constant around 6.1 A. Also, another notable
group is CdTe, MgTe, and HgTe which can all be grown on InSb substrate with a lattice
constant around 6.5 A. As a result of this heterovalent epitaxial growth, the monolithic
integration of I11-V, 11-VI, and even 1V-VI semiconductors becomes achievable, offering
desirable band alignment or bandgap energy for a particular device design. It is important
to note that due to different electron configurations between IV, 11-VI and I11-V compound

semiconductors, a heterovalent interface will have some interesting properties such as



electrical field induced topological insulator, which was predicted by Alex Zunger’s team
at the University of Colorado, Boulder [5].

The direct bandgap property in most of the 111-V and 11-VI materials makes them
favorable for high efficiency optoelectronics device because of their large absorption
coefficients. Also shown in Figure 1, the optoelectronics device based on I11-V and II-VI
materials can operate in many spectral ranges from ultra-violet (UV) to infrared (IR) by
using GaN and InSb, respectively. Although ternary I11-V and 11-V1 alloys can provide

wide, continuous spectral range, the challenge is also the commercially available substrate
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group of lattice-matched binaries can be grown epitaxially.



due to limited choice of lattice constant, which makes the optoelectronics device designers

difficult to find materials with desired bandgap and band offset for their applications.

1.2 Infrared Photodetector Technology

Infrared (IR) radiation is defined as electromagnetic radiation with wavelength longer
than 780 nm up to 1 mm. Different wavelength range can be categorized into the followings:
(1) near infrared (NIR), 0.78 um to 1 um; (2) short-wavelength infrared (SWIR), 1 um to
3 um; (3) mid-wavelength infrared (MWIR), 3 um to 8 um; (4) long-wavelength infrared
(LWIR), 8 um to 15 um; (5) very long-wavelength infrared (VLWIR), 15 ym to 30 um;
(6) Far infrared (FIR), 30 um to 100 um; (7) submillimeter (SubMM), 100 um to 1000
um. Every object emits IR radiations due to the vibration of atoms when the ambient
temperature is greater than 0 K. The radiation intensity and its spectral distribution are
predicted by Plank’s law, which describes the spectral density of radiation per unit
wavelength per unit area from a blackbody in thermal equilibrium at a certain temperature.
The Plank’s law is formulated in the followings:

2mhc? 1
By(4,T) = E ohe/T — ] (Wem™2um™1) 1)

2mc 1 B B B 2
T She/AT — ] (photons s~ tcm™2um™1), )

B,(A,T) =

where A is the wavelength, T is the temperature, h is the Plank’s constant, c is the speed of
light, and k is the Boltzmann’s constant. From equations (1) and (2), as temperature
increases, the total amount of energy emitted at any wavelength increases while the

wavelength of peak emission decreases, which is given by the Wien displacement law:



AmwT = 2898 (um K)  For maximum energy  (3)

AmpT = 3670 (um K) For maximum photons.  (4)
The sun is a perfect example of blackbody at 6000 K at which it emits a continuous
spectrum with a peak at visible light. For the object at ambient temperature of 300 K, 4,,,,,
and 4,,, are at 9.66 and 12.2 um, respectively. Therefore, the use of LWIR photodetectors
with cut-off wavelength longer than 13 um is needed to see room temperature object
without illuminating light.

IR photodetector technology has been widely used in many applications such as
national defense system, scientific instrument, medical diagnostics, gas remote sensing,
agriculture, environmental monitoring, and human body surface temperature screening
which plays an important role during COVID-19 pandemic, over the past few decades. For
example, night vision camera takes real-time NIR images to observe objects in the night
without using a visible flashlight; wearable devices such as Apple Watch use red and NIR

lights to monitor blood oxygen level by comparing the reflectivity of these two lights in
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the blood through skin, which is a non-invasive method. For applications such as remote
sensing and monitoring, the IR radiation must transmit through air for a long distance.
Some molecules suspending in the air such as water vapor and carbon dioxide (CO.) absorb
specific IR energy. This causes only a few IR bands can be utilized with lowest impact.
Figure 2 illustrates the transmission curve of the IR radiation traveling 6000 ft horizontally
in the air at sea level [6]. Obviously, the absorption of H.O, CO,, and oxygen molecules
separates the IR spectrum into MWIR 3-5 and LWIR 8-14 um bands, on which most of
the research efforts focus.

The significant material development history of IR photodetector is summarized in
Figure 3 [7]. In 1959, Lawson et al. discovered Hg1xCdxTe alloys with tunable bandgaps

by changing Cd composition, which showed superior performance than the extrinsic silicon
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and lead-tin telluride (Pb1xSnxTe) devices at that time and still are the most prominent
materials for IR photodetectors nowadays [8]. The HgCdTe ternary alloy system, whose
bandgaps can be tailored from SWIR, MWIR to LWIR and even VLWIR, has many
degrees of freedom in detector design since its binary components, HgTe and CdTe, are
nearly lattice matched and sharing similar coefficient of thermal expansion [9], enabling
them to be grown on CdixZnxTe substrate easily with arbitrary Cd composition. The
discovery inspired and generated tremendous IR detector research and applications since
then. After being studied and developed for over 60 years, the growth and fabrication of
HgCdTe ternary alloy system have been well established, understood and improved as the
crystalline quality and doping have been substantially advanced and the physics such as
the surfaces passivation and band offset are well interpreted [10]. The minority carrier
lifetime of HgCdTe detectors is usually limited by intrinsic Auger recombination, and
small effective mass results in elevating tunneling current, preventing the device from

performing at high operation temperature [11].

1.3 Type-II Superlattices
Since the first paper published by Esaki and Tsu in 1970, the concept of a one-
dimensional periodic potential or superlattice in monocrystalline semiconductor has
emerged and attracted enormous attentions [2]. From physics point of view, electrons
tunneling through the periodic potential barriers and the large period thickness with respect
to the lattice constant reduces the size of the Brillouin zone in the growth direction. In other

words, with the period of the superlattice being shorter than the electron mean free path,



electrons will be able to tunnel through the periodic potential barriers. This allows the
energy states in the individual wells to couple with each other to form subbands. By
adjusting either the composition or the layer thickness of the superlattice, one can
manipulate the mechanism of the formation of electron and hole subbands which can be
indeed considered as the effective bandgap engineering. Type-11 superlattices (T2SLs) are
firstly reported in 1977 authored by Sai-Halasz et al. and realized by Sakaki et al. from the
IBM T. J. Watson Research Center [12], [13]. In the paper, the author proposed
theoretically by Bloch functions, and analyzed a new concept of bilayer semiconductor
superlattices in which the band alignment of the two materials is type-I1, meaning both the
conduction band edge and the valence band edge of one material is lower than the
corresponding band edges of the other material and therefore electrons are confined in one
material while holes are confined in the other material. Hence, the position of conduction
miniband and valence miniband can be tuned independently. It was suggested that the
T2SLs can be realized by using closely lattice-matched materials including InAs/GaSb and
InGaAs/GaAsSh. Although the band alignment of InAs/GaSb was found to be type-I1I
(broken gap, the conduction band minimum of InAs is 150 meV lower than the valence
band maximum of GaSb), the T2SLs still distinguished themselves from type-I
superlattices originally proposed by Esaki and Tsu in 1970 [2], in which the bandgap of
one material entirely overlaps that of the other. Furthermore, the InAs/GaSb T2SLs have
several properties which makes them suitable for infrared detector and an alternative low-
cost approach than traditional HgCdTe. For example, the bandgap of the T2SLs can be

tailored as small as possible due to their broken gap alignment, and they are also more



immune to band-to-band tunneling compared with bulk materials [14]. However, the
drawbacks of InAs/GaSb T2SLs have hindered their progress in recent years due to the
facts that the carrier lifetime is not long enough as expected [15], [16]. Also, it is difficult
to grow thick T2SL absorber on either InAs or GaSb substrates without the help of
metamorphic buffer layers or strain-compensated structure to avoid strain relaxation [17].

Strain-balanced InAs and InAs:.xSbx can be grown on a GaSb substrate because the
former is tensile while the latter (with x > 0.09) is compressive strained. InAs/InAs1-xSbx
T2SLs consist of alternate fixed thickness of InAs and InAsixSbx layers for multiple
repeats to achieve certain total thickness and effective bandgap. Since the T2SLs are strain-
balanced, the absorber can be grown unlimited thick theoretically on GaSb substrate with
extremely low defect density, opening up enormous research topics over conventional
InAs/GaSbh T2SLs in recent years. They have shown superior quality in terms of carrier
lifetimes and photoluminescence efficiency, and have been used in many applications such
as photodetectors, lasers, and LEDs in the IR wavelength ranges between 4 um to 12 um
[15], [18]-[20]. T2SLs enable bandgap engineering which leads to larger hole effective
masses and greater Auger recombination suppression than those of its 11-VI counterpart
HgCdTe [21]. These advantages give T2SLs the opportunity to operate at higher
temperatures and to have much closer performance compared to the state-of-the-art
HgCdTe detectors [22], whose small electron effective mass causes large leakage current
due to tunneling. HgCdTe has a high degree of sensitivity of the bandgap energy to the Cd
composition, meaning a small change in the Cd composition causes large difference in the

bandgap, which adds another uncertainty to growth and device cut-off wavelength. Due to



the type-I1 band alignment between InAs and InAs1xShy, it is possible to achieve a much
narrower bandgap than that of the constituent I11-V bulk compound semiconductors by
changing the period thickness and Sb composition [23]. The schematic band edge diagram

of an InAs/InAs1.xShx T2SLs is shown in Figure 4.

1.4 Unipolar Barrier Photodetectors

Typical structures of semiconductor IR photodetector include pn or pin photodiode,
avalanche diode, QWIP, T2SLs, and barrier detectors etc., in which materials can be
chosen from HgCdTe, InGaAs, InSb, PbS and PbSe as shown in Figure 1 and 3. Among
all structures, pn or pin diode is the most prevalent structure in real-world application.
Nonetheless, no matter which structure is used, the key to achieve high performance IR
photodetector contains low dark current, high quantum efficiency, low noise, and high
dynamic range. With proper designs and improved growth techniques, the optically thick
absorber layer with high absorption coefficient and quantum efficient can be achieved by

MBE or MOCVD nowadays. Therefore, suppressing the dark current becomes a major
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Figure 4. Band edge diagram and mini-bands of InAs/InAs1.«xSbx type-I1 superlattices
(T2SLs). The transition energy is tunable by changing period thickness and Sh
composition. Due to the type-11 band alignment, it is possible for InAs/InAsixShx
T2SLs to achieve narrower bandgap than that of constituent I11-V compound
semiconductors.



challenge for MWIR and LWIR photodetectors due to their narrow bandgaps. The dark
current mechanisms include Shockley-Read-Hall (SRH) process, causing the generation-
recombination (G-R) dark current in the depletion region, diffusion dark current in the
quasi-neutral region, surface leakage, Auger recombination process, and band-to-band
tunneling under high voltage bias.

As discussed in the previous section, the T2SLs have successfully reduced the Auger
recombination and tunneling dark currents due to their heavy electron effective mass and
the substantial splitting of the light- and heavy-hole bands [24]. The Barrier IR Detector,
sometimes called BIRD or unipolar barrier photodetector, has received a lot of attentions
since the concept was reported by Maimon and Wicks in 2006 [25] and Klipstein and
Yaacov in 2003 [26]. The term “unipolar barrier” describes a barrier layer with larger
bandgap is used to block one carrier type (electron or hole) while allowing the other one to
flow through freely. The unipolar barrier was made possible by hetero-structure epitaxy
[27], which has been widely used in lasers, LEDs, and solar cells. The unipolar barrier
device is also usually called XBn for short where the first X represents either n- or p-type
contact (window) layer, B represents barrier layer, and the last n stands for n-type absorber.
The schematic band diagram of a typical nBn device, is shown in Figure 5. The hetero-
structure barrier layer has a conduction band barrier to block electron while the valence
band is aligned to the absorber.

The unipolar barrier device further reduces the SRH process since when applied
voltage bias, the depletion region and voltage drop are confined in the wide-bandgap

barrier layer, leading to suppressed G-R dark current, which is proportional to
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Figure 5. Schematic band edge diagram of nBn structure. The horizontal dash line
represents the Fermi-level.

exp (— E4/2kT) (assuming mid-gap defect level) [28]. In addition, it is known that the
surface states or the surface Fermi-level pinning result in surface leakage especially for
InAs which surface state is higher than its conduction band edge. Inserting the electron
barrier as shown in Figure 5 essentially cuts off the electron conduction channel to the
surface, further reducing the dark current by eliminating the surface leakage [25].
Combining all the aforementioned benefits of InAs/InAsSb T2SLs and XBn structure,
it is promising to fabricate an InAs/InAsSb T2SL nBn IR photodetector, which is highly
desired because of reduced G-R, tunneling, Auger, and surface dark current. The diffusion
dark current is similar to another IR photodetectors of different types or materials with the
same bandgap energy since it major contribution is from the quasi-neutral region and is

proportional to exp (— E,;/kT) [25].

1.5 Water-soluble Epitaxial Lift-off Technology and Its Application to Solar Cells
Apart from the photodetectors, solar cells are the most critical optoelectronic devices
due to the needs for renewable energy recently. The optimum bandgap for a single-junction

solar cell as determined by the detailed-balance model is around 1.4 eV [29], which can
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result in a power conversion efficiency of 33 % under the AM 1.5G spectrum. Recently,
the demonstration of a monocrystalline CdTe solar cell with an open-circuit voltage of over
1.12 V and an active-area efficiency of 20% has been reported by using MBE [30], [31].
Further improvement in short-circuit current generation can be achieved by bandgap
reduction, from 1.5 eV, the bandgap of CdTe, to 1.4 eV, through using CdSeTe alloys with
lower bandgaps. However, due to a very large lattice mismatch of 5.86% between CdSe
and CdTe and lack of commercially available substrate for lattice constant between 6.1 and
6.5 A as shown in Figure 1, it is very challenging to grow thick, high quality
monocrystalline CdSeTe random ternary alloys with bandgap of 1.4 eV on InSb substrates.
Further challenges to the formation of a digital CdSeTe alloys are the high vapor pressure
of group-V1 elements and the low sticking coefficient of Se in CdTe, and large miscibility
gap [32], making it difficult to grow high quality CdSe in a CdSe/CdTe digital alloy [33],
[34]. Due to these difficulties, the removal of light-absorbing InSb substrate and the
addition of metal back reflector would be the feasible way for the further improvement of
monocrystalline CdTe solar cell. Therefore, a promising solution to the CdTe solar cell lift-
off challenge has been demonstrated by using water-soluble, single-crystal MgTe as the
sacrificial layer to enable epitaxial lift-off (ELO). The highly-selective etching rate of
MgTe to CdTe in water means this material is primed to be the 11-VI contemporary to AlAs,
a material which has been used for decades as a sacrificial layer to enable free-standing
GaAs/AlGaAs thin-film solar cells [35]. Developing free-standing CdTe and MgCdTe
solar cells enables a whole world of possibilities not limited to back mirrors, light scattering

features, and tandem-cell integration on even flexible panels. This dissertation also reports
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a detailed study of the ELO process using MgTe layers, the demonstration of metal back
reflector to enhance light extraction and photon recycling, and its feasibility for future high-
efficiency thin-film solar cells or tandem-cell integration.

The ELO technology also opens up a lot of opportunities for other optoelectronic
devices including multi-color photodetector by combining state-of-the-art CdTe nBn and
InSb photodetectors to achieve visible and mid- to long-wave IR detection [36], and
resonant-cavity IR LED and photodetector applications by adding a lifted 111-V/II-VI
distributed Bragg reflector (DBR), with over 90 % reflectivity and much thinner thickness
than that of conventional GaSh/AlGaSh DBR [37], on top of InAs/InAsi.xSbx T2SLs active
layer. Furthermore, it is known that the high-cost of a HgCdTe IR photodetector is due to
the availability of large-area CdTe and ZnCdTe substrate, whose prices are still much
higher than the other commercially available I11-V substrates. The ELO method creates an
area in which the low-cost HgCdTe IR photodetector is widely available by growing
HgCdTe on nearly lattice-matched large-area InSb substrate with MgTe sacrificial layer in
the middle.

Since the newly invented water-soluble lift-off process only uses water as the etchant
to dissolve MgTe sacrificial layer, the InSb substrate is intact and can be reused numerous
times before it degrades and needs additional polishing. The large area up to 6 inch in

diameter InSb substrate and the reuse of it can reduce the overall cost significantly.
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1.6 Organization of the Dissertation

In this dissertation, the detailed MBE growth procedure and material characterization
of InAs/InAs1.xShx T2SLs are discussed in chapter 2, including photoluminescence (PL)
and X-ray diffraction (XRD). The study of vertical carrier transport dynamics in the
InAs/InAs1xSbx T2SLs by using steady-state and time-resolved photoluminescence is
discussed in chapter 3. Based on chapter 2 and 3, the InAs/InAsSb T2SL nBn, pBn, and
pBp barrier photodetector application is discussed in chapter 4. A lift-off technology using
water-soluble MgTe sacrificial layer is discussed in chapter 5. Finally, the conclusion and

outlook of the present work are included in chapter 6.
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2. GROWTH AND CHARACTERIZATION OF InAs/InAs1xSbx TYPE-II

SUPERLATTICES

2.1 Basics of Molecular Beam Epitaxy
Molecular beam epitaxy enables the deposition of high crystalline quality thin film
due to its ultra-high vacuum (UHV) chamber, which is characterized by pressures lower
than 10° torr. UHV is achieved by pumping the gas and particles out of a chamber. At
these low pressures, the mean free path of a molecule is extremely long, indicating the
molecule can travel such a long distance in one direction linearly without collision and

interaction with the other particles. The mean free path is defined as following:

RT

A=———", 5
\V2rd?N,P ®)

where R is the gas constant, T is the temperature, d is the diameter of the particle, N4 is

Avogadro’s number, and P is the pressure. A schematic MBE chamber is illustrated in
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Figure 6. Schematic cross-section view of molecular beam epitaxy chamber [4].
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Figure 6. Different source materials are loaded in individual pyrolytic boron nitride (PBN)
or Graphite crucible inside separated effusion cells. According to the equation (5), for a
typical MBE chamber with pressures at 101 torr, the mean free path for a molecule in the
chamber is 1 km to 10° km, depending on the diameter of molecule. This indicates that the
molecule beam of source material, which is vaporized due to heating, in the effusion cell
can travel directly from crucible to the substrate and ‘grow’ on the substrate surface. In
addition, to minimize the impurities and unwanted particles in the source material and
chamber, the use of 5N (99.999%) or higher purity source material is highly desired.
Figure 7 shows the schematic drawing of the dual-chamber MBE system in ASU MBE
Optoelectronics Group. The I11-V chamber consists of Al, Ga, and In effusion cells, and P,
As, Sb, Bi valved cells. In particular, the P, As, and Sb cells have cracking zones to produce
group-V monomers and dimers. A tri-dopant cell is used, consisting of Si, Te, and Be
dopants. The 11-VI chamber consists of Be, Mg, Cd, and Zn effusion cells, and Se and Te

valved cells. The two separate chambers are connected by a preparation chamber, allowing

Sublimation Sublimation
Pul-np PuInp
b / . . Triple
Heating Doping
Be : Stallon (Si, Te, Be)

Cryo

Doping P Pump
(GaP, Bi)

Figure 7. Schematic drawing of dual-chamber MBE system. The 1lI-V and [I-VI
chambers are connected by a preparation chamber, allowing samples to be transferred
under ultra-high vacuum.

16



samples to be transferred from each other under UHV. The substrate heater temperature is
measured and controlled by the thermocouple, located on the back side of the substrate
holder, and a close-loop Eurotherm controller, while the temperature of sample surface is
monitored by a pyrometer. The temperature of each cell is also measured and controlled
by thermocouple and Eurotherm. Shutters, in front of all cells, are used to control the beam
flux, which is measured by a beam flux monitoring (BFM) ion gauge. The substrate holder
keeps rotating during the growth to smooth out any nonuniformity. Reflective high energy
electron diffraction (RHEED) is used to monitor the sample surface by confirming surface
reconstruction during the growth.

All samples presented in this dissertation were grown by the dual-chamber MBE
system at ASU. For the I1-VI samples discussed in chapter 5, oxide removal of InSb
substrate and the growth InSb buffer were performed in 111-V chamber. Samples were then

transferred into 11-V1 chamber to complete the I1-VI material growth.

2.2 Molecular-beam-epitaxy Growth of InAs/InAsixSbx Type-11 Superlattices
InAs has slightly smaller lattice compared to that of GaSh, while InAs;xShx with x >
0.09 has larger lattice constant than that of GaSh, making InAs is tensile strained but InAs;.
xShx is compressively strained when these two materials are grown on GaShb substrate.
Since either InAs or InAs1.xShy is strained when growing on GaSb substrate, if the layer
thickness is too large, the layer becomes relaxed and a substantial amount of misfit
dislocations would destroy the crystalline quality of the epitaxial thin film. Matthews and

Blakeslee calculated the critical thickness of the interface structure in multilayers, within
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which the layer can be grown fully-strained, based on two forces: the force exerted by the
misfit strain, and the tension in the dislocation line [38]. The expression for a zincblende

(001) structure is the following:

ag (1 - %) [In <\/ZLC> + 1] ©)
e = V2mle|(1 +v)
T (7
Ve €11+ Cy
e = as — ap , (8)
a

where h, is the critical thickness, ag is the substrate lattice constant, a; is the layer
thickness, v is the Poisson’s ratio, C;; and Cy, are the elastic constants of the layer, and ¢
is the strain of the layer. The critical thickness for different multi-layer structure is
summarized in Table 1.

The critical thickness calculated by equation (6) limits the maximum thickness which
can be grown on a substrate without generating misfit dislocations. If two or more layers
with different types of strain, compressive or tensile, grow alternatively on a substrate, it
is possible to balance out the strains. There is no in-plane shear force to generate misfit

dislocations and therefore the in-plane stress is zero, suggesting that the alternative multi-

Table 1. Critical thickness of various multi-layer structures calculated by equation (6).

Multi-layer structure Critical thickness
Superlattices h.
Quantum well h./2
Single layer h./4
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layers can be grown infinite thick on the substrate [39]. The aim of the strain-balance is to
achieve zero average in-plane stress in the alternative tensile and compressively strained
layer combination. As described by Ekins-Daukes et al. [39], there are three methods for
attaining strain-balance condition, including average lattice method, thickness weighted
method, and zero-stress method. The thickness and freestanding lattice constant of the
compressive and tensile strain layers can be defined as t,, a4, and t,, a, and the substrate
lattice constant is defined as ag. For average lattice method, it basically just calculates the
average lattice constant of the two layers to be the same as that of substrate, and assumes
the identical elastic properties for both layers, resulting in the expression as shown below:

tia; +taa; 9)
ag = ——=,
t1 +¢t,

The thickness weighted method suggests the strain-balance condition is achieved by
having equal strain-thickness product for the two layers. The expression is shown in
equation (10), which is not taking elastic constant into account.

ti1&, +te, =0, (10)
where &; and ¢, are the compressive and tensile strain in the two layers, respectively. As
the strain is defined as in equation (8), equation (10) can be rearranged as:

_ (Gt )aa; (11)

Ac = .
ST ta, + thay

when considering the difference of the elastic constant in the two layers, equations (10)
and (11) can be written as followings by including elastic parameter A,

Altlgl + AZtZSZ =0 (12)
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0 = (Ait; + Azty)aa; (13)
s Ajtia, + Ayt,ay

where A = C;; + Cy, — 2C%/C1;.

The zero-stress method considers the lowest energy state of the tensile/compressively
strained layers, at which no average stress present. The key idea is that when the
corresponding lattice constant is equal to that of the substrate, no further in-plane stress or
strain is introduced [39]. This approach calculates the strain-balance condition from
classical elasticity theory and the results are shown as following:

Ajtig1a, + Ajtyea, =0 (14)

_Agtia,a5 + Aytra,ai (15)
ST A LE + A,
1tiaz + Aztpag

The thickness-weighted and zero-stress methods differ by a factor or a, /a,, which arises
from the different definition of the strain, either using substrate lattice constant or average
lattice constant in the denominator in equation (8) [39]. If the strict definition of strain and
the in-plane force due to bi-axial strain are allowed, the results from these two methods
should be the same. The zero-stress method is based on the strain-balanced double layers.
It is suitable for the structures grown on virtual substrates, given the films themselves are
still pseudomorphic. Therefore, for the T2SLs presented in the dissertation, thickness-
weighted method is adopted to calculate the strain-balance condition.

InAs/InAs1.xSbx superlattice samples with or without strain-balanced design were
grown by MBE on (001) GaSb substrates at temperature of 410 to 450 °C. The layer
structure of the samples consisted of a superlattice of alternating InAs and InAs1xSbhx layers

totaling a thickness between 0.5 to 2 um which was sandwiched between two 10-nm-thick
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GaSb cap 20 nm

AlSb barrier 10 nm InGag ;As barrier 10 nm
InAs,_Sb,
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AISb barrier 10 nm

Repeat Repeat

InGay ,As barrier 10 nm
GaSb buffer 500 nm

GaSb buffer 500 nm

GaSb substrate GaSb substrate

Figure 8. The cross-section of InAs/InAs1xSbx T2SL samples with (a) AlISb or (b)

Ino.oGao.1As barriers. A 20-nm-thick GaShb cap layer was grown on top for the samples

with AISb barrier layers.
AISb or Ing.9Gao.1As barrier layers which provided better carrier confinement and reduced
surface recombination. A 20-nm-thick GaSb cap layer was grown for samples with an AISh
barrier in order to prevent the rapid oxidation of Al in atmosphere. The schematic cross-
section of the superlattice sample is shown in Figure 8. One of the advantages of growing
InAs/InAs1.xShx T2SLs is the easy-to-achieve alternating of layers by maintaining fixed As
flux and modulating one Sb shutter which occur without any intermixing at the interfaces.
The growth rate of InAs was kept at 15 nm/min with an As/In flux ratio of 1.2 while the
Sb/In flux ratio ranged from 0.251 to 1 for Sb compositions in InAs1.xShx alloy, x ranging
from 0.206 to 0.426 for various samples. The layer thickness of InAs and InAs1xShy is
calculated based on of thickness-weighted method of strain-balance condition as described
in equations (12) and (13). Table 2 lists five T2SL samples with different layer thickness

and Sb compositions, resulting in tunable photoluminescence wavelength from MWIR to
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Table 2. InAs/InAs1.xSbx T2SLs sample list. The T2SLs shows the ability of tunable
wavelength by changing period thickness and Sb composition.

InAs thickness INAS1-xSbx

Sample # (nm) thickness (nm) X Pealc) (um)
B2525 2.08 1.46 0.206 3.9
B2571 1.63 1.13 0.370 4.4
B2606 9.92 3.97 0.275 6.3
B2657 13.78 4.22 0.383 8.3
B2660 14.15 4.58 0.426 11.0

LWIR. The detailed MBE growth procedure and the comparison study of different growth

temperature have been described elsewhere [40], [41].

2.3 X-ray Diffraction of InAs/InAs1xShx Type-11 Superlattices

The structural properties of these T2SL samples were characterized by using
PANalytical X’Pert Pro MRD High Resolution X-ray Diffraction (HR XRD). w — 26 scan
along the (004) plane was measured. The HRXRD is a powerful technique to evaluate a
crystalline sample which has periodic structure with the atomic spacing close to the X-ray
wavelength. This allows the X-ray to diffract into many directions. Several structure
information and defects can be determined by XRD, including composition, thickness,
superlattice period, mismatch, relaxation, misorientation, dislocation density, curvature,
and inhomogeneity. The diffraction occurs when the Bragg’s law is satisfied, i.e. the Ewald
construction is fulfilled. As described in the following equations, a cubic lattice structure
is assumed.

2d sinf = ni (16)
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e (17)

where d is the spacing between adjacent parallel plane, @ is the diffraction angle, A is the

X-ray wavelength (i.e. 1.5406 A for Cu K,), n is the order of diffraction (positive integer),
a is the lattice constant, and h, k, [ are the miller indices of the plane at which the
diffraction occurs. In particular, for a superlattice sample, since the additional periodic
structure is made by artificially grown a multi-layer stack with a period A, the Fourier
transform of the structure creates extra frequencies in the reciprocal space, called satellite
peaks. Therefore, the superlattice period A can be determined from the separation of the
satellite peaks on the symmetric plane w — 26 scan, and so the Bragg’s law becomes:
2Asin 6, = mAi, (18)

where 6,, is the diffraction angle of the satellite peak and m is the order of diffraction. For
symmetric reflections,

__ (mi—mj)a (19)
2(sin 6y, — sin O, '

By measuring the diffraction angles 8,, for multiple diffraction order m, an accurate
estimate of the average period thickness can be obtained by determining A for
combinations of Am.

The average superlattice composition, x, is determined by the 0" order satellite peak,
at which occurs the average Bragg’s angle of superlattice not of the alloy layers alone. To
determine the alloy composition, x, it is necessary to know the thickness of the alloy, d,

and the period, A. The alloy composition is given by
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A% (20)

Take an InAs/InAs1.xSbx T2SL sample for example, Figure 9 shows an w — 26 XRD
of (004)-plane of sample B2606. The results are analyzed with X’Pert Epitaxy software.
This sample shows intense satellite peaks with narrow linewidth, indicating high degree of
crystalline quality, abrupt interface, and uniform superlattice period. The peak at 30.36° is
from the GaSb substrate and all the satellite peaks are labeled with 0, +1%t, and +2" etc.
The average superlattice period thickness is calculated by selecting multiple adjacent
satellite peaks and using equation (19). Often time the period thickness, and InAs and
InAs1xShy thickness are not unknown parameters since they are roughly estimated by the
InAs and InAs1.xSbx growth rates and shutter time during the MBE growth. Therefore, the
accurate InAs and InAsy.xShy are obtained after the average period thickness A is confirmed
with XRD and taking the growth rate and Sb shutter time into account. Therefore, the Sh
composition is the only parameter to fit in the XRD scan with the simulation software. The
extracted parameters, taken from the best fit of the curve, are that of 9.92-nm-thick InAs
and 3.97-nm-thick InAs1.xSbx where x=0.275. Here, an abrupt interface and zero
unintentional Sb incorporation into the InAs layers are assumed. The simulation curve
plotted in Figure 9 matches the measurement curve, even the Ing9Gao.1As barrier peak is
shown and matched, suggesting high degree of accuracy of the fitted thickness and

composition.
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Figure 9. w — 26 X-ray diffraction (XRD) of (004)-plane of sample B2606. The
extracted parameters of the best fit are 9.92-nm-thick InAs and 3.97-nm-thick InAs;-
xShx with x = 0.275.
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2.4 Photoluminescence of InAs/InAs1xShx Type-11 Superlattices

Optical properties of these T2SLs were measured by steady-state photoluminescence
(SSPL) at 12 K using a pump power of 6 W/cm? from a 785 nm laser diode. A double-
modulation Nicolet 760 Fourier transform infrared (FTIR), equipped with liquid-nitrogen-
cooled InSh and HgCdTe detectors, were used to perform the measurement. The laser was
modulated at 50 kHz. The samples were placed in a closed cycle cryogenic system to
achieve a temperature of 12 K. Figure 10 illustrates the schematic FTIR system. The
effective transition energy at low temperatures can be determined by the PL peak position
in unit of meV or micrometers. The normalized PL spectra of the samples listed in Table 2
are shown in Figure 11 as a function of photon energy. Since this measurement was done
in atmosphere, the discontinuity in the PL spectra around 290 meV was the result of CO»

absorption, which can be removed by normalization with the calibration curve of the
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Figure 10. Schematic of double-modulation FTIR system.
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detector. These T2SL samples show strong PL intensity and high signal-to-noise ratio,
except for sample B2606, whose PL peak is at 6.3 um. The low PL intensity could result

from the strong H20 absorption in the air as depicted in Figure 2. Figure 11 also showcases
that the T2SLs have the flexibility of the bandgap (PL peak energy —%kT) engineering by

manipulating the layer thickness and Sb composition.
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Figure 11. Normalized 12 K photoluminescence spectra from InAs/InAsixShx T2SLs
samples listed in Table 2. The discontinuity at 290 meV is the result of CO. absorption.
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3. STUDY OF VERTICAL CARRIER TRANSPORT DYNAMICS IN
InAs/InAs1.xSbx TYPE-II SUPERLATTICES

Recently, the demonstration of carrier lifetimes in mid-wave IR (MWIR) and long-
wave IR (LWIR) InAs/InAs1xSbx T2SLs exceeding 400 ns has inspired tremendous
scientific research and technology development in this field [15], [42]-[47]. The long
carrier lifetime was principally attributed to the suppression of the Shockley-Read-Hall
(SRH) recombination process due to the fact that many defect energy levels in the
InAs/InAs1xSbyx T2SLs are in the conduction band, and thus have limited adverse impact
on the carrier lifetime because they do not act as nonradiative recombination traps [48].
InAs/InAs1xSbyx T2SLs devices such as conventional pin and barrier XBn photodetectors
both in MWIR and LWIR wavelength ranges have demonstrated remarkable performance,
getting much closer to that of the state-of-the-art HgCdTe counterparts devices [22], [49]-
[56]. However, further improvement in the detector performance has been hindered by the
poor hole transport properties of InAs/InAs1xSbx T2SLs, which results in low quantum
efficiency. It is, therefore, important to understand the fundamental physics of vertical hole
transport throughout T2SLs and eventually to come up with innovative means to
circumvent this challenge. The quantitative study of vertical carrier transport, especially
hole transport, by measuring mobility is, however, not a trivial task, due to the relatively
small hole mobility caused by the presence of multiple interfaces with large valance band
offset, thin layer thickness of T2SLs, and the need for a sophisticated method of
measurement. A hole mobility of 60 cm?/Vs at 6 K has been estimated by using electron

beam induced current (EBIC), as seen in a paper published recently [57].
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3.1 Previous Works on Vertical Carrier Transport

Vertical carrier transport of periodic structure such as GaAs/AlGaAs multiple-
quantum wells (MQWSs) and SL has been studied intensively back in 1980s [58]-[65]. The
concept of using an enlarged well (EW) served as the indicator of vertical carrier transport
throughout the film was introduced. The EW can be placed in the front or back surface or
any positions within the studied structure. When carriers move vertically, either by
diffusion or drift, they will be captured by the EW and recombine in the well, resulting in
PL with relatively longer wavelength than that of studied structure. However, some
assumptions in the early works may not be valid in the case of InAs/InAsixShx T2SLs. For
instance, due to small bandgap of the T2SLs, no discrete excitonic peak is observed even
at 10 K. Also, there is possible co-excitation of carriers both in SL and EW due to the fact
that the thickness of SL is often thinner or compared to the laser penetration depth,
potentially resulting in inaccurate modeling and extracted mobility which assume the
excited electron-hole pair density in the EW equals to zero at the beginning of the laser
pulse. Therefore, the easiest way to circumvent this concern is to have a thick SL transport
region, as described in the following section. Studies of vertical carrier transport in other
material systems such as InAs/GaSb T2SLs [66], InGaAs/GaAsP MQW [67], and
InAs/InAsSb T2SLs [57] by using pump-probe method, time-of-flight technique, and
electron-beam induced current (EBIC) method, respectively, have been carried out recently
and summarized in Table 3. The disadvantages of those aforementioned methods in the
Table 3 are either sophisticated equipment needed, such as MWIR and LWIR pump-probe

systems or scanning electron microscopy (SEM), or potentially large error due to co-
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excitation of carriers in SL and EW. Recent further studies regarding InAs/InAsSb T2SLs
using better methods and thorough experiment design have deepened the understanding of
carrier transport [68]-[73].

In this work, two straightforward methods, i.e. steady-state photoluminescence
(SSPL) spectroscopy and time-resolve photoluminescence (TRPL) spectroscopy, are used
with an ambipolar diffusion model to extract the temperature-dependent vertical hole
mobility in InAs/InAs1xSbx T2SLs. The hole mobility extracted from the SSPL

spectroscopy agrees very well with the mobility obtained from the TRPL spectroscopy.
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3.2 Carrier Generation and Recombination
The electrons and holes are created in pairs. Therefore, when the semiconductor is in
equilibrium, the thermal-generation rates of electrons (G,,) and holes are equal (G,,), SO
as the recombination rates of electrons (R,,,) and holes (R,,).
Gno = Gpo » Rno = Rpo - (21)
The carrier concentration in equilibrium is independent of time, suggesting the generation
and recombination rates are equal as well,
Gno = GpO =Ry = RpO . (22)
When photons with energy higher than the semiconductor bandgap are incident on the
material, electrons in the valence band will be excited into the conduction band, leaving
additional holes in the valence band, indicating electron-hole pairs are generated by
incident photons, and the semiconductor is in non-equilibrium. The additional electrons
and holes are called excess electrons (6n) and holes (§p) and their generation rates are also

equal. Figure 12 illustrates the process.

G, = G) (23)
n=mngy+on (24)

P =po+6p (25)
np # ngpo = n7, (26)

where n, p, ny, po are total electron and hole, and equilibrium electron and hole
concentrations, respectively, and n; is the intrinsic carrier concentration. The
recombination rate of excess electrons and holes are equal as both carriers are annihilated

at the same time when recombination,
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Figure 12. Creation of excess electrons and holes by photons.
R, =Ry. (27)

As aresult, under non-equilibrium condition, the carrier concentration is a function of time,
given the net rate of change in the electron concentration,

dn(t)
dt

= ay[nf —n(©Op(D)], (28)

where «, is the constant of proportionality for recombination. Since n, and p, are

independent of time, and én(t) = 6p(t),

dn®) _ 12~ (no + 6n(0) (0 + 5p(E)]
= (29)

= —a,5n()[(ng + po) + Sn()].

For a p-type material, p, > ng, and low-level injection, én(t) = ép(t) < py,

d(én(t
—( dt( ) = —a,pyon(t), (30)

given the solution of the equation as
n(t) = 6n(0)e %Pt = §n(0)e~t/ ™o, (31)

where 1,4 is the excess minority carrier lifetime for electron and t,,, = (a,-po) .

With that, the recombination rate
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—d(s 5
= (d—?(t)) = taypodn(t) = ::Ot) =

R, R, . (32)

In the case of an n-type material (n, > p,) under low-level injection, én(t) = 6p(t) <

Ng,

) , _ 6p(®)
ansz Tpo ] (33)

where 7, is the excess minority carrier lifetime of holes 7, = (@,ny)~'. According to
equations (32) and (33), the excess recombination rate is determined by the excess minority

carrier lifetime.

3.3 Continuity Equations and Diffusion Equations
The continuity equation describes the behavior of excess carriers with time and in
space in the presence of electric fields and density gradients. Considering a one-

dimensional hole flux (F,") is entering the differential element at x and is leaving at x +

Ef (x) | Ef (x + dx)

||
x x+dx

Figure 13. Differential volume showing x component of the x-component hole flux.
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dx, as depicted in Figure 13. The net change in the number of holes per unit time in the

differential volume element is:

op(t o) o
%dxdydz =— 6; dxdydz + G,dxdydz — R,dxdydz . (34)

On the right hand side of equation (34), the first term represents the net increase in the
number of holes per unit time due to x-component hole flux, the second term represents
the increase in the numbers of holes per unit time due to the generation of holes, and the
third term represents the decrease in the number of holes per unit time due to the

recombination of holes. Given the hole flux

B = ];P (35)

where J,, is the hole current density and e = 1.6 X 10~*° Coulomb, the net change in the

hole concentration per unit time, i.e. the continuity equation for holes, is

dp(t) 10J,
2 __P — 36
P o TG~ Ry (36)
By the same token, the continuity equation for electrons is
on(t) 14J,
=——+G.—R... 37
ot e 0x T On = Hn 37)
Recall that the hole and electron current densities are
op
Jp = epppE — era (38)
an
Jn = eupnk +eD, —. (39)

€ ox
Substitute equations (38) and (39) in the continuity equations (36) and (37), the time-

dependent diffusion equations for hole and electrons are
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ap(t) op? op OE
—at =Dpﬁ—ﬂp<Ea+pa)+Gp—Rp (40)

(41)

on(t) 6n2+ (Ean+ 6E)+G R
ot mogxz T Hr\FoxTNox) T T

which describe the space and time behavior of the excess carriers.

Under some particular scenarios, the electrons and holes tend to drift or diffuse with
a single effective mobility or diffusion coefficient, which is called ambipolar transport. For
example, under applied external electric field E,,,,, the excess electrons and holes created
by either electrical injection or light illumination, are prone to drift in the opposite
directions. The separation of these charged carriers induces an internal electric field
opposite to the applied external electric field, as depicted in Figure 14. The induced internal
electric field attract the electrons and holes move toward each other, holding them together;
therefore, the electric filed appears in the equations (40) and (41) are composed of the
external and internal electric fields. For another example, without external electric field,
only light illumination on the semiconductor surface, the excess electrons and holes

generated at the surface tend to diffuse toward lower concentration region due to

app
-
on) e L@ [6p
1
' Eine
, @ ——— @
1
| 1
) | ®

— X
Figure 14. The creation of internal electric field as excess electrons and holes are
separated.
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concentration gradient. The difference in the mobilities separates them, creating the
internal electric field, which also attracts them at the same time. To relate the excess

electrons and holes to the internal electric field, Poisson’s equation is introduced,

e(6p—6n) OEy, (42)
& - ox

VEin: =

where &, is the permittivity of the semiconductor and E;,,; is the internal electric field.
Usually the strength of E;,,, is much smaller than that of external electric field, |E,,,| >

|Einel, and thus is negligible. Since n, and p, are independent on time and space in

equations (24) and (25), equations (40) and (41) can be rewritten as

adp(t) b 06p? ( d6p  OE

—p, — _ v, % _ 43
ot P Ox2 “pEax+pax>+Gp Ry “3)

(44)

a6n(t) 06n? oén oE
-D . (

ot Pngyz EW”%)”"_R"'

Since én = 6p, G, = G, = G, and R, = R, = R, combining these two equations and
eliminating 2= gives
95,9

a6n(t) 06n? aon (45)
Fra DambW‘HlambEW‘l'G—R.

where D, 1S the ambipolar diffusion coefficient and p,.,,, 1S the ambipolar mobility,

which expressions are as followed

Dy + ppp Dy (46)
Damp =
UnTt + UpD
_ bty — 1) (47)
Hamb [N + Uy .

The Einstein relation relates the mobility and diffusion coefficient as shown below
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h_e (48)

The ambipolar diffusion coefficient can be expressed in the form

B Dy Dy(p +n) (49)
P Dyn+Dyp

3.4 Physical Model of Vertical Carrier Transport
The working principle of the study of vertical hole transport by PL spectroscopy is
illustrated in Figure 15. In this experiment, a long-wave probe region, consisting of LWIR
T2SLs (LWSLs), is sandwiched between a bottom barrier and a MWIR T2SLs (MWSLS5)

transport region. When the MWSLs are excited by a continuous-wave or pulsed laser,

) MWSLs LWSLs
Nywsi(Z,t) nywsi(t)
< N[
-
2993 _® > @
hv hvywst ee ,\IKL/VISL
N\ AVAYs s
PEPP — S — S — @
&®
+ \
z=0 z=1L

Figure 15. Schematic diagram illustrating the study of vertical carrier transport in
MWSLs by PL spectroscopy. The vertical photocarrier transport in InAs/InAs1.xSbx
MWSLs is limited by the slower hole transport.
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photogenerated carriers will recombine to give PL in the MWSL region while diffusing
vertically toward the probe region. If the carrier lifetime in the MWSLs is longer than the
transport time across this region, a substantial amount of surviving carriers will be captured
by the probe region and recombine there, giving rise to luminescence at a wavelength
(hvewse) longer than that of the PL (Avmwse) from the MWSLs. Information about the
vertical carrier transport in the MWSL region can then be retrieved from either the intensity
ratio of the luminescence from two different regions or the decay profile of the
photoluminescence from the LWSL probe region. The carrier transport dynamics in both
MWSLs and LWSLs can be described by an ambipolar diffusion equation, which is derived
in equation (45), assuming no external electric field,

(50)

on(zt) 5 3%n(z, t) . an(z,t)
ot amb 5,2 ot

on(z,t
N (z,t)
gen ot

)
rec

where n(z,t) in equation (50) is the excess electron-hole pair density, Dy, IS the

on(zt) an(z,t)

is the generation term, and ——— is the

ambipolar diffusion coefficient,
gen t lrec

recombination term. The equation (50) can also be written in different forms for MWSLs

and LWSLs, respectively. In MWSLSs, the general equation is [61]

Onyws(z,t) = J(2) - nywsL (2, t) +D 02y s (2, t) (51)
ot TywsL amb 0z2 '

where J(z) is the carrier generation rate from the laser and 7, is carrier lifetimes in
MWSLs. Since the structure is sandwiched by Ing9Gao1As or AISb barriers, carriers
reaching the top surface will be reflected without any carrier loss due to surface

recombination. On the other hand, for LWSLs, the carrier diffusion is ignored due to
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relatively thin thickness (100 nm), compared with that of MWSLSs (at least 3.5 um), and
high internal quantum efficiency. Also, no direct excitation from laser is assumed,

Onys,(t) __ nyws(t) (52)

at TLwsL

Onyws.(z,t)
0z

D amb

z=L

onpwsL(z,t)
0z

where Dgmp | | is the carrier injection from MWSLs into LWSLs due to
z=L

ambipolar diffusion, L is the thickness of MWSLs, and 7y, is the carrier lifetimes in
LWSLs. Here, the capture time of carriers by LWSLs is neglected because it has been
reported that the capture time for electrons and holes is less than 1 ps [59], [65],
significantly faster than transport time, meaning when carriers diffusing into the interface
of MWSLs and LWSLs will be captured by LWSLs immediately without carrier
accumulation.

In the following sections, steady-state and transient behaviors are measured by SSPL
with continuous wave (CW) laser excitation, and TRPL with a pulse laser excitation,

respectively. Under steady-state condition, equations (51) and (52) become

0?2 53

0=/(z) - NywsL(2) + Dy nI\(;WZ‘L (2) (53)
TMwsL Z

NiwsL Onyws(z,t) (54)

0=-—

amb

TLwsL 0z 7=L

where J(2) = Joe~%* with J, = a®, where & is the photon flux and « is the absorption
coefficient. While under pulse excitation condition, i.e. transient-state, equation (51)

becomes

Onyws(z,t) _ _Mmwst (z,1) 0%y s (2, t) (55)

b
ot TywsL am 0z2

)
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where the carrier generation rate J is zero and an initial condition of ny,¢.(z,0) =
nye~% (where n, = 10*® cm as an initial excess electron-hole pair density from a laser
energy of 2.3 pj/pulse), indicating the carrier dynamics in MWSLs we measured is after
the short-pulse laser excitation. On the other hand, the transient behavior of carriers in

LWSLs is still governed by equation (52).

3.5 Sample Structure for Transport Study

Two samples with different MWSL thickness were grown on GaShb (100) substrates
by using MBE for this study. The sample structure consists of a 100-nm-thick LWSL and
a MWSL regions sandwiched between two 10-nm-thick AlSb or Ino.9Gao.1As barrier layers
grown atop a 500-nm-thick GaSb buffer layer. The cross-section of the layer structure and
schematic band diagram are shown in Figure 16. The MWSLs region is either 3.5 um
(sample A, B2622) or 4.5 um (sample B, B2623) thick and comprises unintentionally
doped n-type 2.14 nm/1.5 nm InAs/InAso.782Sbo218 T2SLs. The LWSL probe region is
composed of 100-nm-thick undoped 9.78 nm/4.22 nm InAs/InAse.7Sho.s T2SLs. The As/In
flux ratio was kept constant at 1.2 during the growth while the Sb/In ratios were 1.08 and
0.41 for the growth of LWSLs and MWSLs, respectively, and the growth rate of InAs was
fixed at 15 nm/min at a growth temperature of 450 °C. The PL peak wavelength for MWSLs
was designed to be at 4.1 um, whereas the wavelength for the LWSL probe region was
chosen to be at 8 um to avoid strong water absorption, as discuss in chapter 1 and illustrated
in Figure 2, and to be easily resolved spectrally from the PL of the MWSL region.

Assuming the absorption coefficient of InAs/InAs1.xSbx T2SLs is 1.0 X 10* cm™1 at 785
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nm and 1064 nm wavelength [74], the thinnest MWSLs in this study, i.e. 3.5 um thick, is
sufficiently thick that satisfy the assumption in which carriers will be generated only in
MWSLs when laser illuminates on the top surface. Figure 17 illustrates the HRXRD (004)
w — 26 profile and simulation for sample A, in which the satellite peaks for MWSLs and
LWSLs are sharp and well-defined. The Pendelldsung fringes shown in the XRD profile
indicate excellent crystalline quality and abrupt interfaces. Furthermore, the zeroth order
peaks of MWSLs and LWSLs are aligned well with the substrate peak, indicating that the
T2SLs were strain-balanced, a necessity for growing thick layer without generating misfit

dislocations. The extracted parameters, taken from the best fit by X’pert Epitaxy, are

(a) . (b)
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Figure 16. (a) Schematic layer structure of the MBE-grown sample. The top Ino.oGaog.1As
barrier layer was doped to 1x10* cm™ to achieve a flat band in MWSLs. and (b) band
edge alignment of sample A calculated using one-dimensional drift-diffusion model,
demonstrating the conduction and valence band alignment of Ino9Gao1As barriers,
MWSLs, LWSLs, and GaSh buffer. The top surface of the sample is at 0 um. This
simulation reveals flat energy bands for the MWSL region, which justifies the use of a
pure diffusion model in the main text.
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Figure 17. w — 26 XRD of sample A for vertical carrier transport study. Black and red
lines illustrate the measured and simulated curves, respectively. The peaks for LWSLs,
MWSLs and Ino.9Gao.1As barrier are as indicated by different arrows.

summarized in Table 4, which reveals the consistency between the design and

measurement.

Table 4. The extracted parameters from the best fit of (004) XRD, indicating the
consistency between the design and measurement.

Layer Measurement (XRD) Design
InAs INAS1-xShy X InAs INAS1.xShy X
(nm) (nm) (nm) (nm)
LWSLs 9.94 4.29 0.31 9.78 4.22 0.3
MWSLs 2.16 1.51 0.23 2.14 1.5 0.218
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3.6 Steady-state Photoluminescence Analysis of Carrier Transport
The temperature-dependent SSPL spectra of sample A and B were measured by using
a Nicolet 760 Fourier transform infrared (FTIR) spectrometer, equipped with a liquid-
nitrogen cooled HgCdTe detector, and a continuous-wave laser diode with excitation
wavelength of 785 nm and pump power of 6 W/cm?. The excited carrier density in MWSLs
was ~5x10° cm3. Figure 18 shows the SSPL of sample A recorded from 12 K to 210 K.
The SSPL spectra for sample B are similar to those of sample A and can be found in Figure

19. In general, all spectra feature both 4.1 um (hvmwst) and 8 um (hvowsL) PL peaks. The

Wavelength (um)

L ]

: — 12K !
~ 10 —_— 28 E 3
= : | —— 60K
id/ i \ K ]
£10g || |2l
§ | / \‘ ‘ ?
o s | ﬁj :

it ﬂ\ Y n'.lm I
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Energy (meV)

Figure 18. SSPL of sample A taken at various temperatures. Both MWIR and LWIR are
observed, indicating carrier diffusion of photogenerated carriers in MWSL into LWSL
region.
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Figure 19. Temperature-dependent SSPL spectra of sample B (4.5 um thick). The peaks
at 4.1 um and 7.5 um are the emission peaks of MWSL and LWSL, respectively. The
slight shift of LWSL peak wavelength of sample B from that of sample A is due to the
variation of Sb composition in InAsSb layer. However, this difference will not affect
the assumptions and calculations described in the main text.

dips at ~4.2 um near the MWSL peaks are due to the atmospheric CO, absorption. The
MWSL peak consistently shows a higher intensity than the LWSL peak at the same
temperature. This discrepancy in intensity suggests that a substantial number of excited
carriers recombine in the MWSL region. The LWSL peak intensity is vanishingly small at
12 K, indicating that there is essentially no direct excitation of the probe region by the 785

nm laser light, and thus almost all photogenerated holes recombines in the MWSL region.
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This characteristic is expected since the estimated laser penetration depth, ~1 um by
assuming an absorption coefficient & of 10* cm™, is at least three times smaller than the
MWSL region thickness in sample A and B. To further verify the assumption, the PL from
a sample with a 2-um thick MWSL region was recorded in Figure 20 where the LWSL
peak at 7.5 um shows different temperature trend with respect to sample A and B. At

temperature of 12 K, the intensity of LWSL peak is as pronounced as that of MWSL peak,

et Wavelength (pm)
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60 K
/. 110K -
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Figure 20. Temperature-dependent SSPL spectra of a sample with 2 pum thick MWSL
region. The LWSL peak at 7.5 um shows different temperature trend with respect to
sample A and B. At temperature of 12 K, the intensity of LWSL peak is as pronounced
as that of MWSL peak, strongly evidencing the co-excitation of two regions in the
sample with 2 um thick MWSL region.
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strongly evidencing the direct excitation of probe regions in the sample with 2 um thick
MWSL region.

To gain more insight into the temperature dependence of the transport property, the
integrated intensities of MWSL and LWSL PL peaks, Iy s, and I}y, are plotted as a
function of temperature in Figure 21 and 22 for samples A and B, respectively. The
temperature-dependent behavior for both samples shows pretty much identical trend, also

suggesting decent MBE run-to-run growth uniformity. I, remains constant for

105""l""l""l""l'
" 4
g 10 .|.'.‘
— 10°F 'MwsL .\0\.\.
o[ aAAAA_, LTe-e,
E ’ AL A
@ g LWSL \:/
@, o
= 10
__I
~ -1
(71)10
; 2
=10
10'3 k|¢||||1|||1|||||11|||
0 50 100 150 200

Temperature (K)

Figure 21. The integrated luminescence intensities of MWSLS (Ijys.) and LWSLs
(Itwsy), and the ratio R = I,y /Iyws, Of sSample A at various temperatures extracted
from the temperature-dependent luminescence spectra (figure 18).
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Figure 22. The integrated luminescence intensities of MWSLS (Iys.) and LWSLs
(Itwst), and the ratio R = Iyys1./Iyws, OF sample B at various temperatures extracted
from the temperature-dependent luminescence spectra (figure 19).

temperatures from 12 K to 30 K, indicating the luminescence efficiency is almost unity and
non-radiative recombination is suppressed. As the temperature further increases, Iy s.
shows a monotonic decrease whereas the temperature dependence of I, clearly exhibits
two distinct regimes. Below ~60 K, I;,s; increases steeply with temperature, indicating

that more photogenerated holes are transported to the LWSL probe region as hole mobility

in the MWSL region is increased with temperature; above ~60 K, I,,,5; resembles the trend
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of Iy s, indicating that the emission from the probe region switches from hole density
limited to hole lifetime limited emission. To uncover the correlation between the MWSL
and LWSL peaks, the ratio R = Iy /Iywsy 1S also plotted in Figure 21 and 22 for
samples A and B, respectively. The ratio increases by two orders of magnitude from 12 K
to 60 K and levels off with further increase in temperature, clearly illustrating thermally
enhanced hole transport in the MWSL region at low temperature.

Previously, it has been reported that InAs/InAsixSbx T2SLs suffer from carrier

localization at low temperatures due to the fluctuations of layer thickness and Sh
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Figure 23. MWSL PL peak energy and FWHM of sample A as a function of
temperature.
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composition [42], [75]. The effect of carrier localization is more prominent in MWSLSs as

the thickness of each period is usually much thinner than that in LWSLs [42], [75]. In this

study, starting from 12 K the MWSLs PL peak energy initially increased and then

decreased monotonically with temperature, which is accompanied by the initial decrease

and then increase of the full width at half maximum (FWHM) of the PL peaks (Figure 23

and 24). Both are clear signatures of carrier localization. It is speculated that this carrier

localization likely leads to a significant reduction in the carrier (especially hole) mobility.

As a result, the majority of photogenerated electron-hole pairs recombine in the MWSL
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Figure 24. MWSL PL peak energy and FWHM of sample B as a function of temperature.
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region at 12 K. As the temperature increases, more and more carriers are freed from
localized states due to thermalization and diffuse into the probe region to recombine with
electrons there, giving rise to a steep increase in luminescence intensity. Above 60 K, the
ratio saturates with temperature, indicating that the carrier transport in MWSLSs is no longer
limited by carrier localization.

The PL peak and FWHM are exacted from Figure 23 and 24 by using bi-gaussian
peak expression:

ek (56)
I=1,+He 2 (x <x¢)

sy (57)
I=1,+He 2 (x=x),

where I is the PL intensity per unit photon energy, I, is the background intensity, H is the
peak intensity, x. is the peak center in unit of photon energy, and w; and w, are the two
widths for the two sides of the PL profile which has different slopes on low- and high-
energy sides. The high-energy side represents the carrier distribution, which is obtained by
multiplying Fermi-Dirac distribution with the density of state; therefore, the width and
slope of the high-energy side of PL are a function of temperature and the PL width broadens
with decreasing temperature. For the low-energy side, it represents the band tails in the
joint density of states, which are due to impurity states at the band edge or compositional
inhomogeneity. Since they are less temperature sensitive, usually the slope and width of
the low-energy side are constant over a wide temperature range.

Since both electrons and holes diffuse toward the probe region after photogeneration,

and the difference in the electron and hole mobilities is large, it is an ambipolar diffusion
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process and the carrier dynamics can be described by equation (52) and (55) with the

following boundary conditions:

Nywst(2)|z=, = 0 (58)
dnyws(2) _ (59)
ZMWSLATI =0,

dz 2=0

where z is the distance into MWSLs and z = 0 is the surface of the sample as shown in
Figure 16(a).

By solving equation (52) and equation (55) in steady-state with boundary conditions
given in (58) and (59), one can obtain the excess electron-hole pair densities in MWSL and

LWSL regions. The detailed derivation is shown as follow. From the equation (55),

0’y (2) _ uwsi(2) _ Joe™™ (60)

2 - ]
0z DambTuwst Damp

Equation (60) is a non-homogeneous differential equation with a solution of nyys.(2) =
np(z) + ny(z), where n,(z) is the homogeneous solution and n,(z) is the particular

solution for the non-homogenous part. For the homogeneous part,

0’1y (2) _ ny(2) —0. (61)

dz* DombTuwst
n,(z) can be solved from equation (61), which yields
n,(2) = Cye?/to + C,e™%/Ip | (62)

where Lj, is the carrier diffusion length with L, = /DgmpTuwss; C1 and C, are constants

Joe™™

amb

which will be determined later. For the non-homogeneous part, n,(z) = K IS
assumed. The secondary derivative of n,(z) yields
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.]Oe‘“z s (63)

n’(z) =K
P Damb

Plug equation (63) back to equation (60) yields

K Joe™ ™" o — K Joe™ ™" 1 _ _Joe™™ (64)
Damb Damb DambTMWSL Damb .
One can obtain
K = L% (65)
1-L%a?’
and
Joe™™ Ly Joe™™ _ JoTmwst g, (66)

n,(z) =K

)

Dams  1—I12a2 Damp 1-L3a?
Therefore, the general solution becomes

JoTmwsL —az (67)

nMWSL(Z) = nh(Z) + Tlp(Z) = CleZ/LD + Cze_Z/LD + /

However, when a = 1/Lp, the generation solution takes a different form because the
—az

assumption of particular solution n,(z) = K '];e— becomes part of the homogeneous
amb

solution and a divergent point occurs in equation (67). Hence, if « = 1/L, the particular

solutionn,(z) =K - z- ]l‘;e—_az Is assumed. By doing similar procedure from equation (63)

amb

Jo
2aDgmp

to equation (66), one can obtain K = 1/2a and n,,(z) = -z - e~ * . Inthis study, as

the 785 nm laser penetration depth (~1 um) is smaller than the carrier diffusion length, the

L3 a? term in equation (66) is always larger than 1 and n, s, (2) is continuous across the
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MWSL region. In the following paragraph, only equation (66) will be discussed. The

equation (67) can be normalized as

(68)

JoTmwstL

W (AeZ/LD + Be_Z/LD + e_“z) ,

NywsL(2) =

where A and B are constants which can be determined by plugging equation (68) into two

boundary conditions [equation (58) and (59)], from where one can obtain

A =B+ aLp and Ae"/'p 4+ Be™L/lp = —e=aL (69)
Solving A and B from equation (69) yields

aLpe L/tp — g—alL (70)

eL/Lp + ¢—L/Lp

B - —(aLpe/tp + e=al) (71)

eL/LD + e—L/LD
Also, from equation (54), the excess electron-hole pair density n;,,s; can be obtained

OnywsL(2) (72)

Nywst = TrwstDamp 97

z=L
The integrated photoluminescence intensities in MWSL region, I, s, can be defined

as [65]

_ " s, (2) _ t NywsL(2) (73)
Inwsy, = —r dz = Muws,————dz,
o TmwsL 0 TMWSL

where T&,,¢, is radiative recombination carrier lifetimes in MWSLs and 7y, is the
qguantum efficiency of the radiative recombination process in MWSLs, which can be
deduced as follow

L S (74)
TMwsL Tﬁwu

NR
TywsL
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R
TMwsL TMWSL- — (75)
NmwsL = R :(1+ NR ) 1'
TyuwsL MWSL

where )R ¢, is the non-radiative recombination carrier lifetimes in MWSLs. Similarly,

the integrated PL intensity in LWSLSs, I,,,;, is also determined by following equations

_ MuwsL NywsL OnywsL(2) (76)
Lws, = —— = Mws. —— = MwstDamp |[——F——
TiwsL TLwsL 0z z=L
R
TLwsL TLWSL - (77)
Mws, = 75— =A+—F79".
TLwsL LWSL
Hence, the intensity ratio between 1,5, and I, 5, Can be expressed as
| 7
R = lwsL (78)
Ivwst
on z
NwsLDamp MaW—ZSL()
Z=L

—{OEI‘ZVZZZLZ (ALp(et/tp — 1) = BLp(e~1/tp — 1) — a~1(e~% — 1))

Equation (78) shows that R is an explicit function of ambipolar diffusion coefficient D,
which is an effective coefficient describing the concurrent diffusion of electrons and holes

(ambipolar diffusion) in MWSLS. D,,,;, is derived in equation (46) and reiterated here

p. . #eDn+ pinDe (79)
0T e + pun

where Dy, and D, are diffusion coefficients for hole and electron, respectively, and u; and
U, are corresponding mobilities. Using 1 um penetration depth and also taking into account
a reflection of 33.5% at the sample interface, a photogenerated carrier density of 1 x 1016
cm2 is obtained, which is one third of the background electron concentration (3 x 10

cm2at 10 K [15]). The equation (79) can be rewritten as
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1+500
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Damb -

For InAs/InAs1.xSbyx T2SLs, the following assumptions generally hold, especially for the
temperature range (>77 K) of strong interests for detector applications: D;, < D, and p; <
U . Using Einstein relation as described in equation (48) and considering that % =

1x1016

oo = 0.25, one can obtain D,,,;, = 1.25 Dy, which is very close to D, = Dy,.

In general, the Dy, = C - Dy, Where 1 < € < 2; C = 1 for very low level injection and
C = 2 for very high level injection (e.g., pulse laser in TRPL measurements). This simple
relationship between the ambipolar and hole diffusion coefficients suggests that although
the diffusion process is ambipolar in nature, it is in effect regulated by the slow hole
diffusion process. In principle, given other parameters remain the same, C is determined
by the carrier lifetime, and thus is dependent on temperature. For simplicity and
considering that the background electron concentration at temperatures higher than 10 K is
likely larger than 3 x 10 cm™, we use C = 1 for the extraction of mobilities for all the
temperatures. This simplification used the assumption that the carrier transport in
InAs/InAs1xSbx T2SLs is limited by hole transport. This assumption is generally valid,
considering that the electron diffuses across MWSLs via Bloch transport as the conduction
band offset between InAs and INASe.782Sho 218 is 67 meV compared to 238 meV for valance
band offset at 12 K [76]. In addition, it is assumed that nyy s and n.ys. have similar

temperature dependence and values such that they are canceled in equation (78). With these
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assumptions, a numerical solution of D, can be sought after from equation (78), and the

vertical hole mobility can then be calculated by using Einstein relation, D;, = u,kgT/e.

In order to extract the vertical hole mobility by using equation (78), the carrier
lifetimes of MWSLs have to be determined beforehand by using TRPL, which system setup

will be discussed in detail in next section. Then the carrier lifetimes 7,5, can be plugged

into Lp = /D ampTuws, Which is used in equation (78). The temperature-dependent TRPL
spectra and extracted carrier lifetimes of sample A and B are shown in Figure 25 and 26,
respectively. These lifetimes were extracted from the TRPL data and much shorter than a
previously measured carrier lifetime of 12.8 us in a MWSL at 15 K reported in Ref. [15].
This discrepancy in the lifetime is mainly due to the measurement temperature difference
and shorter periods in the MWSL region with a LWSL region acting as a photogenerated

carrier collector at the bottom in samples A and B, which all shortened the carrier lifetime.
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Figure 25. (a) Temperature-dependent TRPL spectra of sample A from 12 to 210 K. (b)
The extracted 7,5, at various temperatures by fitting the curve in (a) with exponential
decay function.
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The extracted vertical hole mobilities in sample A and B are presented in Figure 27.
In general, hole mobility in these two samples exhibits very similar temperature
dependence, indicating decent run-to-run uniformity of strain-balanced MWSL growth of
different thicknesses. The hole mobility takes on a value of ~0.2 cm?/Vs at 12 K and rapidly
reaches a saturation value of ~50 cm?/Vs at 60 K, closely resembling the temperature
dependence trend of R in Figure 21and 22. From previous discussion, it is found that the
rapid increase in mobility below 60 K has been attributed to the thermally assisted hole
delocalization from localized states. It is speculated that the mobility saturation above 60
K might be ascribed to interface scattering, originating from alternate InAs and InAs1.xSby
interfaces. This interface scattering has been considered as one of the dominant carrier

scattering mechanisms in T2SLs along with impurity scattering [77].
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Figure 26. (a) Temperature-dependent TRPL spectra of sample B from 12 to 210 K. (b)
The extracted 7,5, at various temperatures by fitting the curve in (a) with exponential
decay function.
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Figure 27. Extracted vertical hole mobilities of sample A (dot) and B (triangle) at
temperatures ranging from 12 K to 210 K. The “star” and “square” denote the hole
mobility resulting from a fitting to the TRPL data of sample A and B from 70 to 90 K
(see text for details).
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3.7 Transient Analysis of Carrier Transport

To verify the mobility data in Figure 27, the hole mobility is also evaluated by using
TRPL spectroscopy. A block diagram of the experimental setup can be found in Figure 28.
In this experiment, the sample is excited by a 1064 nm pulse laser with a repetition rate of
10 kHz and a pulse width of ~700 ps. The laser beam is further mechanically chopped at a
frequency of 1 kHz for an enhanced signal-to-noise ratio [78]. The photoluminescence
decay signal is detected by a high-speed (50 MHz) HgCdTe detector and then recovered
by a boxcar averager. To get individual LWIR signal, a long-pass filter with a cut-on
wavelength at 6.5 um is inserted to wipe out the MWIR and other unwanted signals. The

vertical hole mobility can be extracted by fitting the photoluminescence time decay profile
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Computer [+— Computer [+— .

interface Amplifier Reference 2

Set delay ™y t
Power supply Voltage

ipr - Boxcar
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generator
A output
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Figure 28. Schematic diagram of the real-time baseline correction time-resolved
photoluminescence measurement setup. The use of an additional relatively low
frequency (1 kHz) optical chopper and a lock-in amplifier significantly increases the
signal-to-noise ratio. A 6.5 um long-pass filter is inserted in front of the fast HQCdTe
detector to filter out unwanted wavelengths and consequently to monitor only LWSL
luminescence signals.
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of LWSLs using equations (52), (55), (58), and (59) in transient-state with / = 0 and an
initial condition of nyys.(2,0) = nge~%* (where n, = 10'® cm™ as an initial excited
carrier density from a laser energy of 2.3 wj/pulse). Since equation (55) is a non-
homogeneous partial differential equation which does not have a general solution, leading
to the used of MATLAB software to obtain a numerical solution. Finite-difference time-
domain (FDTD) method is a powerful algorithm to convert the complex derivative
operation into simple arithmetic operations, such as addition, subtraction, multiplication,
and division. The finite-difference approximation of the first derivative can be expressed

as

f (i) — f(x) (81)

i) = A

where h = x;,; — x; and }lin}) h = 0. Similarly, the approximation of the second derivative
IS

f (i) = 2f (Xip0) + F () (82)
h? '

frx) =
The 3-dimensional image of the numerical solution of n,,y,s; (2, t) for sample A at 70 K is
illustrated in Figure 29, clearly showing the a rapid decay of ny,,s. (2, t) on space from
sample surface and on time after the laser pulse. To unveil more details regarding the
nywsL (2, t), the cross-sections of the function with respect to time and space are depicted
in Figure 30(a) and 30(b), respectively. Recall the equation (52), the carrier injection from

MWSLs to LWSLs is dependent on the gradient of carrier concentration ny, s, (2, t) at the
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Figure 29. nyy . (2, t) numerical solution of equation (55) for sample A at 70 K as a
function of space and time.

interface. As shown in Figure 30(b), the strength of the slope starts with a higher value and
gradually decreases to a small and close to zero value. After obtaining nys. (2, t) and its

gradient, the numerical solution of n;,; (t) can then be obtained from equation (52).
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Figure 30. Cross-section view of ny¢;. (2, t) in Figure 29 with respect to (a) time and
(b) space.
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Figure 31 presents the TRPL spectra of LWSLs of sample A and B recorded at 70, 80,
and 90 K together with their fitting curves, respectively. The fitting was done by using an
absorption coefficient a of 1.0 x 10* cm™ for both samples and lifetimes 7,5, are the
extracted values from Figure 25 and 26, and 7, Of 49 ns, 44 ns, and 33 ns for sample
A, and 7,5, 0f 69 ns, 64 ns, and 56 ns for sample B at 70, 80, and 90 K, respectively. The
relatively low intensity of LWSLs PL and the electrical ringing effect (oscillatory tail)
increase the difficulty for curve fitting. The electrical ringing effect, which is commonly
observed, originates from the impedance mismatch between the coaxial cable and the
HgCdTe detector. Under high injection conditions, D,,,;, can be simplified to D,,,, = 2Dy,
as described in previous section. From the fitting, vertical hole mobilities of 49.6, 86.9, and
64.4 cm?/Vs, and 82.7, 65.2, and 41.8 cm?/Vs were obtained at 70, 80, and 90 K for samples
A and B, respectively. These mobility values are comparable to those reported in Refs.
[57], [68], [69], [72] (see Table 5). For comparison, these mobility values at 70, 80, and 90
K are marked by “star” and “square” in Figure 27 together with the mobilities extracted by
SSPL measurements. For both samples, there is a good agreement between the mobilities
extracted from TRPL and SSPL methods. This finding suggests that both methods are able

to quantitatively assess the vertical hole mobility in T2SLs.
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Figure 31. Normalized TRPL spectra and corresponding fitting curves for sample A (a)
and B (b) from 70 to 90 K. The vertical hole mobilities extracted from the fitting are
49.6, 86.9, and 64.4 cm?/Vs for sample A and 82.7, 65.2, and 41.8 cm?/V/s for sample B
at 70, 80, and 90 K, respectively. These data are also indicated in the Figure 27.

Table 5. Comparison of mobilities in InAs/INAs1.xSbx T2SLs extracted using different
methods. HBT stands for heterojunction bipolar transistors, and Magneto stands for
magnetoresistance measurement.

Vertical hole mobility

Method Wavelength (um) (cm?V/s) References
SSPL/TRPL 4 40-60 @ 90 K This work
EBIC 55 60 @ 6 K 57
EBIC 55 1-30 @ 0K 68
HBT 12 200 @ 0K 69

Magneto 5.7 16 @ 77K 72
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4. InAs/InAsSb TYPE-II SUPERLATTICES nBn, pBn, AND pBp PHOTODETECTOR

APPLICATIONS

4.1 Chapter 4 Introduction

As discussed in the chapter 1, the XBn photodetector significantly reduces the dark
current by introducing a unipolar barrier layer sandwiched between the absorber and
contact layers to block majority carriers, thermally generated or excited by incident photons.
It is favorable to operate the IR photodetector in background limited infrared
photodetection (BLIP) condition at which the minimum detection is limited by background
noise. BLIP temperature is defined as a critical temperature at which the photodetector dark
current is equal to the photocurrent induced by background blackbody radiation, given a
2n field of view (FOV), and a background temperature. Typically, the photodetector dark
current decreases with temperature since two major components for dark current, G-R and

diffusion, are functions of temperature as shown in the following

n.
Jsri = € ——Wyep o n; o e(“Fg/2kT) ®3)
TSRH
2
2 1 84
Jairs = et L < n? o eE/KT) (6849
Ng Taiff

where Wy,,, is the depletion width, Tz, is the SRH lifetime of minority carriers in the
doped region, 74,5 is the carrier lifetime, L is the length of neutral region of the device or

the diffusion length of minority carrier, whichever is smaller, and N, is the doping density.
At certain threshold temperature, the photodetector noise is equal to the noise generated by

300 K background blackbody radiation, suggesting that with even cooler temperature of

65



the device, the dark current does not reduce anymore. Here, the threshold temperature is
defined as BLIP temperature; therefore, a higher BLIP temperature for an IR photodetector

is highly desired because it needs only less and easy cooling systems with lower cost.

To achieve higher BLIP temperature, i.e. high operating temperature (HOT),
minimizing the dark current of the photodetector becomes so important that the XBn
outstands among all structures. T2SLs not only provide the flexibility of bandgap
engineering but also suppress the Auger recombination and tunneling dark current.
Combining the benefits from XBn structure and T2SLs, the T2SL XBn IR photodetector
is the most prominent device that can possibly beat and replace conventional HgCdTe

photodetector [79].

In this chapter, MBE growth and design, and device process of the InAs/InAsSb nBn,
pBn, and pBp will be firstly discussed; then the comparison of nBn, pBn, and pBp will be

discussed in the last section along with the preliminary test results of these devices.

4.2 MBE Growth and Device Process
All devices have the same InAs/InAsSb T2SL structure for absorber and both top and
bottom contacts, consisting of 13.9 nm InAs/4.5 nm InAso.62Sho 3s totaling a thickness of
2.2 um, 150 nm, and 280 nm for absorber, top, and bottom contacts, respectively, on (001)
GaSb substrates. The growth temperature was 500 °C for GaSb buffer growth and fixed at
410 °C for T2SLs growth. The As/In and Sb/In flux ratio were fixed at 1.2 and 0.9,

respectively, during the T2SLs growth. The 3.2 nm InAs/2.8 nm Alo.sGao.2AS0.01Sbo.99
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Figure 32. Detailed layer structure of (a) nBn, (b) pBn, and (c) pBp photodetectors.

superlattices unipolar electron barrier layer totaling 100 nm was used for nBn and pBn
while 100 nm InAs unipolar hole barrier layer was used for pBp structure. The Sb/I11 flux
ratio was 2 for AlogGao2ASo01Shoge growth. The As shutter was shut during the
AlosGao2As0.01Shoge growth; therefore, the As in this layer was from the chamber
background incorporation. The doping concentration and detailed layer structure are
summarized in Figure 32. Since the unintentionally doped InAs/InAsSb T2SLs is n-type,
there was no additional doping added into the absorber for nBn and pBn. Si and Be were
used as n- and p-type dopant, respectively. The effective bandgap for the absorber was
designed at 11 um and confirmed by measuring PL at low temperature by FTIR. Figure 33
shows the PL spectra of the designed nBn structure (B2666) at 12 K and 77 K, indicating
the effective bandgap energy of 119.1 and 113.4 meV at 12 K and 77 K of the absorber,

respectively. The effective bandgap energy was obtained by subtracting the PL peak energy
with %kT. The cut-off wavelength of the device is expected to be beyond 11 um due to the

sub-bandgap absorption caused by impurity states.
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Figure 33. Photoluminescence of InAs/InAso.62Sho.3s NnBn T2SLs at 12 K and 77 K.

After the MBE growth, samples were sent to ASU NanoFab for device process. The
photodetector process started with top contact deposition, mesa etch, and bottom contact
deposition. Both top and bottom Ohmic contacts were unannealed 50 nm Ti/50 nm Pt/300
nm Au. The top contact possessed different sizes of circular window with the aperture
diameter ranging from 100, 150, to 200 pm. The mesa had a size of 410 pm>410 um square.
Wet etching was done with H3PO4:H202:H20 with a volume ratio of 1:1:10 to etch the
InAs/InNAsSb T2SL top contact layer and the InAs/AlGaAsSb barrier layer into
InAs/InAsSb T2SL absorber; then, citric acid solution (1 g citric acid:1 ml H20):H202:H.0
with a volume ratio of 1:1:10 was used to etch the remaining absorber and stop at middle
of the T2SL bottom contact layer. The phosphoric acid etchant is non-selective solution

which can etch through InAs/InAsSb T2SLs and Al containing barrier layers with
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relatively higher etch rate of 200 nm/min. On the other hand, the citric acid etchant has
slower etch rate of 50 nm/min and is selective which cannot etch through the
InAs/AlosGao2AS0.01Sho.ge barrier, but the slower etch rate benefits the side wall
smoothness. The masks for these processes are illustrated in Figure 34. Positive photoresist
lift-off and etch process were used for these three photomasks; therefore, the blue area in
Figure 34(c) is clear; red area in Figure 34(b) is chrome; purple area in Figure 34(c) is
clear. Thicker lift-off resist (LOR) was used for bottom contact deposition due to the 2.5

um mesa topography. No surface passivation and anti-reflection coating were applied. The

(@) (b)

(©) (d) (€)

Figure 34. Photomask for photodetector device process. (a) 4” mask; (b) individual die;
(c) top contact; (d) mesa; (e) bottom contact.
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external bias was applied on the top contact of each mesa while the bottom contact was

always grounded.

The scanning electron microscope (SEM) image of the cross-section view of the mesa
is shown in Figure 35. The protruding barrier layer is the result from the use of different
etchant. Since citric acid is selective etchant while phosphoric acid is not, the top contact
and absorber layers were pulled back when the sample was in citric acid solution, leaving

Al containing barrier layer sticking out from the sidewall edge.

The complete single element photodetector is shown in Figure 36, including the
schematic cross-section view of the device and the photos for different aperture sizes. Then

the wafers were diced and each die was wire bonded in a ceramic package.
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Figure 35. SEM image of cross-section view of the photodetector mesa.
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Figure 36. (a) Schematic cross-section of the nBn photodetector mesa. (b) 2" wafer after
photodetector process. Microscopic image of single element photodetector with (a) 100
um, (b) 150 um, and (c) 200 pwm apertures.
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Figure 37. Schematic band diagram of the (a) nBn, (b) pBn, and (c) pBp photodetecros.
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4.3 Comparison Between nBn, pBn, and pBp Photodetectors and Measurement Results of
nBn Device

Figure 37 depicts the schematic band diagrams of nBn, pBn, and pBp photodetectors
under equilibrium without external voltage bias. In these three structures, most of the
depletion region and voltage drop occur across the wide bandgap barrier layer; therefore,
the G-R dark current originated from SRH recombination centers is greatly reduced. As
shown in the Figure 37, a negative voltage bias needs to be applied on the top contact of
the nBn device to facilitate the hole transport across the barrier layer, while a positive
voltage bias is needed for pBp device to facilitate electron transport. However, for pBn
structure, due to the internal electric field, there is no barrier for hole transport. It becomes
possible to operate the device at zero bias, further reducing the band-to-band tunneling
current and G-R dark current. An important factor that affects the zero bias operation is the
zero valence band offset between barrier and absorber layers. Based on previous work [49],
the simulation based on Kronig-Penney model shows that the valence minibands of
INAS/INAS0.62Sboss T2SLs and InAs/Alo.sGao.2Aso.01Shogse T2SLs are aligned while the
conduction band barrier height is around 400 meV. The effective bandgap of the barrier is
500 meV which is around 5 times larger than that of the absorber, effectively minimizing

G-R dark current and the trap-assisted and band-to-band tunneling current.

The transfer length method (TLM) was adopted to characterize the contact resistivity
for both Si-doped n-type and Be-doped p-type InAs/InAsSb T2SL contacts. The TLM
pattern consists of rectangular contact pads with 100 pm in width and 50 um in length with

spacings of 10, 20, 30, 40, 50, 60, and 70 um. Figure 38 shows the current-voltage (I-V)
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Figure 38. I-V characteristic of the TLM pattern from (a) n- and (b) p-type contacts.
characteristic measured from the top n- and p-type contact TLM pattern of nBn and pBn
devices, respectively. Both contacts exhibit Ohmic contact behavior despite there is a small
skew in the p-type contact. The total resistance can be calculated from the Figure 38 by fit
the linear region with Ohm’s law in the voltage range from -0.1t0 0.1V and -0.2t0 0.2 V
for n- and p-type contacts, respectively. Figure 39 shows the measured total resistance
dependence on the length in spacing. According to the TLM model, the specific contact
resistivity of both n- and p-type contacts can be extracted from the intercept and slope of
the curve shown in Figure 39, in which the specific contact resistivities are
8.7x 107> Qcm? and 4.7 x 1073 Qcm? for n- and p-type InAs/InAsSb T2SLs,

respectively.

Figure 40 shows the temperature-dependent dark current density-voltage (Jdark-V)
characteristic of the nBn devices with a diameter of 200 um from 77 to 300 K. At the

temperature of 77 K and a bias voltage of -0.5 V, the dark current density is
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Figure 39. The measured total resistance with respect to the TLM pattern spacing on n-

and_ p-type InAs/InAsSbh T2SLs. The linear fit is used to obtain the specific contact

resistivity.
9.5 x 10~* A/cm?. This dark current density is, depending on the bias voltage, very close
to and possibly superior than that of state-of-the-art LWIR InAs/InAsSb T2SL nBn
photodetectors [49], [80], [81]. The temperature-dependent differential resistance-product
(RgA) was obtained from Jaark-V curve in Figure 40. RgA is an important performance
parameter for infrared photodetectors, which determines system noise and limits the
specific detectivity. Figure 41 shows the temperature-dependent R¢A and reveals a

maximum RgA of 563 Q-cm? under -0.5 V, indicating the optimum operating bias voltage
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Figure 40. Temperature-dependent dark current density-voltage (Jaark-V) of the LWIR

InAs/InAsSb nBn photodetector from 77 to 300K.
of -0.5 V. An Arrhenius plot of the dark current density at -0.5 V is shown in Figure 42.
From the graph, the slope of the curve represents the activation energy, which can be used
to explain which mechanism limits the dark current. Below 90 K, the dark current density
stays constant, meaning that it is possibly limited by the background radiation or
temperature-insensitive defect-related leakage, for example, surface leakage. From 90 K to
110 K, the dark current density shows an activation energy of 54 meV, suggesting the G-

R dark current dominates since as described in equation (83), it is close to half of the
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bandgap, which is 113 meV (A = 11 um). Above 110 K, the device is diffusion process
limited with an activation energy of 106 meV, literally equal to the T2SL bandgap (see
equation (84)). The cross point as shown in the Figure 42 indicates that the device can
possibly operates between 90 K to 110 K, much improved from temperatures reported

previously in the literature [49], [80], [82]-[84].
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Figure 41. Temperature-dependent differential resistance-area product (R¢A) of
InAs/InAsSb T2SL nBn photodetector.
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Figure 42. Arrhenius plot of the dark current density of nBn device at -0.5 V. The
extracted activation energy for different section is shown.
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5. EPITAXIAL LIFT OFF OF I1-VI THIN FILMS USING WATER SOLUBLE MgTe
The most preliminary type of epitaxial lift-off (ELO) necessitates the chemical
reactions of aggressive acidic etchants which not only harm the surface of a sample but can
also harm the environment due to production of hazardous waste. A material which
requires a relatively gentle ELO process is Magnesium Telluride (MgTe). MgTe is a
material which is extremely hygroscopic and easily hydrolyzed, making simple de-ionized
(DI) water the favorable etchant with which to react with the MgTe to lift off the films
above. MgTe will decompose into Magnesium hydroxide (Mg(OH)2) and hydrogen
telluride (H2Te) when MgTe reacts with water. HoTe is a colorless gas and very unstable
in atmosphere at room temperature, decomposing immediately into hydrogen and tellurium
and producing black particles [85], [86]. The pictures in Figure 43 show observations,
which agree with the previously-mentioned reaction, notably that of a test of the pH level
of the DI water after MgTe submersion and reaction. The solution becomes alkaline, which
is likely a contribution from the hydroxide product. The chemical reaction can be

represented by

MgTe + 2H,0 - Mg(OH), + H,Te (85)

H,Te = H, + Te. (86)
A quarter of a 2” CdTe/MgCdTe double-heterostructure (DH) grown atop MgTe which
itself was grown on an InSb (001) substrate is submerged into water. Figure 43(a) shows
the black particles floating in the water are possibly Te particulates. Figure 43(b) shows
the observation of some bubbles, likely hydrogen gas, coming from the sample edges.

Evidence of the hydroxide product is seen by a distinct change in pH of the water from a 6
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Figure 43. (a) Black particles (tellurium) releasing from the sample when MgTe reacting
with water. (b) Hydrogen gas bubbles coming out from sample edges. (c) The water
becoming alkaline after reacting with MgTe. The pH level is tested by universal pH
indicator.

into a more basic 7 during ELO [Figure 43(c)]. Further work will be needed to confirm the
presence of the H>Te, which likely dissociates into hydrogen gas and tellurium particulates.
Because of the hydrolysis property, MgTe can be a sacrificial layer to release the film
above it, similar to its I11-V counterpart AlAs in hydrofluoric acid (HF). The biggest
difference and the most interesting part is only water is used to perform epitaxial lift-off
without using any strong acid or base. Water is the least harmful etchant to most of the
semiconductor materials, of course except for MgTe and Al containing material.

The schematic diagram of MgTe-based ELO process conducted in this study is shown
in Figure 44 [87]. The sample consists of a CdTe/MgCdTe DH on MgTe sacrificial layer
grown atop InSb (001) substrate by MBE. Upon removal from ultra-high vacuum after
MBE growth, a superstrate, polymer, photoresist or scotch tape, is bonded to the sample
surface; then the wafer is submerged in DI water for the hydrolyzing of MgTe which causes
the sacrificial layer to be etched away and releases the film on top. Finally, the lifted-off

free-standing film can be transferred to a foreign substrate such as reflective back contact,
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Figure 44. Schematic of 11-VI MgTe-based epitaxial lift off process, as well as
photographs of the mirror-like MBE-grown sample and a resulting thin film in practice.

Si bottom solar cells, or flexible substrates to make high efficiency solar cells or tandem
cell applications. Also, as depicted in Figure 44, the mirror-like surface morphology of as-

grown sample and crack-free lifted-off film reveal the potentially low-cost light weight

5.1 Lift-off Technology Applications and Comparison
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The motivation of this work is the integration of different material platforms into a
single monolithic system. Several applications can be realized by combining 111-V, 11-VI,

and group-1V materials either in situ growth by MBE [88], [89] or ex situ integration by



lift-off technique. For example, 20% efficient thin-film CdTe solar cells with a record Voc
of 1.1 V are grown on InSb substrates [30], [31]. This substrate will absorb any light
escaping from the CdTe absorber. The performance of the solar cell can be improved if the
InSb substrate can be removed after MBE growth and replaced by a mirror or reflective
back contact. Also, for 1.7-eV MgCdTe solar cells developed for Si-based tandem
applications [90], the InSb substrate can be removed and the free-standing MgCdTe thin
film can be put on top of Si to make a tandem cell with approaching 30% efficiency.
Furthermore, because the substrates have been removed, both CdTe and MgCdTe solar
cells are extremely light weight. As such, they can be used for space or drone applications.
Additionally, 111-V/II-VI integration can make high reflectance DBRs with thinner
thicknesses enabled by the large difference in refractive index of I11-V and I1-V materials
[37], [91]. This DBR design can also be lifted-off and used for many IR applications such
as resonant-cavity IR LEDs or MWIR vertical-cavity surface-emitting lasers (VCSELS).
To make all the aforementioned applications possible, MgTe-based epitaxial lift-off (ELO)
is a feasible way to realize a free-standing thin film.

The ELO process for GaAs has been studied since Konagai et al. [92] first
demonstrated it in 1978 by using hydrofluoric acid (HF) to selectively etch Alp7Gag3As
sacrificial layer to release the device from a GaAs substrate. This technique seems
promising and the reusable substrate will reduce production costs tremendously. However,
the drawbacks of the process include low lateral etching rate and a rough resulting surface.
Yablonovitch et al. [35] discovered that the critical issue is the reaction product, hydrogen

gas, which prevents the etchant from diffusing into the etching zone and forms bubbles
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which crack the film. Therefore, this method relies upon the creation of a gap between the
lifted-off film and the sacrificial layer in order to allow for the outdiffusion of hydrogen
gas from the etching zone. This method is done by applying black wax on top of the sample
surface to provide surface tension. This conventional method has been improved by the
weight-induced ELO (WI-ELO) process [93], [94] which can obtain a 2” freestanding thin
film with a relatively high lateral etching rate. This procedure utilizes a support and a HF-
resistant plastic foil with black wax on top of the sample surface. A weight is attached on
one side of the foil, which provides external force to lift the film and create a gap to allow
for outdiffusion of hydrogen gas when one droplet of 10% HF is applied on the side of the
weight. Although the lateral etching rate is higher than that of conventional method, the
disadvantages of WI-ELO are the difficulty to control the process and low throughput. The
weight needs to be carefully designed for different samples; otherwise too much weight
will peel off the thin film instead of lift-off the film and will then result in cracks. Recently,
Cheng et al. [95] demonstrated surface tension-assisted ELO (STA-ELO) to modify and
improve on the conventional method and WI-ELO. The surface tension is provided by
photoresist or wax coated on top of the sample which is placed obliquely with an angle of
1° - 20° from the solution surface, and the etchant is added to the level of the etching front.
When lift-off is in progress, the etchant can diffuse into the etching zone by capillary force
and the film is lifted off and floats on the surface of the solution because of the surface
tension provided by photoresist or wax. Therefore, the hydrogen gas can easily diffuse out
from the etching front to assure the whole process is chemical reaction limited. Performing

ELO in chemical reaction limited conditions is preferred because it can maximize the
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Figure 45. Conventional, weight-assisted, and surface tension-assisted epitaxial lift-off
(ELO) technique comparison.
etching rate and throughput [96]. The comparison of these three different ELO methods is
illustrated in Figure 45. The ELO process for GaAs/AlGaAs DH has been used for decades
in fabrication of thin film devices including solar cells [95], [97]-[99]. This work reports
a detailed study of the IlI-VI ELO process using MgTe with aim to demonstrate its
feasibility for enhancing single-junction as well as multijunction thin-film 11-V1 solar cells

along with other thin-film devices.

5.2 Molecular Beam Epitaxy of MgTe Growth
The crystal structure of MgTe has been under debate since Kuhn et al. [85]. In his
study, MgTe was synthesized in stoichiometric quantities of Mg and Te using a graphite

crucible in vacuum wherein a wurtzite structure of MgTe was claimed to be observed.
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Table 6. 6.5 A family material properties. Due to lack of report on MgTe, thermal
expansion coefficient of MgTe is missing.

Material

Crystalline structure
Lattice constant at 300 K (A)
Thermal expansion coefficient (K™?)

CdTe
ZB
6.482
4.7 x 1076

MgTe
Wz/zB
6.42

InSb
ZB
6.479
5.0 x 10°¢

HgTe
B
6.453
47 x 107

However, some literature predicts that a zincblende structure is favorable and more stable

according to first-principles local-density formalism (LDF) [100] and density-functional

theory (DFT) [101]. The wurtzite MgTe has a lattice constant a of 4.548 A and ¢ of 7.390

A [102] while zincblende MgTe has a lattice constant of 6.42 A closely lattice-matched to

InSb (6.479 A) substrate with less than a 1% mismatch. Table 6 summarizes some material

properties of the 6.5 A family including those of CdTe, MgTe, HgTe, and InSb. They have

similar lattice constants and thermal expansion coefficients to each other which makes

them suitable for monolithic integration. Furthermore, according to Matthews-Blakeslee’s

critical thickness model [38] and assuming the crystal structure is zincblende for MgTe and
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MgCdTe alloys, the relationship between critical thickness and Mg composition in
MgCdTe can be determined, as shown in Figure 46.

To grow the sample, a dual-chamber MBE system is used which contains a I11-V and
a 11-VI chamber connected by an ultra-high vacuum preparation chamber. To begin with,
the InSb substrate’s oxide is removed in the I1I-V chamber and after the InSb buffer layer
is also grown; the sample is then transferred through the preparation chamber to the I1-VI
chamber to grow the CdTe buffer, MgTe sacrificial layer, a 500-nm-thick CdTe absorber
layer sandwiched by two 30-nm-thick MgCdTe barriers, and a 30-nm-thick CdTe cap layer.

Figure 47 illustrates the MBE-grown structure design. The growth temperature for all 11-
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Figure 46. Critical thickness for MgxCdi.xTe alloys grown on CdTe. The calculation is
based on Matthews-Blakeslee’s model [38].
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VI material is at 280 °C and the growth is under Cd over-pressure with a Cd/Te flux ratio
of 1.5 and growth rate of 1.6 A/s for CdTe. The reflective high energy electron diffraction
(RHEED) patterns shown in Figure 48 were taken during the growth of MgTe, which show
(2x1) RHEED patterns, the same as those of the CdTe buffer, indicating the MgTe is
pseudomorphic and thus has a zincblende structure instead of wurtzite [103]. The bright
and streaky patterns also reveal the smooth, 2-dimensional growing MgTe surface and its
similarity to that of CdTe. This is the first step in confirming the excellent crystal quality

of the resulting thin film sample. A (115) reciprocal space map (RSM) of the sample with

30 nm CdTe é@‘*
30 nm Mgg 45Cdgs5Te

500 nm CdTe

30 nm Mgo.45Cd0_55Te &

t nm MgTe

500 nm CdTe

500 nm InSb

500 um n-InSb: Te
(Np= 3%10"7 cm™3)

MBE-grown structure Top view of as-grown sample

Figure 47. (Left) Layer structure of MBE-grown sample. Several samples with different
MgTe thickness (t) are grown as listed in Table Ill. (Right) Top view of as-grown
sample. The grey area at the sample edge is that of slightly melted InSb during InSh
substrate oxide removal.
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MgTe @ 280 °C

2X

1x

Figure 48. RHEED patterns during the MBE growth of MgTe. The (2x1) patterns are

the same as those of CdTe, suggesting MgTe has the zincblende crystal structure.
130-nm-thick MgTe is shown in Figure 49 where it can be observed that even though a
thick 130-nm-thick MgTe was grown, the reciprocal lattice points of InSb, CdTe, MgTe,
and MgCdTe are aligned on the same Qxy, revealing that all layers have the same in-plane
lattice constant and the entire structure is still fully-strained, and maintains good
crystallinity and also the zincblende structure for MgTe is further confirmed.

MgTe is extremely hygroscopic, which means that it’s very easy for it to absorb
moisture from the air and get oxidized immediately. The edge of the sample is the only
place that has direct contact with air because of the stack-up of the CdTe DH on top of the
MgTe surface. Edge oxidation and its MgTe thickness dependence are crucial factors in
the ELO process. Once the edge is oxidized, it will prevent the etchant from diffusing into
the etching front and therefore the ELO process stops. Several samples with different MgTe

thickness were grown ranging from 20 to 130 nm as listed in Table 7. The samples display
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Figure 49. (115) RSM of CdTe DH with 130-nm-thick MgTe MBE-grown sample. The
black dash line indicates in-plane reciprocal lattice constant of InSb substrate.

different stabilities in atmosphere. Figure 50 shows a side-by-side, top-down 5x magnified
microscopic image of sample B (20 nm MgTe) and C (130 nm MgTe) 30 minutes after
removal from ultra-high vacuum. Sample B has a smooth as-grown surface even under 50

x magnification, shown in the bottom right image of Figure 50. In contrast, the edges of

Table 7. A table of the four samples grown in this study which feature different
thicknesses as well as compositions of the sacrificial layer.

MgTe layer thickness Cd alloyed into MgTe

Sample nm %
A 10 Trace
B 20 Trace
C 130 Trace
D 130 22
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sample C roughen as a result of the oxidation of the MgTe layer to a lateral depth of ~1
mm from the edges. On a heating stage in atmosphere set to 250 °C, a 1-inch wide piece of
sample C fully oxidizes from its edges to center within minutes. Sample B shows no signs
of oxidation under the same high-temperature conditions. These results suggest that
oxidization processes at MgTe film edges are greatly dependent on MgTe thickness and
can be exacerbated by higher sample temperatures. Sample D does not exhibit any

oxidation but as discussed below, turns out to be ineffective as a water-soluble sacrificial

layer.
O %
s MBE-ggcr)anescl:Jrface % Oxidation
( P ) *  ~1mm
., from edge
,fa« """
i OX|dat|on process in sample
1) with thick MgTe layer
'
C i B
— e
¢
Le
3 :
i ,
. >

Figure 50. Edge oxidation of CdTe/MgCdTe DH samples with 130 and 20-nm-thick
MgTe. Sample C (130 nm MgTe) has been oxidized 1 mm from the edge while sample
B (20 nm MgTe) still has abrupt edges.
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5.3 Structural and Optical Properties of Pre- and Post-lifted-off Film

The very first ELO process we have tried is using Scotch tape. The as-grown sample
C is covered by Scotch tape before submerging into DI water. After a couple minutes to
hours, depending on the thickness of the MgTe, the CdTe/MgCdTe DH film is released
while attached to the tape. The pictures shown in Figure 44 illustrate the process and a
potential application to flexible or wearable devices since the CdTe film is bendable. The
structural quality of the free-standing film is characterized by a HR XRD w — 26 scan
along the (004) plane. Figure 51 shows the XRD of the sample before the ELO process and
the free-standing film on tape post-ELO. The diffraction peaks of the sample before the
ELO process are well defined and they fit properly with the simulation. The peak of the

InSb buffer is off the substrate peak a little bit due to a small amount of unintentional As

28.25 28.50 28.75 29.00

7
30 nm CdTe < 186 JE - — na—
30 nm M CdyssTe nSb su efore
Soas=Fass 1 (:)5 CdTe InSb buffer Measurement
500 nm CdTe 3 104 i —— Simulation
gd.le
30 NM Mgy 4sCdgssTe 7 107 & MgTe
tnm MgTe — 101
500 nm CdTe 8 10 | ‘
() 101 ;
500 nm InSb ~ 10 :
500 pm n-Insb: Te _2\ 10?2 a.nhm“““ 4 | : ] I ]
(Np= 3x10%7 cr.n'3) »n 10 cdTe ; After ELO
% 102 : Measurement
“— Mg, Cd, Te —— Simulation
ELO ‘ £ 10
Scoteh tape 10° ! weomak Whluli.. b b
-1 I
30 nm CdTe 10 i (i
30 nm Mg 4sCdgssTe 10° |
500 nm CdTe 103 umﬂmm | N | N | ““ll“ll“l“l““ Wil
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Figure 51. w — 26 XRD of sample C before (top) and after (bottom) ELO process. The
disappearance of InSb and MgTe peaks indicates successful removal of substrate and
sacrificial layer.
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incorporation from the background during the MBE growth. After the ELO process, the
free-standing film with tape on top is mounted on a Si carrier wafer to perform the
measurement. The XRD results show the absence of InSb and MgTe peaks; only CdTe and
Mgo.45Cdoss Te peaks are left, which is the evidence of successful ELO. It should be noted
that the FWHM of the CdTe absorber peak broadens between pre- to post-ELO, which is
likely due to a slight bending of the flexible tape superstrate.

After ELO, the bottom Mgo.4sCdossTe surface is exposed to the air. The surface
morphology of this layer is characterized by atomic-force microscopy (AFM), as shown in
Figure 52, revealing the smooth lifted-off surface with root-mean-square (RMS) roughness
of 6.69 A, indicating the surface is intact and its reaction rate with DI water is extremely
low.

The optical performance of the pre-ELO films is measured by room-temperature
photoluminescence (PL) spectroscopy. Figure 53 shows the PL spectra of samples B and

C excited with a 532-nm continuous wave laser light. The peak in the spectra corresponds

Figure 52. AFM image of Mgo.4sCdo.ssTe surface morphology after ELO in 5 um x 5
um range with RMS roughness of 6.69 A.
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Figure 53. Room-temperature photoluminescence (PL) showing a trend of higher PL
intensity with a thinner MgTe layer.

to the bandgap of the CdTe absorber. Both samples in this study have peak intensities
higher than the GaAs/AlGaAs DH reference sample, indicating their high optical quality.
The PL peak intensity of sample B is approximately twice as high as that of sample C. This
weaker PL intensity from sample C likely stems from the thick 130 nm MgTe layer. Since
the conservative Matthews-Blakeslee critical thickness of the MgTe/CdTe material system
is 10 nm, it is understandable that sample C, whose MgTe thickness is an order of
magnitude higher than theoretical critical thickness, would possess a higher density of
misfit dislocations and subsequently a higher nonradiative recombination rate.

Figure 54 depicts the PL spectra of a 2.5 mm x 5 mm piece of sample B both as-grown
and as a CdTe/MgCdTe DH thin film after ELO from its InSb substrate. Strong PL peak
intensity is seen in the free-standing film. This shows that the optical quality of the DH

absorber survives after ELO. Shown in Figure 54, the lack of an absorptive substrate
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enables the film to act as an efficient waveguide and causes the edges of the thin film to
luminesce at an intensity up to 3 X higher than that of the as-grown sample. This
phenomenon would not be possible without the survival of excellent optical quality in the
free-standing DH absorber and the lack of an absorptive substrate enabling enhanced

photon-recycling in the film.
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Figure 54. As-grown and after lift-off sample B room-temperature photoluminescence
(PL). Higher PL intensity is observed after ELO.
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6. CONCLUSION AND OUTLOOK

In summary, the vertical hole transport in InAs/InAs1-xSbx mid-infrared T2SLs has
been investigated by using SSPL and TRPL spectroscopies. The mobilities extracted from
both samples A and B show comparable values, which clearly showcase the decent run-to-
run reproducibility in the T2SL growth by MBE. The strong carrier localization observed
at low temperatures impedes hole transport in the MWSL region, resulting in a hole
mobility of ~0.2 cm?/Vs at 12 K. The rapid increase of hole mobility with temperature
reveals the thermally activated nature of the hole transport in the MWSL region. Above 60
K, the mobility saturates at ~50 cm?/Vs. This saturation is attributed to the interface
scattering from alternate InAs and InAs1-xSbx layers. The results show that both SSPL and
TRPL methods are straightforward in terms of the experimental setup and data
interpretation. The comparison of the mobilities extracted from SSPL and TRPL methods
provides a useful means to verify the accuracy of the obtained mobility.

The method to extract MWIR InAs/InAs;.xSbx T2SLs vertical hole mobility can also
extend to LWIR range. Several samples have been grown with the design as shown in
Figure 55(a). The structure for the study of LWIR T2SLs vertical mobility is comprised of
a2.82 nm InAs/9.12 nm InAso.61Sho.39 T2SL transport region with PL wavelength of 8 um
grown atop a probe region consisting of a 5.78 nm InAs/18.72 nm InAso.64Sho.3s T2SLS
with PL wavelength of 12 um. Figure 55(b) shows the corresponding XRD pattern which
also indicates the well-aligned zeroth-order satellite peaks for both T2SLs with the
substrate peak. The temperature-dependent SSPL spectra of the sample as illustrated in

Figure 56, however, only show the 8 um PL peak without any observation of 12 um PL
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peak. Due to the weak electron-hole wave-function overlap of the T2SLs with 12 um
wavelength, the PL intensity from the layer is expected to be low. Also, the PL peak energy
of the transport region decreases monotonically as temperature increases, evidencing the
carrier localization is not significant at low temperature in this sample because of the
thicker period thickness.

The future work for extending the method to be applied on LWIR range is to design a
new structure with much higher Sb % in the probe region. For the current design the probe
region has similar Sb % to that of transport region, leading to poor hole confinement and
potentially inhibiting the carrier recombination in the probe region with 12 um wavelength.
Increasing the Sb % will essentially lift up the hole miniband and provide better hole
confinement as a results of large valence band bowing in the InAsixShx alloy. Further

simulations and experiments can be carried out to complete the work of the study.
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Figure 55. (a) Sample structure of LWIR T2SLs vertical carrier transport study. (b) (004)
w — 20 XRD pattern of the sample described in (a).
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Figure 56. Temperature-dependent SSPL spectra of the sample illustrated in Figure
55(a). The peak around 15 pum is an artifact from the measurement system.

Besides, the design, growth, and device process of nBn, pBn, and pBp photodetectors
are well discussed with some preliminary results. The future work of the photodetector
project is to measure and analyze temperature-dependent and bias-dependent spectral
responsivity and detectivity, D*, which are the two important figure-of-merits determining
the cut-off wavelength and the performance over a wide spectral range. High-operating-
temperature (HOT) LWIR InAs/InAsSb T2SL barrier detector is anticipated. The future
work of this project can also be focusing on: (1) optimized the doping in the barrier layer,
and (2) study the valence band offset between barrier and T2SL absorber. The need for the
first work is because the G-R dark current still shows in the Arrhenius plot of the dark
current density with an activation energy of 54 meV, which is half of the T2SL bandgap,

indicating the depletion region has reached the T2SL absorber from the barrier layer.
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Ideally, the G-R dark current from the absorber layer can be totally suppressed since almost
all the voltage drop and depletion region should occur only in the wide-bandgap barrier
layer. For the second work, since the optimum operating bias of the nBn device presented
in this report is -0.5 V, which is comparatively higher than those of published work, -0.08
V [81]. The accurate simulation is needed in order to assure the valence band offset
between T2SL absorber and barrier is perfectly flat, which can greatly reduce the operating
bias voltage. The benefits of smaller operating bias are lower G-R dark current, lower
tunneling current and lower power consumption.

This dissertation also demonstrates an ELO method to obtain free-standing single-
crystal CdTe/MgCdTe double heterostructures from sample grown on lattice-matched InSb
substrates. This method uses water-soluble MgTe, and results from this study show that
MgTe film thickness can optimize the ELO process, allowing for the development of
flexible, free-standing I1-VI films with high structural and optical quality that exhibit
stability in atmosphere and smooth, fast ELO. This ELO process can be utilized in the
fabrication of 11-VI solar cells in order to enhance photon-recycling and opportunities for
integration in tandem devices. Subsequent studies will focus on improving widescale film
uniformity and will aim to demonstrate a solar cell featuring a thin-film I1-VI absorber.
The schematic process flow for fabricating CdTe thin film on metal back contact is shown
in Figure 57. Theoretically, since the photon recycling effect increases due to metal back

contact and therefore the absorber thickness can be reduced which leads to less SRH non-

98



radiative recombination, the power conversion efficiency and open circuit voltage can beat

the record published in 2016 [30].
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Figure 57. Process flow for fabricating free-standing CdTe thin-film solar cell with
metal back contact.
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