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SUMMARY

Potentials possessed by type-III superlattices in theory were not realized in practice,
despite relatively comprehensive research efforts in the 1990s. Those efforts predict its several
advantages relative to HgCdTe alloys, namely longer Auger lifetime, lower tunneling currents,
sharper absorption onset, and more uniform and easier-to-control cutoff wavelength, especially
in the very long wavelength infrared (VLWIR) region. Molecular beam epitaxy (MBE) was
relatively new at that time, and the growth of HgCdTe-based materials was in its infancy. Lack
of computer-controlled shutters and consistently reliable substrates made high-quality T3SL
samples in high demand yet hard to find. However, MBE technology is mature now, and all the
difficulties mentioned above can be conquered. It is time to revisit T3SL and fully utilize its

potentials as an infrared detection material.

In this thesis, T3SLs designed for VLWIR absorption were grown using molecular beam
epitaxy (MBE) with precise layer thickness control. /n-situ and ex-situ characterization methods
like reflection high-energy electron diffraction (RHEED), spectroscopic ellipsometry (SE),
Nomarski microscope, Fourier-transform infrared spectroscopy (FTIR), transmission electron
microscopy (TEM), and x-ray diffraction (XRD) were used to evaluate as-grown samples. The
measured temperature-dependent infrared absorption spectra of the T3SL samples exhibit sharp
and strong absorption onsets, which agree very well with our values calculated using the 14-band

superlattice k.p method.

However, T3SL’s significant interdiffusion under elevated temperatures during the

annealing process after p-type ion implantation shifts the absorption edge to higher energies and
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even makes the SL characters disappear. This critical disadvantage makes T3SL unsuitable for

photovoltaic photodetector applications.

To fully exploit T3SL’s potential as an infrared detection material working in the
VLWIR region and circumvent the need for p-type doping followed by high-temperature
annealing, an nBn architecture based on HgTe/CdTe T3SL absorber and barrier that works in the
VLWIR region is proposed for the first time. The T3SL barrier layer can be engineered to
eliminate valence band offset (VBO), an essential requirement for an efficient nBn structure.
Additionally, a bias-selective two-color nBn with two absorbers working in VLWIR and long-
wavelength infrared (LWIR) region is proposed. A detailed and integrated design is presented,
and the dark current-voltage characteristics of the modeled device are evaluated. Near-zero
valence band offset can be achieved with various doping levels. The simulated dark current
densities are comparable to those given by “Rule 077, a heuristic predictor of the state-of-the-art

HgCdTe photodiode performance.
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PART I:
Very Long Wavelength Infrared Type I1I Superlattices



1 INTRODUCTION

1.1 Infrared Detection
1.1.1 Infrared radiation

This research's primary motivation is developing and characterizing novel techniques and
material systems for infrared detection. Infrared detectors have a wide range of applications,
including but not limited to astronomy, military, medical treatment, industrial and environmental
safety, and remote sensing. The electromagnetic spectrum (Figure 1) is classified into several
regions (bands) due to radiation of different wavelengths. Ranking the wavelength from short to
long (frequency from high to low), the electromagnetic spectrum includes gamma-rays, X-rays,
ultraviolet, visible light, infrared, microwave, and radio waves. Infrared (IR) radiation
encompass wavelengths from 700nm, which is the red edge of the visible light, to I mm, which
is called far-infrared (FIR). Our interest falls into this infrared wavelength region, particularly an
even smaller wavelength range covering 1pum to 25 um. Any matter above absolute zero
temperature emits IR radiation. The relationship between the object’s temperature and the
wavelength of maximum emission that it emitted is shown in Figure 2. It shows that as the
temperature decreases, the emitted radiation curve moves to lower intensities and longer
wavelengths. For various critical applications involving object detection, the maximum emission

wavelength is in the 1um to 25 pm range.
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The infrared band is often subdivided into smaller sections, based on the atmosphere's
natural absorption majorly from carbon dioxide and water vapor (Figure 3). The naming of the

subsections and their corresponding wavelength range is given in Table 1.

Region (Abbreviation) Wavelength Range (um)

Near infrared (NIR) 0.78-1
Short wavelength IR (SWIR) 1-3
Medium wavelength IR (MWIR) 3-6
Long wavelength IR (LWIR) 6-15

Very long wavelength IR (VLWIR) 15-30

Far infrared (FIR) 30-100

Submillimeter (subMM) 100-1000

Table 1 Division of Infrared Radiation [1].
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1.1.2 Infrared detection applications

The uniqueness of radiation of infrared light from any objects above OK brings us to the
most prominent advantage of IR detection. IR detectors can observe targets that cannot be seen
by human eyes. One is that objects that are relatively far or too cold emit infrared light that can
be captured by IR detectors, though they do not emit visible light. This feature has proven useful
in Astronomy. It has been used to discover previously unseen objects such as comets, stars,
planets and to observe the dust particles and gas molecules around the planets in the galaxy and
interstellar medium to determine their chemical structure. Typical infrared images obtained from

the telescope are shown in Figure 4.

The second is that a longer wavelength of IR radiation enables it to be less likely to
scatter than visible light due to diffraction. Gas molecules and dust particles can absorb or reflect
visible light, whereas infrared light with a longer wavelength can move around those small
obstacles and "penetrate" through gas and dust. Due to this feature, IR detection is widely useful
in the military for observing objects whose visible light is concealed by dust and gas particles in
the path. Night vision, target cognition, and missile detection are typical military applications of

infrared systems.

Thermal imaging is another critical application of infrared detection. In some medical
treatments, thermal imaging offers a quick and non-evasive process replacing the need for
surgery. Thermal imaging can show localized blood flow rate changes under the skin by
detecting temperature changes, which can help diagnose inflammation, circulation disorders, and

skin diseases like skin cancer.



Non-contact monitoring using infrared detection technologies finds extensive application
in the industry. Pyrometry, which measures the surface temperature by the characteristics of the
infrared radiation emitted, is widely used in many high-temperature industrial processes, where
direct-contact temperature measurement is impractical. Infrared imaging is also advantageous to
monitor a large area in the industry. For example, it can be used to detect high-temperature gas
leaks on pipes. Fault detection in electrical systems is another application of infrared imaging

whereby problems can be identified without power down the system.

Infrared detection is commonly used in remote sensing systems. Global weather satellite
systems monitor the earth's atmosphere and surface over several infrared bands, which provides
critical information for weather prediction models. Infrared remote sensing can also provide
important metrological and environmental information on land and water surface temperature

measurements, hurricane tracking, earthquake prediction, and bushfire detection.

Infrared (24 microns)

Visible

Figure 4 VLWIR infrared, visible and a hybrid image of M31, the Andromeda galaxy, taken with
the Spitzer Space Telescope. (Credit: NASA/JPL—Caltech/K. Gordon, University of Arizona).



1.1.3 Infrared detectors

There are several criteria to measure the performance or the overall efficiency of infrared
detectors used for imaging and sensing, namely response wavelength range, sensitivity, response
times, and overall production cost. Depends on the specific application, requirements for infrared
detectors vary considerably. There is usually a tradeoff between these criteria, and each infrared
detection system has its advantages. For example, Focal plane arrays (FPA) are employed for
infrared imaging thanks to their great sensitivity and response time, but they are costly to make.
On the other side, infrared sensing can be implemented using relatively simple single-element

detectors.

In general, there are two types of infrared detectors, thermal and photonic

(photodetectors) [2]-[4].

Thermal detectors are usually more cost-efficient than photodetectors. They rely on the
measurement of a material property, which changes with the temperature change of the element
through the absorption of electromagnetic radiation. Two common types of thermal detectors are
pyroelectric detectors and bolometers. Pyroelectric detectors measure the temperature-dependent
changes in the electric polarization of the absorbing material. Bolometers measure the power of
incident infrared light via detecting the heating of a temperature-dependent electrical resistance
material. While thermal detectors are relatively cheap to make, they suffer from a few
drawbacks: 1) Thermal detectors detect all lights incident into the detectors. They generally
cannot be tuned to specific wavelengths without external filtering. 2) Sensitivity is low, and
response time is high compared to photodetectors. 3) It is not suitable for rapid sensing due to its

long recovery time.



Recent advances in microfabrication of silicon-based structures have led to the exciting
area of micro-bolometers, which can measure changes of 0.1°C from a power input as small as
10 nW. Micro-bolometers are an array of bolometers fabricated directly on a silicon readout
circuit. One of the significant advantages of micro-bolometers is that they can operate near room
temperature. Compared to other sophisticated photodetectors, micro-bolometers do not need
bulky and expensive housings to accommodate ultra-high vacuum and cryogenically cooled
operation. However, their detection capability is still much less than that of photon detectors due
to their fundamental working mechanism, although micro-bolometers' performance is

significantly improved over bolometers.

On the other hand, photodetectors [5]—[7] have a faster response time, higher sensitivity
compared to thermal detectors. And most importantly, photodetectors made with semiconductor
alloys and superlattices can be tuned only to detect infrared light at a specific wavelength.
Photodetectors are based on the conversion of photons of light directly into free current carriers.
Photodetectors are usually made from semiconductors, where a non-zero bandgap is present.
Electrons are photo-excited across the energy gap from the valence band to the conduction band,
which generates a current, voltage, or resistance that gives rise to an observable electrical signal.
Electrons can only be excited when the incident photons have energies larger than the energy gap

of the material, Ej:

hc
Ephoton = 7 > Eg (1.1)



The longest wavelength, which satisfies Equation (1.1), is designated the cut-off
wavelength of the material, 1.. And the electrons with wavelength A, has the cut-off energy E..

We will discuss later that the definition of cut-off energy E varies.

Photodetectors have much higher sensitivity and faster response time compared to
thermal detectors. Moreover, because the bandgap of semiconductor materials can be tuned in
several ways, these photodetectors can be engineered to absorb specific wavelength ranges, for

example, SWIR, MWIR, and LWIR that we mentioned in 1.1.1.

Other than photons, phonons can also transfer energy to electrons and excite electrons
across the bandgap. This mechanism generates noise in our signal. Therefore, photodetectors
must be cooled down to low temperatures to reduce the number of thermally generated carriers
across the bandgap. Cooling requires expensive housing, which makes photodetectors bulky and
expensive. This drawback of photodetectors has driven intensive research to raise the operating

temperature while achieving good performance.

The two most widely used modes of photodetectors are photoconductive (PC) and
photovoltaic (PV). Photovoltaic detectors are based on P-N junctions. An electron-hole pair is
generated when a photon with the energy greater than the energy bandgap is absorbed. The
generated electron and hole are separated by the built-in potential barrier of the PN junction and
diffuse in opposite directions to the contacts. A photocurrent (a signal) is created, and it is

measured by an external circuit.

Photoconductive (PC) detectors, unlike photovoltaic detectors, do not have PN junctions

and build-in potential. Photoconductive detectors need to operate under a constant bias. A



conductance change in the PC device is caused by the free carriers generated by the incident
photons. Under a constantly applied bias, the incident flux of photons produces a proportional
level of the current increase in the detectors. Like photovoltaic detectors, the photons can only be
absorbed when the photons' energy is greater than the energy gap. The energy gap corresponds to
the direct bandgap of the material, except for extrinsic semiconductors. Extrinsic semiconductors
are usually heavily doped, and the majority carriers are being excited from the doping level to
the conduction band (n-type) or the valence band (p-type). Extrinsic semiconductors are out of
the scope of this work, though we will briefly mention its application in VLWIR region in

Section 1.5.2.

Several materials have emerged over time for photodetection applications in the
wavelength regions of interest, such as MWIR and LWIR. The following sections, 1.2 & 1.3

gives a brief overview of the competing materials used in today’s infrared photon detectors.

1.2 Mercury Cadmium Telluride

At present Mercury Cadmium Telluride (MCT) is the most widely used variable gap
semiconductor for infrared (IR) photodetection applications [8]. MCT, or HgCdTe, is a ternary
alloy made of Hg and Cd as Cation, and Te as Anion. It remains the material of choice for the
majority of SWIR, MWIR, and LWIR infrared applications due to its high absorption coefficient
and long carrier lifetimes, and it can be optimized for operation at temperatures ranging from that
of liquid helium to room temperature. HgCdTe can be used for detectors operated at various
modes like photoconductors and photodiodes (photovoltaic), though it is commonly seen in

photodiodes.
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Single crystal HgCdTe has a zincblende crystal structure (Figure 5), similar to most II-VI
semiconductor binary compounds. Zincblende is a cubic lattice with two face-centered cubic
sublattices, bonded tetragonally and separated by a quarter of a lattice constant. HgCdTe has two
Cations, Hg and Cd, occupying the same positions in the zincblende lattice. The ratio of Cd and
Hg is described by composition, where the composition of Cd is x, and the composition of Hg is

1-x. We write the ternary alloy as Hgi.xCdxTe.

Figure 5 A zincblende unit cell
(https://en.wikipedia.org/wiki/Cubic_crystal system#Zincblende_structure)

When x = 1, we have Cadmium Telluride (CdTe). CdTe is a direct-bandgap material
with a bandgap energy of about 1.45 eV at room temperature. CdTe is the second most common
PV solar cell technology globally after crystalline silicon. CdTe is also used as a substrate for
crystal growth. When x=0, we have Mercury Telluride (HgTe). Despite HgTe and CdTe have a
common anion, they have significantly different properties. HgTe is a direct-bandgap material
with a so-called “zero” bandgap, which makes it a semimetal. By tuning the composition

between 0 to 1, HgixCdxTe offers a tunable bandgap between 0-1.45¢V. An empirical expression
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for the bandgap E,; of HgixCdxTe as a function of composition x and temperature 7, is first given

by Hansen [9]:

E,(x,T) = —0.302 + 1.93x + 5.35 X 107*T(1 — 2x) — 0.810x2 + 0.832x3  (1.2)

This tailorable bandgap allows direct band-to-band absorption of infrared light covering
the infrared range of 1-25um that we are interested in. This is one of the most significant
advantages of HgCdTe as an infrared material. Other advantages of HgCdTe are 1) Sharp optical
absorption that enables high quantum efficiency; 2) Long minority carrier lifetime and high
electron mobilities leads to good quantum efficiency even at high operating temperature. All
these advantages are related to the electronic band structure of HgCdTe, which we will discuss in

detail in Section 2.1.

1.3  Superlattice

Superlattice (SL) is a periodic structure (heterojunctions) of layers of two (or more)
materials. One of the most significant advantages of superlattices is that they have multiple
design degrees of freedom: the number of substances used in SL, choice of substances,
thicknesses of each layer in one period, all of which gives more possibility to obtain desirable
electronic /phonon /structural properties. Superlattices can be active layers in IR devices like
photoconductive devices or nBn as direct replacements for bulk materials. They also have great
potential in multicolor detectors and High Operating Temperature (HOT) detectors. The most

common superlattices are the periodic structure of two layers 4 and B.
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The materials of layer 4 and B are carefully chosen to provide the desired physics
properties. First of all, superlattices made for infrared detectors require high quality to provide
the best performance. Superlattices being a single crystal is a must, then the local defect density
has to be controlled to improve minority carrier lifetime and reduce noise. Growing a single
crystal of one material on top of another is challenging. First, the two materials need to have the
same lattice structure. The semiconductors that we are focusing on here are those with
zincblende structure. Second, the lattice mismatch between the lattices of different materials
made heterojunctions hard to make. Luckily, Epitaxy technologies like Molecular Beam Epitaxy
(MBE) are capable to grow lattice-matched semiconductor materials on top of one another. Still,
lattice constant difference between the two materials causes strain, which is usually unwanted
because it could generate more defects. As a result, one of the fundamental principles of a
successful superlattice design is to have layer 4 and B lattice matched as much as possible.
Another fundamental principle is to have layer 4 and B have different bandgap energies. This
will give us the capability to adjust the bandgap of the superlattice based on the specific
application. Figure 6 shows the bandgap energy (at room temperature) and the lattice constant a,,
of a few common semiconductor compounds with zincblende structure. Three pairs of materials
are chosen and circle in red as examples of widely used superlattices: AlAs/GaAs, InAs/GaSb,
and HgTe/CdTe. They all consist of two semiconductor compounds with the same zincblende

lattice structure, similar lattice constant, and different bandgap energies.
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Figure 6 The bandgap energy (at room temperature) and the lattice constant a, of a few common
semiconductor compounds with zincblende structure[ 10]. Three pairs of materials are chosen and
circled in red as examples of widely used superlattices: AlAs/GaAs, InAs/GaSb, and
HgTe/CdTe.

Superlattices are classified into three types, based on the conduction and valence band
alignments of 4 and B layers. Three types of SL are illustrated in Figure 7. Type-I Superlattice
(T1SL)and Type-II Superlattice (T2SL) are the most common types. They are majorly based on
ITI-V semiconductor materials. The difference between T1SL and T2SL is that the electrons and
holes are localized in different layers. For T1SL, the conduction minimum and valence band
maximum lie within the same layer (layer 4 shown here); In T2SL, however, the electrons and
holes are localized in different layers (electrons in layer A and holes in layer B as shown here).

Usually, we define the layer confining electrons as the “well” layer and the other layer as the

“barrier” layer.

Type I SL Type Il SL Type Il SL
B A B A B 8 A B
—/ L ‘
fo\
1t -
As_r=—__v 5 Y Att—
4 1 .—.‘lA ’—"B 4y 2
GaAs/Ga1xAlxAs InAs/GaSb HgTe/CdTe

Figure 7 Band alignment of three types of superlattices. The three representing examples shown
here are the band structures of GaAs/Gal-xAlxAs, InAs/GaSb, and HgTe/CdTe SL, respectively.
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T2SL based infrared detector technology is undergoing rapid development as a potential
alternative to traditional HgCdTe. T2SL has the advantages of superlattices. The band structure
and absorption cutoff are tuned by chancing substances in each layer and changing the layer
thicknesses, which offers more degrees of freedom compared HgCdTe. During the past decade,
there has been a rapid increase in innovative T2SL designs. FPA based on antimonide materials
has achieved closer-to-HgCdTe performance, which is a promising achievement in a short time.
However, T2SL based detector technology is still in infancy. The potential of T2SL has not been

fully realized.

Type-1II superlattice (T3SL) is one of a kind due to the inversion of the conduction and
valence bands in the well material. Same as T1SL, T3SL has electrons and holes localized in the
same layer. However, the band alignment of T3SL is very different from T1SL’s and T2SL’s.

T3SL usually uses HgTe as the well material to provide the inverted band structure.

HgTe/CdTe superlattices are the central focus of this thesis. We use CdTe as the barrier
in our modeling. However, a Hg1.xCdxTe barrier with a high Cadmium composition is grown in
our lab due to a natural mercury vapor background during the MBE growth. We will use
HgTe/CdTe superlattice and T3SL interchangeably throughout this thesis, considering their
physics properties are majorly decided by the HgTe well, and HgTe/CdTe superlattices are the
primary representative of T3SL. We will briefly introduce T3SL in section 1.4, and then discuss

it in great detail in section 2.1.
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1.4 Type-III Superlattice
1.4.1 History

The HgTe-CdTe superlattice was first suggested as a potential infrared material by
Schulman and McGill in 1979 [11]. This is the first reveal of a superlattice with a type-III band

alignment due to the introduction of HgTe, a symmetry-induced semimetal.

The first HgTe/CdTe superlattice was grown by Faurie, Million, and Piaguet in 1982
using MBE [12]. Extensive research on T3SL, including theoretical modeling, MBE growth, and
characterization, continued throughout the 1980s until the mid-nineties. Then for a decade, there
was an industry-wide suspension of efforts to develop HgTe/CdTe superlattice infrared detectors
due to the rising of HgCdTe and a lack of research funding. It is quite interesting that HgCdTe
started from HgTe/CdTe superlattice. The first MCT layer was created by annealing a
HgTe/CdTe superlattice to make HgTe and CdTe interdiffuse. Later researchers have shown that
a SL buffer layer can improve the quality of HgCdTe absorber layer [13]. In the last couple of
years, even though HgCdTe is dominating the infrared detection world, there has been renewed
industry-based interest in HgTe/CdTe superlattice infrared applications, particularly in the

VLWIR and FIR regions. We will discuss this in detail in the next two sections.

1.4.2 Band Alignment

This section will briefly discuss the band alignment of Type III Superlattices and why it

is different from Type-I and Type-II band alignment.
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Take a HgTe/CdTe superlattice as an example. The band structure of HgTe and CdTe at
room temperature is shown in Figure 8. HgTe is a semimetal and has an inverted band structure
[14], [15]. It means that the p-symmetry band [ is above the s-symmetry band [, which is

usually the opposite in other direct bandgap semiconductors like CdTe.
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Figure 8 The band structure of HgTe (left) and CdTe(right) at room temperature[15].

A Type-III band alignment with HgTe and CdTe makes the electrons and holes localized
in the HgTe well layers. Due to quantum confinement, the energy separation between the first
electron subband (E1) and the first two hole subbands, namely heavy hole subband (H1) and
light hole subband (L1), is decided by the thickness of the HgTe well layer. The minimum
allowed optical transition energy, the bandgap energy E,, corresponds to the superlattice's H1-E1
transition. It turns out that the HgTe/CdTe Superlattice can have an inverted band structure just
like HgTe when the thickness of the HgTe well layer d,, is bigger than the critical thickness
d. = 6.3nm. When d,, < d., however, HgTe/CdTe superlattice will have a normal band
structure like CdTe. A comparison of the band structure of HgTe/CdTe superlattice with

different well thickness d,, is shown in Figure 9.
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Figure 9 A comparison of the band structure of HgTe/CdTe superlattice with different well
thickness dw[10].

For any HgTe/CdTe superlattice, the bandgap energy E is decided by the HgTe well
layer thickness. As an example, the bandgap energy of HgTe/HgCdTe superlattice as a function
of well thickness d,, at T = 5K is shown in Figure 10. It can be seen that bandgap energy
between 0 and 600meV can be achieved by tuning the HgTe layer thickness. The quantum
confinement effect on the superlattice energy bands is similar to the effect that variation of
composition has on the energy bands of HgixCdxTe alloy. So T3SL can be designed to detect a
specific wavelength just like HgCdTe. However, for bandgap energy that is smaller than
100meV, one can find two d,, that gives the same bandgap energy, one corresponding to normal
band structure superlattice, the other one corresponding to inverted band structure superlattice.
Both seem to work as Infrared detector for light with small energies, but we use the one with

normal band structure in reality. We will discuss this in more detail in section 2.1.
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Figure 10 Band gap energy of HgTe/HgCdTe superlattice as a function of well thickness dw at
T=5K.

We will compare T3SL to the two most popular Infrared detector materials, HgCdTe and

T2SL, in the next two sections.

1.4.3 T3SL Compared to HgCdTe Alloy

Back in the 1980s and 1990s, after Schulman and McGill first published on HgTe/CdTe
superlattice in 1979, researchers including Schulman and McGill suggested that this novel
material would have several advantages over the HgCdTe alloy. Nowadays, the spotlight of

infrared detection is still on MCT, but all the potentials T3SL possesses still hold.

The most critical advantage of T3SL over HgCdTe is that the cut-off wavelength would
be easier to control than the alloy, especially at longer wavelengths. The cutoff of T3SL is

controlled by the well layer thickness, while the cutoff of Hg;.xCdxTe alloy is controlled by
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composition x. During the fabrication of these materials in the lab, the layer thickness is much
easier to control than the composition. Besides that, the cutoff is less sensitive on layer
thicknesses, especially in the very long wavelength infrared region. In comparison, controlling
the cutoff of HgCdTe in the VLWIR region is problematic. The relationship between the cutoff
wavelength and the composition x of Hgi.xCdxTe can be plotted based on Hansen’s equation.
The result is shown in Figure 11 [16]. One can see that in the longer wavelength regime, a small
change in composition leads to a significant change in the cutoff wavelength. Especially in the
very long wavelength infrared region, a 1% change in composition would result in a 7.5%
change in cutoff wavelength, which is not ideal for precise Infrared detection. Comparing the
acceptance range of composition/layer thickness for Hg1xCdxTe and HgTe/CdTe superlattice
separately for a target cutoff wavelength of 17.0 £ 1.0 um at 40K [17], it is quite evident that

superlattices can control the cutoff much easier than HgCdTe (Figure 12).

Hg, Cd Te 80K

Cut-off wavelength (um)

0.1 0.2 0.3 0.4 0.5 0.6 0.7
x value

Figure 11 The cut-off wavelength for HgixCdxTe as a function of composition, X, as given by
Hansen’s equation. The four major infrared subbands are also shown, along with the ranges of x
values that correspond to a cut-off wavelength within these bands [16].
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Figure 12 The cut-off wavelength as a function of composition x for HgCdTe (Left), Normal
band structure T3SL (Middle), and Inverted band structure T3SL (Right) at various temperatures.
The blue dash lines show the range of Acuwotr = 17.0 £ 1.0 um @ 40K, and the corresponding x
values/well layer thicknesses for HgCdTe and T3SL separately[17].

For HgCdTe, not only controlling the cutoff in the very long wavelength infrared region
is not ideal, but the uniformity is also a problem. During the Molecular Beam Epitaxy growth,
Hg and Cd occupy the lattice cation positions randomly, which means that Hg and Cd's
distribution in HgCdTe alloy could be non-uniform. Moreover, even though MBE produces very
uniform flux from sources, there could be Hg or Cd clusters formed on the surface. These factors
cause composition inconsistency in the alloy, which then leads to cutoff non-uniformity. On the
other hand, HgTe/CdTe superlattices do not have this issue because they rely on layer

thicknesses instead of the composition to control the cutoff.

T3SL also has a sharper optical absorption onset due to carrier confinement and the high
density of states near the band edge. The higher absorption coefficient of T3SL is crucial as it
allows thinner absorber layers to be used while maintaining enough optical absorption and high
quantum efficiency. More details about absorption in T3SL will be discussed in chapter 0.
Thinner layers are more cost-effective from the MBE growth perspective, as thicker layers

require more time and more materials to grow. High-quality thinner layers are also easier to grow
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than thicker layers, as the defects propagate from the bottom to the top of the layers. Besides,

thinner layers have smaller thermal generation volumes and lower diffusion dark currents.

Another advantage of T3SL is that it has lower tunneling currents due to greater effective
masses in the growth-axis direction. Tunneling currents prevalent in HgCdTe would be vastly
reduced, and infrared detectors working in the VLWIR region can achieve better performance at

higher temperatures.

Auger lifetimes are believed to be longer in T3SL compared to HgCdTe. Auger
recombination can be suppressed via electronic band structure engineering of the superlattice.
However, Type-II superlattice has more advantage on Auger lifetime compared to Type-III

superlattice due to strain effect.

1.4.4 T3SL Compared to T2SL

In this section, we compare a Type-III superlattice to a Type-II superlattice. T2SL based
infrared detector technology is undergoing rapid development as a potential alternative to

traditional HgCdTe.

Both T2SL and T3SL have the advantages of superlattices. With certain substances for
each layer, the band structure and absorption cutoff are tuned by changing the layer thicknesses,
which offers more degrees of design freedom, more controllable, and more uniform cutoff
wavelength compared HgCdTe. However, T3SL has a highly tunable band gap range due to the
unique band character of the HgTe well, which makes T3SL more suitable for longer wavelength

applications.

22



T3SLs have stronger optical absorption coefficients, especially in the VLWIR region due
to a Type-III band alignment, where electrons and holes are localized in the same layer[18].
While with type-II band alignment, electrons and holes reside in different layers, which leads to
a reduction in the optical matrix element for the optical transitions and hence a smaller

absorption coefficient.

T3SLs are measured to have longer Shockley-Read-Hall (SRH) lifetimes of up to 20 ps
[19] compared to T2SL highest reported lifetime of about 10 ps [20]. Another source reported

much shorter lifetime of 0.07 ps [21].

T2SL has a few advantages over T3SL [18]. Auger suppression is stronger in T2SLs due
to stronger strain. It has been shown that the degree of Auger suppression is strongly strain-
dependent [22]. Moreover, T3SL is less suitable for light-emitting diode and laser applications
due to the low thermal conductivity of T3SL. More research and development efforts and funds

are effectively capitalized in multiple application areas for T2SL.

1.5 Thesis Motivation

The history of Type-III superlattice research mentioned in section 1.4.1 seems to suggest
that Type-III superlattice had its time. Now HgCdTe is the most competitive infrared material,
and Type-II superlattice is the second best and can get-close-to HgCdTe performance. However,
we have seen the potentials of T3SL and all the advantages it has over HgCdTe and T2SL,
especially in the VLWIR region. This work aims to bring T3SL back to the game, and the

reasons will be explained in the next two subsections.
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1.5.1 Why We Care About T3SL Now

Research on Type-III superlattice, majorly HgTe/CdTe superlattice, peaked in the late
1980s and very early 1990s. Advantages possessed by type-III superlattices in theory were not

realized in practice at that time, despite relatively comprehensive research efforts.

MBE itself was relatively new at that time. The growth of HgCdTe-based materials was
in its infancy. High-quality superlattice samples are not widely available. Many advantages of
T3SL promised by theoretical modeling were not achieved in the lab. MBE technologies,
especially growing HgCdTe-based materials, have been improved significantly since then.
Optimized growth condition control is tricky, but several growth temperature control techniques
have been developed. Nowadays, the yield of MBE growth is much higher due to years of

historical data.

The successful growth of the HgTe layer requires stable, uniform, and high Hg flux.
Unmatured designs of Hg cells at that time was another challenge to grow high-quality T3SLs.
Hg cell design has been polished and gone through several generations in the past few decades.
The Hg cell in our lab was redesigned in recent years. /n-situ characterizations have also been
improved to aid MBE growth. Reflection high-energy electron diffraction (RHEED) and

Ellipsometry are proved to be reliable characterization tools to perfect MBE growth.

The absence of computer-controlled shutters on the MBE system is another challenge.
Superlattice usually contains hundreds of layers. We have mentioned that the HgTe layer's
thickness determines the cutoff wavelengths of HgTe/CdTe superlattices. The thickness of each

layer is determined by the growth time, which is controlled by shutters. Manually controlled
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shutters cannot open or close for the same amount of time for each layer, which would result in
layer thickness non-uniformity. Modern MBE systems are controlled by computer. The growth

programs or recipes control the growth time of each layer precisely.

Consistently high-quality substrates are one of the fundamental requirements to
successful MBE growth. Defects from the substrates can propagate through the layers grown on
top and affect the overall layer quality. Today high-quality lattice matched CdZnTe substrates
and CdTe substrates with low defect levels are widely available, which is not the case in the

1990s.

In summary, MBE technology is now mature and suitable for growing high-quality
superlattices. MBE can offer low-temperature growth with a slow growth rate, providing precise
layer thickness control and thin layer interfaces. There is a big chance that we can finally realize

all the potential advantages of T3SL.

1.5.2 Why We Care About VLWIR

Infrared detection is extensively used in medical diagnostics, telecommunications,
military, and astronomical applications. Many of these applications use infrared light in the
VLWIR region. Objects that are relatively far or too cold to discharge visible light emit VLWIR
infrared light that IR detectors can capture. In astronomy, it has been used to discover previously
unseen objects and to observe dust particles and gas. Besides, a longer wavelength of IR
radiation enables it to be less likely to scatter than visible light. Hence VLWIR is very useful in

remote sensing applications, where infrared light with a longer wavelength can move around
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small obstacles and "penetrate" through gas and dust. Infrared remote sensing provides important
metrological and environmental information on land and water surface temperature

measurements, hurricane tracking, earthquake prediction, and bushfire detection.

Despite the broad applications of VLWIR detection, there are few infrared materials
developed to match this wavelength region. A. Rogalski has reviewed and compared
commercially available infrared detectors [1]. Only a few infrared detectors can detect light in
the VLWIR region (4 > 15um), and most of them are thermal detectors and lack the wavelength
selectivity. There are two among these VLWIR detectors, namely Ge:Zn(PC) and Si:As(PC)
working at 4.2K, are designed to detect VLWIR light. These are extrinsically doped
photodetectors that require high-level doping. The detectivity and signal-to-noise ratio of
extrinsic photodetectors cannot match intrinsic photodetectors like HgCdTe or superlattices.
Besides, these extrinsic photodetectors requires extreme cooling, which reflect in the size and
weight of these detectors. As a result, intrinsic photodetectors designed especially for the

VLWIR region are in high demand.

Recent publications show that T2SL can be used in VLWIR intrinsic photodetectors via
careful selection of SL materials and their alloy compositions [23]-[25]. However, the
absorption coefficient is fundamental limited due to the separation of electron and hole carriers

in a Type-II band alignment.

Our focus is to design, grow, and characterize high-quality Type-III superlattice materials
aimed at VLIWR detection. In this work, various HgTe/CdTe superlattices and device structures

using HgTe/CdTe superlattice will be proposed and discussed.
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1.6 Summary and chapter arrangement

In the first chapter, we discussed the importance of Infrared detection and gave a brief
introduction to mainstream Infrared detectors. This work's focus, Type-III superlattice, is
compared to two other competitive Infrared detecting materials, namely HgCdTe and Type-II
superlattice. While there are not many photodetectors designed to detect VLWIR light, T3SL

shows unmatched potential in VLWIR detection.

Part I of this thesis is focused on realizing the potential of T3SL as VLWIR detecting
material. In Chapter 2, we will discuss the design and modeling of T3SL aiming at VLWIR
absorption. In Chapter 3, the MBE growth of T3SL is carried out, and great details of successful
growths are discussed. The characterization results of T3SL samples are given in Chapter 0. The
absorption properties of the grown samples are discussed in chapter 5. Then in Chapter 6, we

discuss the significant drawbacks of T3SL as an infrared detection material.

Part 2 of this thesis is focused on the solution to the problem brought up in Chapter 6. A
unique nBn device structure is proposed to eliminate the problem. An introduction of nBn
devices is given in Chapter 7. Then in Chapter 8, we talked about designs of nBn devices. A few
nBn layers are successfully grown, and the result is shown in Chapter 9. Finally, the design to
eliminate the problem with T3SL is proposed, and the modeling result is also shown in Chapter

10.
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2 DESIGN AND MODELING

2.1 T3SL Band Structure

In this section, we briefly discuss the characteristics of the T3SL band structure.

Superlattices are usually made of periods of 2 layers. In a HgTe/CdTe superlattice, HgTe
is the well layer, and CdTe is the barrier layer. The HgTe/CdTe superlattice band structure is
decided by CdTe and HgTe (Figure 13). Both CdTe and HgTe are direct bandgap
semiconductors, and their conduction band/valence band extremes are all at the I" point, which is
the zone center in the Brillouin zone (where k = 0). For CdTe, which is a normal bandgap
semiconductor, the electron band [y is the conduction band, while hole band [ is the valence
band. Hole band I actually contains two bands, namely the heavy hole band I and the light
hole band TgP. There is another split-off band I'; right below the two I'y bands. The bandgap
energy E is defined as the energy difference between Iy and I at I' (k = 0) point. For CdTe,

E;=16eV @0K.

I:)‘e \/ Energy (meV)

CdTe HgTe

Figure 13 An illustration of band diagrams about the zone center (k = 0) for CdTe and HgTe at 0
K.
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The band structure for HgTe is quite different from that for CdTe. The Iy and I are
inverted. s is now below I3 bands and hence HgTe is sometimes referred to as having a
“negative” bandgap. But in reality, the I} band now becomes an electron band and the Ty band
now becomes a light hole band. Since T} is still in touch with Ti" at the T point, HgTe has a zero

bandgap, and hence called semimetal.

When HgTe and CdTe are put together to form HgTe/CdTe superlattice, the bands'
relative position can be described by valence band offset (VBO). VBO, shown as A in Figure 13,
is the energy difference between the valence bands of two constituent materials, which in this
case are HgTe and CdTe. The valence band offset is an essential parameter of superlattices upon
which many optical and electronic properties depend significantly. The value of VBO between
HgTe and CdTe has been the subject of controversy [17], [26], [27]. In our modeling, we use a
40K valence band offset of 554 meV [27]. The HgTe/CdTe superlattices have a type-III band
alignment, which means both the maximum of valence band and the minimum of conduction

band lies within the HgTe well layer.

The well layer creates quantum confinement effects for both electrons and holes. The
energy levels inside the well are defined by the eigenstates solved from the Schrédinger’s
equation. Since the barrier, the CdTe layer, has finite height, the corresponding wavefunctions
leak to the barrier, i.e., some carriers can tunnel through the barrier into adjacent wells. The
thickness of the barrier is relatively thin, so the overlap between wavefunctions is non-trivial.
This is the fundamental difference between superlattices and multiple quantum wells (MQW). In
MQW, the barriers are thick enough, and the wavefunction is confined in the wells. The carriers

do not interact between adjacent wells; the bands become dispersionless in the growth direction.
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A three-dimensional quantum well is called a quantum dot. Both Quantum wells and quantum
dots are infrared detection materials [28]—[30] for different applications. The discussion of

quantum well and quantum dots is out of the scope of this thesis.

Since the wavefunctions of each HgTe well overlap in the HgTe/CdTe superlattice, the
energy levels will have to split in order to satisfy Pauli’s exclusion principle. There are many
wells in a superlattice so that each discrete energy level will split into energy bands with some
width. Each energy band consists of many levels that are very close to each other. These energy
bands are known as minibands, and they are uniform across the whole superlattice. The
minibands of superlattice need to be distinguished from the bands of HgTe and CdTe. Energy
levels of superlattice minibands are the same across the superlattice, while HgTe and CdTe
bands form the jagged band alignment. An illustration of superlattice minibands is shown in

Figure 14 [31].

Minibands

Figure 14 Superlattice minibands formed from wavefunction overlap [31].

EV

The energy separation between the first electron subband (E1) and the first two hole
subbands, namely heavy hole subband (H1) and light hole subband (L1), is decided by the
thickness of the HgTe well layer. The minimum allowed optical transition energy, the bandgap

energy Eg, corresponds to the superlattice's HI-E1 transition. It turns out that the H1 can go
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above E1, and hence the HgTe/CdTe Superlattice has an inverted band structure just like HgTe

when the thickness of the HgTe well layer d,, is bigger than the critical thickness d.:

dy,>d.=63nm

When d,, < d., however, HgTe/CdTe superlattice will have a normal band structure like
CdTe, and E1 is above H1. The situation becomes complicated when the thickness of the HgTe
well passes 8nm. H2 goes between E1 and H1, and now the H2-H1 transition is smaller than the
optical bandgap. H2-H1 transition is optically forbidden, but carriers can still be thermally
generated from H2 to H1. Inverted band structure HgTe/CdTe superlattices were once thought to
be excellent IR absorber, considering their outstanding bandgap control at larger HgTe well
thickness. However, the H2-H1 electric gap precludes the use of them as an infrared
photodetector. As a result, we will focus on normal band structure superlattices (d,, < d. =

6.3 nm).

The CdTe barrier layer thickness has a significant influence on dispersion in the growth
direction and the growth direction effective masses. The CdTe barrier layer thickness also affects
the miniband width. When the barrier layers are thick enough (d;,, = 10 nm), there is no overlap
between carrier wavefunctions from adjacent wells. The material becomes a multi-quantum-well
structure, and electrons and holes are confined in the HgTe wells. So CdTe layer thickness offers

another degree of freedom for band-engineering when designing a superlattice.
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2.2 K-p Method

2.2.1 K-p method for bulk material

In order to calculate band structure and hence get absorption characteristics of T3SL, we

need to calculate the band structure of HgTe and CdTe first.

Both CdTe and HgTe are direct bandgap semiconductors, and their conduction
band/valence band extremes are all at the I" point, which is the zone center in the Brillouin zone
(where k = 0). “In most semiconductors, the most populated electron and hole states lie within a
fraction of an eV from the band edges” [32]. As a result, only the band structure near the

Brillouin Zone center is needed for our application.

k-p method is a semi-empirical method that calculates band structure near the center of
Brillouin Zone [33]-[39].. It starts with the Schrédinger equation, using the Bloch theorem to
represent the periodic electron wave functions under periodic lattice potential. The accuracy of
the band structure is increased if we include more bands in the calculation. 8-band k-p method is
widely used to calculate band structure for HgCdTe. 8-band k-p method includes the two spin
states of the conduction band (C), heavy hole band (HH), light hole band (LH), and split-off
band (SO) in the calculation. Here we give a brief introduction of the 8-band k-p method for bulk

materials, majorly based on the seminal papers of Kane [34],and Luttinger and Kohn [40].

Single crystal bulk HgCdTe has a Zincblende crystal structure. The moving carriers

experience a periodic potential from the lattice. Bloch's theorem states that solutions to the
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Schrédinger equation in a periodic potential, electrons moving in a crystal lattice for instance,

has the form of a periodic function multiply by a plane wave:

¢i(r) = w (r) exp(ik - ) 2.1)

where 7 is the position, ¢ is the wave function, u is a periodic function with the same periodicity

as the crystal, the wave vector k is the crystal momentum vector.

The periodic function u satisfy the periodicity equation:

ur(r) = u,(r +R) (2.2)

where

C is an integer, and d is the spacing between parallel planes within a crystal. Plug (2.2)

back into (2.1) we can get:

¢ (r+ R) = exp(ik - R) ¢y (1) (2.3)

We need to solve the Schrodinger equation:

H(r)py(r) = E¢(r) (2.4)

H(r) is the Hamiltonian for an electron in a periodic lattice, and it can be written as:
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p2 h
H(r) =— + V(r) + [a xVV(r)]-p (2.5)

where p is the momentum operator, V (r) is the periodic potential of the lattice, and the last term

describes the spin-orbit coupling with & which represents the vector of the three Pauli matrices.

By expanding the general form of the Schrodinger equation (2.4) and extracting the

exp(ik - r) plane wave dependence, it can be written as:

(HO + Hk-p)unk(r) = gn(k)unk(r) (26)
where
p? 21,2
H, = 2me +V(r)+ - (2.7)
h h
Hyp=—Kk-p + -W(@)Xp-o (2.8)
my o

The k - p method got its name from the k - p term in the equation above. And u,, () are
the eigenstates of band n at wavevector k near the I' point. Eight bands are being considered here
as mentioned before, which includes the spin up and spin down conduction band s-orbitals |S)
and three valence band p-orbitals [X), |Y) and |Z). In a three-dimensional periodical lattice,
spin-orbit coupling splits the valence band states' six-fold degeneracy into four-fold degeneracy
with | = 3/2 states at E,, and two-fold degeneracy with | = 1/2 split-off states at E,, — Ag,. This

is the primary approach of the 8-band Kane model.
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Equation (2.6) is solved at k=0. Then, u,q(r) form a complete set of functions, and
€,(0), the energy levels at k=0, are used as basis states to expand the solutions for other values
of k. Equation (2.6) is then treated as an 8x8 matrix problem, and the elements of the

Hamiltonian matrix are:

h?k?
H;; = [‘Si(o) + Z—Tnol 8ij + <ui0|Hk-p|uj0> (2.9)

The second term gives the non-diagonal term with coupling between s-orbitals and p-

orbitals:

(SIk-plX) = k(S|P |X) = kP (2.10)
(SIk-plY) = ky(S|P,|Y) = kP (2.11)
(SIk-plZ) = k(S|P,|Z) = k,P (2.12)

where P is the inter-band momentum matrix element. The full matrix is expressed in terms of the
band-edge energies E,, split-off energy Ag, relative to the valence band edge, the Luttinger
parameters ¥4, V2, V3, and the Kane parameter F. Band structure parameters for HgTe and CdTe
at T = 0 K employed in the 8x8 Kane model is shown in Table 2. The full 8x8 Kane Hamiltonian
can be found in the paper from L. R. Ram-Mohan, K. H. Yoo, and R. L. Aggarwal [41]. The
band structure parameters used in Ram-Mohan’s paper are slightly different from the ones in

Table 2.
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HgTe CdTe

E4 (eV) -0.303 1.606
Ago (eV) 1.08 091
E, (eV) 18.8 18.8
Y1 4.1 1.47

12 0.5 -0.28

Y3 1.3 0.03

F 0 -0.09

Table 2 Band structure parameters for HgTe and CdTe at T = 0 K employed in the 8x8 Kane

model

For Hgi«CdxTe alloy, we can simply assume the change of each parameter is linear with

the composition. The band structure of HgCdTe calculated from the 8-band k - p method is

reasonably accurate at the zone center and is in good agreement with the experiment. In order to

increase the accuracy of the band structure at higher k values, more bands need to be included in

the calculation. A fourteen band k - p method is implemented to include the higher-lying

antibonding p states perturbatively [42]. Other than the six valence (bonding) p states and two

conduction (antibonding) s states (S), the most important previously neglected six antibonding p

states (p) are added. The schematic of 14 bulk bands and the most important band structure

parameters are shown in Figure 15. P, P; and Q are the interband momentum matrix elements.

Unstrained

p(Ty)

Strained

pT) -

Figure 15 The 14 bulk bands considered in our 14-band k.p calculations and their important band
structure parameters for unstrained (left) and strained (right) cases [42].
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2.2.2 K-p method for superlattices

Extending this k-p formalism from bulk to the superlattice structure is done by
introducing an envelope function that varies along the growth direction[36], [43]-[46]. This
approach is used to express superlattice quantities in terms of bulk electronic structure
parameters of HgTe and CdTe. Here we give a brief introduction of calculating superlattice band
structure using the 14-band k-p method and envelope function approach. This part is based

mainly on the paper by Wayne H. Lau, J. T. Olesberg, and Michael E. Flatté [47].

Superlattices have a periodicity on the scales larger than the bulk lattice constant. This
periodicity exists only in the superlattice growth direction, which is taken to be the Z direction.

The Schrodinger equation for superlattices is written as [47]:
A54r|L,S,K) = E;s(K)(r|L,S,K) (2.13)

where A" is the superlattice Hamiltonian, and can be written as the sum of the crystal
Hamiltonian of all layers:

Ast = z ,6,(r) (2.14)

1 if r € ith layer

0;(r) = {O if r ¢ ith layer (2.15)

Here H; is the crystal Hamiltonian of the ith layer given in Equation (2.7) and (2.8).
Nigyer is the number of layers in the superlattice unit cell, which equals 2 in a HgTe/CdTe

superlattice. | £, S, K) is the superlattice eigenstate for a carrier with wavevector K and spin §, in
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the Lth band. The corresponding eigenenergy is E;s(K). Similar to the bulk case, we first solve

the Schrodinger equation at the zone center where K = 0.

The zone-center superlattice wavefunction is expressed in terms of bulk electronic

structure parameters:

(FIN,5,0) = ) Fysno(r) (rln, 0, 0) (2.16)

where |n, g, 0) are the corresponding zone-center Bloch states of the constituent bulk
compounds. Fys,,(7) are envelope functions that are slowly varying. They are on the scale of
the constituent bulk semiconductor lattice constant. Here, for convenience, we adopt the

convention that lower and upper cases represent bulk and superlattice states, respectively.

Substitute Equation (2.16) into Equation (2.13), multiply from the left-hand side of the
resulting equation by the corresponding wavefunction (n, g, 0|r) of the zone-center Bloch state
and integrate over a unit cell of the constituent bulk semiconductor, we obtain the zone-center

Schrodinger equation:

Z non'c’ (r)FNSn'a’(r) = Ens(0)Fysns (1) (2.17)
'o!
where
¢ ﬁz le R lk
Hfan,o,(r) = 2— 6 1+ Eﬁ:nlo_l (r) + — Prllg;in'g' (r) (218)
m, me
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with

P /(r) = (n,0,0lpIn’, 0", 0) (2.19)
EZME ,(r) = (n,0,0|H|n’, 0", 0) (2.20)

The bulk energy EZ“%(r) is a diagonal matrix whose diagonal terms are the

eigenenergies of the bulk states at zone center:

BB (1) = EEMK(1)8,08 4 (2.21)

non'c

Note that the opposite-spin eigenstates of the constituent bulk states at the zone center are

two-fold degenerate. The zone-center eigenvalue problem (2.17) is solved in Fourier space:

ﬁignlal(Z) = Z ﬁfgnrolﬂexp (l,qu) (222)
M:—OO
Frswa'@) = ) Fusngu®xp (iug2) (2:23)
l,l,:—OO

where q = Dz_n. Dy is the thickness of one period in the superlattice. Substituting Equation (2.22)
SL

and (2.23) into (2.17), multiplying from the left-hand side of the resulting equation by
exp(—i2mvqz), and integrating over the superlattice period, we obtain the zone-center

superlattice eigenvalue equation in Fourier space as
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Z non'o’ (v— ﬂ) NSn o'u ENS(O)FNSnov (2.24—)

n'o’u

where

7izc _ ;jZC :

Hy gty = fD dzH; . 1 ,(z) exp(—iuqz) (2.25)
SL

Diagonalizing the matrix H%¢ in Equation (2.24) gives us the zone-center eigenvalues

and eigenvectors. Once the zone-center superlattice eigenstates and eigenenergies have been

determined, K # 0 eigenstates can be obtained by applying superlattice k-p theory [45].

2.3 Modeling Details

All calculations in this thesis were performed using the code and software developed by
Professor M. E. Flatté’s group at the University of lowa and employ an envelope function

implementation of a 14-band k-p method.

For HgTe/CdTe superlattices, the most critical parameters are thicknesses of HgTe and
CdTe layers. We need to calculate the band structure of HgTe/CdTe superlattices with various
well/barrier thicknesses. The energy band gap is tailored by varying the layer thicknesses of the
HgTe well to achieve cutoff wavelengths in the VLWIR ranges. Moreover, the CdTe well
thickness is used to adjust effective masses and miniband widths. Because the energy of VLWIR
radiation is small, we can achieve the same cutoff with both normal band structure SL and

inverted band structure SL. As mentioned in section 2.1, the H2-H1 electric gap precludes using
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inverted band structure SL as an infrared photodetector. Still, here we calculated the band

structure of both normal and inverted for comparison.

HgTe and CdTe's bandgap energy used in our calculation is based on the bandgap energy
of Hgi1.xCdxTe E;4(x, T). The equation for E;(x, T) we used is slightly different from the Hansen

equation (1.2) and is updated to match with the sample data [27]:

Ey(x,T) = =303(1 — x) + 1606x — 132x(1 — x)

y 0.1T?
[11(1 — x) + 78.7x + T]

+ [4.95(1 — x) + 3.25x — 3.93x(1 — x)] (2.26)

The unit is meV. We adjusted the number 4.95 in Equation (2.26) to 7.80 later to match
our simulation with other theoretical modeling result [27], [44], [48] and the absorption data we

got in the lab.

HgTe CdTe

a, (A) 6.462 6.482

A, (eV) 1.06 0.93
C-band mass 0.12 0.12
HH-band mass 0.40 0.90
LH-band mass 0.18 0.18
c11 (10 dyn/cm?) 5.97 5.62
¢ (101t dyn/cm?) 4.15 3.94
C4q (10 dyn/cm?) 2.26 2.06

E, (eV) 0 -0.554

E. (eV) 6.50 5.36

A, (eV) 0.24 0.25

Ep, (eV) 23.13 23.13

Ep (eV) 0.05 0.05

Eq (eV) 13.03 13.03

V, (eV) -4.48 -4.52
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V, (eV) | -1.15 -1.10

Table 3 Band structure parameters for HgTe and CdTe at T = 300 K employed in the 14-band k-p
calculations

The effect of strain due to lattice mismatch between HgTe and CdTe layers can be readily
incorporated into our band structure calculation. Split-off energies Ay, of HgTe and CdTe that
we used in the 14-band k-p calculations are slightly different from the ones in Table 2. A, along

with other important band parameters are shown in Table 3.

Most of the parameters listed in Table 3 have been illustrated in Figure 15. E), is the

valence band offset compared to HgTe.

2.4 Calculated band structure

The calculated band structure of Hg1.xCdxTe with composition x=0.3 is shown in Figure
16. Four major bands can be seen near the zone center, namely the conduction band (T), the
heavy hole band ("), the light hole band (T¢") and the split-off band (T';). The band structure
agrees well with the modeling result from the previous paper published by our fellow researchers

[49].
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Figure 16 Modeled band structure of MCT with x=0.3.

The curvature of the light hold band away from the zone center is the unique result for
14-band k-p calculations. The Kane model [34] is commonly used to describe the band structure
near the I' point. The band structure near the zone center has a hyperbolic form. For example, the

energy-momentum relationship of the conduction band (E.(k)) can be written as:

E.(k) = s?k? + b? — b + E, (2.27)

where b = E;/2, and s* = 2P?/3, P is the momentum matrix element with a value of

(8.0 — 8.5) x 1078eV cm [50], [51]. It has been shown that 14-band k-p calculations gives
similar hyperbolas describing E, or Ej, dispersions [52]. At small values of k, however, the
lowest order of a Taylor series of Equation (2.27) gives us a reasonable approximation of the

band dispersion with a parabolic shape:

2

S
Ec = Eg + 55 (2.28)

Hence the electron effective mass can be obtained from
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where m,, is the free electron mass.

After we finished and checked our modeled band structure of HgCdTe, we moved on to
HgTe/CdTe superlattice. Our 14-band k-p calculations use an envelope function implementation,
and all SL band structure calculations were performed using the code and software developed by

Professor M. E. Flatté’s group at the University of lowa.

Figure 17 shows a comparison of modeled band structure for inverted (left) and normal
(right) band structure HgTe/CdTe superlattices. They look reasonably similar, but the nature of
the bands is quite different. In both band structures shown, the valence band edge at the zone
center is taken as the zero-energy reference point. In the normal band structure band structure
SL, the conduction band is the E1 electron band, and the valence band is the H1 heavy hole
band. Below the valence band, we have the H2 heavy hold band and the L1 light hole band. In
the inverted band structure SL, however, the conduction band is the H1 heavy hole band, and the
valence band is the H2 heavy hole band. The E1 electron band goes under the H2 band. Because
the optical transition between H2 and H1 is forbidden, the electric bandgap H2-HI is smaller
than the optical gap E1-HI1. This is the primary reason we use superlattice with a normal band

structure as our candidate for VLWIR absorption.
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Figure 17 Modeled band structure for (a) inverted and (b) normal HgTe/CdTe SL.

Figure 17 shows k values in different directions. k, includes k vectors along the
superlattice growth direction, which is usually labeled as z-direction; k; includes k vectors
parallel to the SL plane, the x-y plane. Note that the k values shown in Figure 17 have different
ranges to k, and k; directions, due to the periodicity of superlattices. The first Brillouin zone is a
reciprocal space (or k-space) primitive cell. For a semiconductor with lattice constant a, the
corresponding values of k in the first Brillouin zone should be in (—m/a, m/a). Other than the
periodicity of the lattice, superlattice introduces a new periodicity. Superlattices under
consideration in this thesis have a period thickness d in the order of 100 A, which has a much
bigger scale than the crystal lattice constant, which is around 6.5 A. This results in a much
smaller k range in the reciprocal space for the first Brillouin zone. With period thickness d
replacing lattice constant a, we have the corresponding values of k in the reciprocal space in
(—m/d,m/d). This explains the band structure shown above, which has k € (0,/a) along k;

direction and k € (0, /d) along k, direction.
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We note that the band structures of T3SLs disperse much less along the z-direction
compared to xy-direction. Due to the superlattice periodicity, the first Brillouin zone shrinks
down to a much smaller value along the z-direction. The energy bands have to fold back to the
small Brillouin zone, which results in superlattice minibands. Besides that, the degeneracy of
bands at the Brillouin zone edge and center opens up gaps due to Bragg diffraction. As a result of
this reduced Brillouin zone, the band dispersion is significantly reduced and the growth-axis
effective masses are much larger than SL in-plane effective masses and bulk effective masses,

which suppresses band-to-band and trap-assisted tunneling and can reduce dark currents [53].

An automation program is written to calculate HgTe/CdTe superlattices’ bandgap as a
function of HgTe and CdTe thicknesses. The result is shown in Figure 18. The thicknesses of the
layers are in the unit of monolayers (ML). For a (211) grown HgTe/CdTe superlattice, the

thickness of a single ML is approximately 3.24 A [54].

Figure 18 3D graph of bandgap vs. numbers of HgTe/CdTe monolayers (ML). The number of
ML range from 1 to 31, which corresponding to 3.24 A to 100.44 A. The red curve corresponds
to where the bandgap E; = 0.
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The red curve shown in Figure 18 corresponds to the data points where E; = 0.
Increasing the HgTe thickness beyond the red curve generates SL with an inverted band
structure; Decreasing the HgTe thickness below the red curve generates SL with a normal band
structure. While the HgTe layer thickness is the deciding factor of the bandgap energy, the CdTe

layer thickness also has a non-trivial effect on E,. For a specific HgTe layer thickness, the

bandgap energy decreases with the CdTe layer thickness. This effect is not obvious when CdTe
is more than 15 ML (48.5 A) thick. However, when CdTe is extremely thin, the wavefunction
overlap between each HgTe well becomes significant; hence the SL miniband width increases,

and the bandgap energy becomes smaller.

The Fermi level energy is also inspected. Figure 19 shows the Fermi level energy as a
function of the number of CdTe ML layers at different numbers of HgTe ML layers and different
n-type doping levels at 80K. For a fixed combination of HgTe and CdTe layer thickness,
increasing n-type doping would increase the Fermi level energy, though the change is relatively
small. CdTe layer thickness plays a vital role in Fermi level energy. This can again be explained
by the significant wavefunction overlap between each HgTe well when the CdTe layer is thin.
SL miniband width increases and the bandgap energy becomes smaller. Besides, the valence
band's effective mass decreases with CdTe layer thickness, which leads to the decrease of
valance band density of states. As a result, the Fermi level decreases with the CdTe layer

thickness when the SL is n-type doped.
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Figure 19 The Fermi level energy (meV) as a function of the number of CdTe ML layers at
different numbers of HgTe ML layers and different doping levels at 80K.
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3 MOLECULAR BEAM EPITAXY GROWTH OF TYPE-III SUPERLATTICE

3.1 A Brief Introduction to MBE

Molecular beam epitaxy (MBE) is a mature growth technique widely recognized as

capable of growing sophisticated semiconductor multilayer materials [12], [19], [55]-[77].

In the 1970s, researchers realized that binary compounds could be used for Infrared
applications that require optimum performance at a specific wavelength range corresponding to
the materials’ bandgap. However, no compound is known to have a bandgap in the LWIR range.
Therefore, the use of high-quality tunable bandgap ternary materials is necessary for many IR
detector applications. Alloy materials, including II-VI and III-V materials, came to the game
with their advantages of tunable and direct bandgaps, which cover a wide range of infrared

spectra with high quantum efficiency.

These needs stimulated the industry, and several material growth technologies were
developed. MBE is one of the greatest crystal growth technique whereby single crystal
monolayers are grown upon a substrate under ultra-high vacuum (UHV). Ultra-high purity
source materials thermally evaporate molecules and form molecular beams with extensive mean
free paths, traveling and interacting with the temperature-controlled substrate. MBE has the
unmatched ability to grow layer-by-layer in a 2D growth mode under the right conditions, which
is ideal for growing high-quality heterostructures with HgCdTe alloys and superlattices with
precise layer thickness requirements. Combining with its low-temperature growth conditions,
MBE is the best when it comes to growing II-VI heterostructures with Hg involved due to the

significant interdiffusion of Hg at higher temperatures.
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A successful MBE growth requires precise control of substrate temperature and
molecular beam fluxes. This is especially the case for growing HgCdTe-based heterostructures.
The “growth window,” which is defined as the optimized growth temperature range for a
successful single-crystal MBE growth, is absurdly small. One explanation is that the bond
strength of Hg-Te is very weak compared to Cd-Te bond. The heat of formation of HgTe and
CdTe, which gives a good indication of the bond strengths, are -7.6 kcal/mol and -24.1 kcal/mol,
respectively [78]. The weak Hg-Te bond has a number of ramifications affecting the growth of
HgTe-related materials like HgCdTe and HgTe/CdTe superlattices. For Hg1.xCdxTe with a
composition in the range of 0.2-0.3, the growth window can be as little as 3°C. Besides that,
stable source beam flux is crucial to the uniform composition and correct layer thickness.
Luckily, we have PID controlled power supplies to control the cell and substrate temperatures

within £0.1°C.

MBE has a few drawbacks. It is a sophisticated and complicated system that requires
materials, physics, chemistry, mechanical and electronic engineering skills to master the growth
and maintain the MBE chamber. The learning curve is steep and sometimes quite frustrating,
even for experienced growers. The cost of building a chamber is high, so does the growth and
maintenance. The high cost of MBE growth limits its application to high-end Infrared detection
systems, majorly military and astronomy, where performance outweighs the cost. Still, MBE is
an excellent crystal growth technique for research, considering its ability to realize all different
kinds of material design. All superlattice samples we used in this research are grown by MBE. In
the next section, we will discuss the major component of the RIBER 32p MBE system at our

Microphysics Laboratory.
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3.2 MBE 32p System

A typical MBE system usually has three UHV chambers: The loading chamber to load
substrates into the system and unload the samples from the system, the growth/main chamber to
perform MBE growth, and the transfer/buffer chamber to connect the loading chamber and the
growth chamber. The loading chamber needs to be constantly exposed to the atmosphere. The
transfer chamber is necessary to keep the growth chamber clean and to maintain the UHV

condition.

The growth chamber, where the MBE growth happens, is depicted in Figure 20. The
substrate is mounted on a moly holder, loaded and transferred to the growth chamber, then
mounted onto the manipulator using the transfer arm. The manipulator can rotate freely inside
the main chamber so that the substrate can be adjusted to face the source materials directly. All
effusion cells, including In, CdTe, and Te cells, and special designed Hg cell are designed so that
the molecular fluxes come out of the cells converge to one point — the center of the substrate.
These cells' geometry shape can ensure the flux is uniformly covering the substrate up to 3

inches.
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Figure 20 The major components of a general MBE growth chamber.

The manipulator has heating elements that sit right behind the substrate holder and heat it
to a constant temperature during the MBE growth. Thermal couples and PID systems are
employed to perform precise temperature control of both material sources and the substrate.
Three ion gauges at different positions inside the chamber monitor the vacuum status and the
material fluxes during the growth. One of the ion gauges is installed directly onto the
manipulator for flux calibration. MBE systems have cryo panels surrounding the inside of the
chamber. A constant flow of liquid nitrogen (LN2) through the cryo panels helps to maintain the
UHYV and collect unused molecules from the cells and other contaminations consist of small
amounts of water vapor, carbon monoxide, and hydrogen. This prevents molecules other than
those from the sources from hitting the surface of the substrate during the growth, which ensures

the grown samples have high quality and purity.
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Different pumps are used to pump the three chambers. The transfer chamber is relatively
light duty, so an ion pump is used to main UHV. The ion pump is not suitable for the main
chamber and loading chamber because the ion pump's pumping rate is low, and sudden exposure
to high pressure may damage the ion pump. Cryopumps, on the other hand, are very good at
handling relatively high fluxes. Hence, they are used on the growth chamber and the loading
chamber. Cryopumps trap gases and vapors by condensing them on a cold surface. The cold head
inside the pump is cooled by compressed helium coming from the compressor. Cryopump is the
only choice for growing II-VI heterostructures because the Hg vapor pressure during the growth
can be as high as 10~* Torr. Only cryopumps can handle such a significant flux in a UHV
chamber. Other than the cryopump used on the loading chamber to keep it under UHV when
connecting to the transfer chamber, an oil-free diaphragm pump and a turbopump are used for

different pumping stages when the substrate is being loaded.

The growths can be monitored with a few in-situ characterization techniques. We use a
pyrometer to remotely measure the substrate surface temperature during the growth. Reflection
high-energy electron diffraction (RHEED) and Spectroscopic ellipsometry (SE) are used to
closely monitor the growth condition, surface roughness, and compositions. A detailed
discussion on RHEED and SE can be found in section 4.1. A residual gas analyzer (RGA) allows

real-time monitoring of gas residue species present in the chamber, which helps leak detections.

Figure 21 shows the top view of the MBE 32p system in Microphysics Laboratory (MPL)
at the University of Illinois at Chicago (UIC). The chamber is specially designed with all-metal

seals. The yellowish color of the chamber body is due to the special annealing treatment at
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RIBER to reduce the outgassing from the metal inside the chamber. This is very important to

keeping the UHV condition and also reducing the contamination to the samples.

Figure 21 MBE 32p system in Microphysics Laboratory at the University of Illinois at Chicago

3.3 Customized Mercury Cell: A Key to Successful Growth
3.3.1 Motivation

Mercury (Hg) is a heavy, silvery element with an atomic number of 80. It remains liquid
form at standard temperature and pressure conditions. This unique mercury character is why
people use it widely in thermometers, sphygmomanometers, and many other medical
applications, fluorescent lamps, and other devices. The concerns about Hg's toxicity have led to
thermometers and sphygmomanometers using Hg being mostly phased out. For example,

alcohol-based thermometers are more common nowadays.

As an inevitable element in our lab, mercury needs to be carefully handled. Mercury
waste from MBE growth is collected using a cold trap near the cryopump. Then the mercury

waste is carefully removed and move to a mercury waste bottle. Researchers are required to wear
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respirators when the chamber is opened and exposed to the air, during which the mercury vapor

level in the air is believed to rise quickly.

The fact that mercury is liquid even at room temperature makes the mercury cell design
differs from other cells. CdTe cell and Te cell, for example, use metal ingots as source materials.
The most common system for these source materials is the effusion cell (Thermal Evaporation
Sources or K-cells) (Figure 20). The solid ingots are inserted into the PBN crucible. The crucible
is surrounded by a heating assembly, which usually contains heating filaments and
thermocouples. To prevent uneven heat of the crucible, which could lead to a material
condensation at the crucible lip, most of these effusion cells also feature a dual-filament design.
The temperature gradient over the crucible length varies to accentuate either a "hot lip" or "cold
lip" type behavior. These effusion cells are widely used and can produce stable and reproducible

flux with the help of PID control.

Most MBE chambers are designed in the way that most, if not all, effusion cells are
facing up at an angle, so the material inside the crucible will not drop or slide out due to gravity.
This design consideration makes these effusion cells even able to handle liquid source materials.
For example, in our MBE 32p system, Indium, the n-type doping material, is loaded into an
effusion cell. Indium melts at 156.6°C and remains in the liquid phase during the operation of
MBE growth. However, these effusion cells are not suitable for mercury, even though mercury

remains in the liquid phase for our application.
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Figure 22 An effusion cell.

The effusion cell is not suitable for mercury for several reasons. We first need to explain
how mercury is used in MCT growth. Mercury evaporates much faster compared to other source
materials, even at room temperature. At growth temperature (around 130°C for mercury), the Hg
vapor pressure is about 10~ Torr, which is much larger than that of CdTe (10 Torr at 600 °C)
and Te (107 Torr at 400 °C). Since mercury atom and Te atom form HgTe molecule, the ratio of
these atoms deposited onto the sample during the MBE growth should be 1:1. In reality,
mercury has a much smaller sticking coefficient than Te; that is why the mercury pressure should
be much higher than the Te pressure. Higher pressure means that there are many more atoms
emitted into the MBE chamber in a unit of time. As a result, the mercury source material
dissipates very fast. An effusion cell can only hold a minimal amount of source material; And it
is impossible to refill the crucible without bringing the chamber to the atmosphere, remove and
reinstall the cell. Not only could this cause much trouble, but also it interrupts the growth
champaign and potentially contaminate the chamber by frequently opening the chamber. A
unique design for the mercury cell is needed to provide continuous mercury flux during the

growth.
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3.3.2 Previous and Existing Mercury Cell Design

A previous mercury cell design we used at Microphysics Laboratory is shown in Figure
23. It consists of an internal reservoir to store mercury, an external reservoir, a valve to refill the
internal reservoir, a mercury vapor feedthrough, a valve to control mercury vapor flux, heating
elements, and thermometers to monitor the operating temperature of the inner reservoir and
mercury vapor. During the growth, the internal reservoir is heated up to 350 °C. The vapor flows
into the chamber via the feedthrough. A needle valve controls the flux. This design has four
major flaws: 1) The needle valve can be clogged with accumulated mercury and other
contamination sources from the chamber, eventually affecting the run-to-run consistency of
mercury flux and the purity of mercury flux; 2) The feedthrough and the needle valve cannot be
cleaned without dissembling; 3) It is challenging for this cell to achieve high mercury flux
because the source mercury is stored in an internal reservoir which is far from the end of the
feedthrough inside the chamber; 4) The mercury reservoir is usually small because it is directly
attached to the MBE chamber; 5) Because the mercury is heated up to a high temperature during
the growth (about 300 °C), there is a big chance the impurities from mercury will incident into
the chamber. We can achieve an operational pressure (flux) around low 10 Torr with this
design. A similar design is from RIBER (Figure 24), who manufactured our MBE 32p system.
This model VHGS500 valved mercury cell shares a very similar design to ours, and the

performance should be comparable.

57



o EXTERNAL RESERVOIR

THERMOMETER
VALVE

\
MANNNN

VALVE F THERMOMETER

VLt
— // s VS ek l]

Nl s | el
A

Figure 23 A continuous feed mercury source. (K. A. Harris, et al., 1986).

Figure 24 RIBER VHGS500 Mercury cell (500 cc)

Another popular mercury cell design by RIBER is shown in Figure 25. It has a reservoir
that is separate from the feedthrough and the valve. The significant difference between this
design and the previous designs is that it raises the mercury liquid level into the feedthrough,
using the principle of communicating vessels. Hence, the liquid surface is much closer to the cell
port. As a result, the maximum flux can be one order of magnitude higher than that of the
previous design. This design is the closest one to our new mercury cell design. Still, it has two
issues worth mentioning: One is that it is not convenient to adjust the mercury level by raising
and lowering the mercury reservoir; Two is that it has a needle valve that can be clogged and

contaminated with accumulated mercury and other source materials from the chamber.
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We will show how we overcome all of these issues with our new mercury cell design.

Figure 25 RIBER MCL Mercury cell (1100cc)

3.3.3 Newest Mercury Cell Design

sight glass
filling reservoir
HG FILL valve
VAC valve

N2 valve

main reservoir

Figure 26 A picture of the new Mercury cell installed on the MBE 32p chamber (left), and a
sketch of the Mercury cell's major components (right).

To overcome all the issues and concerns we mentioned in 3.3.2, we keep improving our

design, and the newest designed mercury cell is shown in Figure 26. It raises the mercury liquid
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level into the feedthrough, so the liquid surface is much closer to the cell port compared to other
designs. This feature is essential to provide a high and stable mercury flux at a much lower

operating temperature.

The way the mercury liquid is raised is significantly different from RIBER's design
(Figure 25). In our design, the mercury liquid level is controlled by adjusting the mercury
reservoir pressure Progervoir- With high enough surface pressure, mercury can be pumped up to
the cell port inside the chamber. The pumping mechanism uses the concept of a U-shaped tube
filled with liquid. When the surface pressure is the same on two sides of the tube, the liquid level
is also the same on the two sides. When there is a pressure difference between the two sides, the
liquid will start moving from the higher-pressure side to the lower-pressure side through the
tube. In our mercury cell, we do not have a perfect U-shape tube. Instead, we have the
feedthrough tube sticking inside the mercury liquid, coated with unique materials to avoid
mercury and stainless-steel reactions. Pyeeqthrougn, the mercury liquid surface pressure inside the
feedthrough, is always close to zero, because it is directly connected to the ultra-high-vacuum
MBE chamber. When the mercury cell is at standby, we keep the inside of the mercury reservoir
under vacuum, $O Preserpoir & Preeathrougn = 0. The mercury liquid stays inside the reservoir.
At the beginning of an MBE growth, we vent the mercury reservoir with high purity nitrogen
gas. The difference between Preserpoir a0d Preearnrougn becomes significant. Ay epcyry, the
height difference between the liquid level inside the feedthrough and that in the mercury

reservoir, is determined by Preservoir and Preeatnrougn Using Hydrostatic pressure formula:

Preservoir - Pfeedthrough = pmercury g hmercury (3'1)
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Here we assume the difference of mercury density pyercury at different pressure is
negligible, because liquids, in general, are very incompressible. We use pmercury =
13.6 g/cm3. If the mercury reservoir is vented to the atmosphere (1 atm or 101325 Pa), we can
get Rpercury = 745mm. The mercury cell is designed in a way that the distance between the
liquid level in the reservoir and the Hg cell port inside the chamber is higher than 745mm. If the

reservoir is accidentally exposed to the air, the mercury will not be pumped and spilled into the

chamber. This is an important safety feature.

During normal operations, however, we vent the reservoir with high-pressure nitrogen

gas, Nyercury can go higher than 745mm. If the mercury level is too high, the mercury will pour

into the MBE chamber, which would contaminate the chamber and should be avoided. To
monitor the mercury level inside the feedthrough closely to avoid mercury being poured into the
chamber, we added a glass tube to the feedthrough (Figure 27 and Figure 28). Using the physics
of communicating vessels, we can monitor the mercury level inside the feedthrough up to the cell

port by checking the mercury level inside the glass tube.

Figure 27 The upper part of the Hg cell. The feedthrough is connected to the cell port inside the
chamber. And a glass tube is connected to the feedthrough to monitor the mercury level inside
the cell port closely.
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Figure 28 The glass tube used to monitor the mercury level

This mechanism is crucial for the safety reason mentioned above and also essential to the

run-to-run flux stability. We make sure the mercury is at the same level for every MBE growth.

It turns out that this is quite maneuverable by controlling the pressure inside the reservoir. To test

the run-to-run flux stability, we did flux calibration twice, on two different days, to measure the

relationship between the mercury cell flux and the cell port temperature (Figure 29). During the

two flux calibrations, the mercury is raised to the same level. We can see that the flux is very

stable in a broad temperature range (131-149 °C). During normal operations, the cell temperature

remains below 140 °C.
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Figure 29 Mercury cell flux calibration on two different days showing good run-to-run flux

stability
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Another significant benefit of this mercury design is that the mercury cell can be flushed
and cleaned. During each growth, many other sources other than mercury cell is emitting
molecules into the chamber. Some of these molecules will condense on the mercury cell port or
even inside. Most of these can be removed by outgassing the cell at a high temperature, and we
make sure it is even cleaner by flushing the cell port using mercury a few times. Mercury will
bring down most of these impurities into the mercury reservoir. These impurities will float on top

of mercury and will not affect future growths.

Stable mercury flux during each MBE growth is also critical. The mercury cell port
inside the MBE chamber (Figure 27) has a heating mechanism attached. A welded stainless-steel
tubing is holding the mercury. A graphite sleeve wraps the tube. And the graphite sleeve is
surrounded by a tantalum heating assembly covered by another layer of graphite sleeve (Figure
30). This enables even heating on the mercury. Besides, the mercury level is close to the end of
the cell port during the growth. These mercury cell design characters warrant stable mercury flux

for hours during each MBE growth.

X

Outer sleeve (graphite)

Welded tubing (stainless steel) %
\ \mher sleeve (graphite)

W

Figure 30 A sketch of mercury cell port.
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Mercury consumes very fast during MBE growths. We want to have a large mercury
reservoir to hold as much mercury as possible, and also a safe and straightforward way to refill
mercury into the Hg cell in practice. One of the motivations to build a customized Hg cell is to
reduce the effort to replenish mercury. We have a valved glass tube for refilling attached to a
2000cc capacity reservoir in this new design. It is a big reservoir and can be easily refilled even

when the chamber and the reservoir are both under vacuum.

In summary, as a significant part of successful MBE growth, we designed and built a
customized mercury cell that warrants stable, pure, and high mercury flux during each growth

and excellent run-to-run flux stability. Moreover, it is easy to use, clean, and refill.

3.4 MBE Temperature Control

During an MBE growth, there are several temperatures that need monitoring. The cell
temperatures need to be controlled to provide stable and desired fluxes, and the substrate
temperature is crucial to successful MBE growth. A set of proportional—-integral—derivative (PID)
controller is used to control the cells' temperatures and the substrate individually. The major
components in a PID control system are shown in Figure 31. The temperatures of the cells and
substrate holder are measured with thermocouples. The thermocouples send temperature input to
the PID control unit. The unit generates an output signal to the power supply based on the current
temperature and the set temperature. The power supply heats the heating elements in the cells as

well as those behind the substrate holder; one temperature control loop is complete.
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Figure 31 An illustration of PID control loop

PID control is excellent at confining the temperature within a minimal range and ramping
the temperature smoothly. Figure 32 shows a temperature ramping profile using PID control.
PID control can prevent overshoot when rapidly changing the temperature settings. Moreover, it

can keep the temperature stable around the set temperature without too much fluctuation.

PID control
Temperature

Overshoots.
Does not fluctuate.

Setting

Time

Figure 32 A temperature ramping profile using PID control

As we mentioned in section 3.1, the growth window, which is the substrate's optimized
temperature range, is extremely small. This means two things: 1) The temperature has to be
within this growth window to achieve high-quality growths; 2) Once the temperature hits the
window, it needs to stay in the window stably. The second thing is solved by PID control.
However, the first one is not that easy to deal with. There are several factors that make it difficult

to hit the growth window:
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1. The thermocouple is connected to the back of the substrate holder, and there is a
temperature difference between the back of the holder and the surface of the

substrate.

2. The quality of the thermal contact between the substrate and the moly block

introduces inconsistency in temperature.

3. As the sample becomes thicker during the growth, the temperature of the sample
surface drops due to thermal radiation and poor thermal conductivity of II-VI

materials.

4. The size of the substrate affects thermal radiation and hence affects the temperature.

Factor 1 & 2 is solved by introducing good thermal contact between the substrate and the
moly holder. We use Isopropanol based Colloidal Graphite to mount the substrate. It provides
thermal contact and acts as a good adhesive to attach the substrate so it will not drop during the
growth. It is easy to apply but dries fast. To improve the applying speed and quality
simultaneously, we recently designed a customized stencil with a “waterfall” inner edge to
prevent capillary action due to surface tension. Colloidal Graphite is growth-temperature tested

and can hold the substrate at 210°C for more than 40 hours.

Factor 3 can be handled with in-situ characterization techniques like RHEED and SE.
These tools can help us monitor the real-time sample surface during the growth. We will discuss

RHEED and SE in the next chapter.
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Factor 4 is eliminated by ex-sifu characterization. Many other complicated factors, like
the condition of the chamber, cells, pumps, and substrate surface morphology, are hard to adapt
to. Ex-situ characterization like microscope and Nomarski can give us information on the surface

so that the growers can adjust the temperatures for the next growth accordingly.

To tackle the uncertainties and unseen factors that affect the growth temperature, a new
machine learning approach is used. We want to use a few critical MBE growth parameters as
input and build a machine learning model with Neural Network Architecture. Some promising
preliminary result has been achieved. The majority of this project will remain as part of future

work.

3.5 Growing T3SL Using MBE

Cadmium telluride and mercury telluride have similar lattice constants, 6.4815 and
6.4618°A, respectively. This minimal mismatch (0.3%) makes them good candidates for growth

of heterostructures and multilayers as the strain is small.

Both Normal and Inverted band structure HgTe/CdTe superlattices are grown using
MBE. The growth temperature of these samples ranges from 191 — 202°C, no noticeable effect

of the growth temperature is observed.

The inverted band structure superlattices are the earlier attempts to grow T3SL to study
absorption characteristics and optimize SL growth conditions. These samples were grown on
CdTe (211)B on Si substrates and employ a simple SL structure followed by a CdTe cap layer.
These layers are n-type doped with a doping level of low 10°. The designed HgTe well layer

thicknesses of these samples range from 67 A to 360 A, and the CdTe barrier thicknesses range
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from 44 A to 88 A. The structure of the inverted band SL samples is shown in Figure 33. And the

number of periods, well thickness, and barrier thickness of these samples are shown in Table 4.

CdTe Cap Layer

CdTe/Si Substrate /

————

‘ HgCdTe Barrier Layer 44 ~88 A

\ HgTe Well Layer 67~ 360 A

X 50°~200 .
* periods .

~ -
~ -
Sramam="

Figure 33 The structure of the inverted band SL samples. The insert shows one period of the SL

layer.

Sample # of Periods Well thickness (A) | Barrier thickness (A)
hct15048 100 180 44
hct15049 120 180 44
hct15051 80 180 44
hct15052 100 225 44
hct15053 50 360 88
hct15054 80 270 44
hct15055 200 67 44
hct15056 80 180 88
hct16001 200 180 44
hct16002 160 180 88
hct16003 160 88 88

Table 4 The designed number of periods, HgTe well layer thickness, and CdTe barrier layer
thickness of the inverted band structure superlattice samples
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The normal band structure SLs are grown on two different substrates, namely CdZnTe
(211)B and CdTe (211)B on Si. The structure of these SLs is significantly different from the
inverted band samples (Figure 34). First, we have a SWIR HgCdTe bottom contact layer, which
also acts as a buffer layer for the SL growth. The second is that we have an MWIR top contact

layer right below the CdTe cap layer. The bottom and top contact layers are added to form a

device structure.

Doping is also handled differently in these samples. Doping could potentially introduce
defect levels, which would reduce Shockley-Read-Hall lifetime. As we mentioned before, the
electrons and holes are confined inside the HgTe well layer in the HgTe/CdTe superlattices. By
doping the CdTe barrier layers only, the defects are formed inside the CdTe cap layer and are

separated from the carriers. The carrier lifetime is expected to be longer.

CdTe Cap Layer

e ——

HgCdTe Barrier Layer #3 ~ 10 A

HgCdTe Barrier Layer #2 (Indium Doped) ~ 30 A

HgCdTe Barrier Layer #1 ~10 A

-
P -~

HgTe Well Layer ~50 A

Figure 34 The structure of the normal band SL samples. The insert shows one period of the SL
layer.
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These samples have 500 periods, and HgTe well and CdTe barrier thicknesses are in the
range of 50A to 60A, which are designed based on our modeling result. The cutoff wavelength of
these samples is in the VLWIR range. The designed number of periods, HgTe well layer
thickness, and CdTe barrier layer thickness of three representing normal band structure
superlattice samples are given in Table 5. To avoid confusion and help the reader remember the
difference between these samples, the samples’ names are omitted and replaced by nicknames

with their substrate included.

Sample nickname # of Periods Well thickness (A) | Barrier thickness (A)
SL CZT 500 50 50
SL_CdTe/Si 1 500 52 54
SL_CdTe/Si 2 500 50 52

Table 5 The designed number of periods, HgTe well layer thickness, and CdTe barrier layer
thickness of three representing normal band structure superlattice samples.

It is worth mentioning that the thickness of the CdTe barrier is picked so that a reduced
tunneling current can be achieved while maintaining a sufficiently large vertical transport. It has
been shown that SL designs with d¢g7.~50 A can meet this requirement and the perpendicular

effective mass is about ten times larger than the in-plane effective mass [68].
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4 CHARACTERIZATION

4.1 MBE In-situ Growth Characterization
4.1.1 Reflection High Energy Electron Diffraction
4.1.1.1 Overview

Reflection High Energy Electron Diffraction (RHEED) is one of the most critical in-situ
characterization tools for molecular beam epitaxy. It provides real-time information on sample

surface morphology and assists in finding the optimum growing condition.

The RHEED system is installed directly on the MBE growth chamber. A beam of
electrons accelerated to 10keV is focused and directed to the sample mounted on the manipulator
with deflection and focus plates, then the electrons are diffracted at a very small angle (1 — 5°).
The diffracted beam containing sample surface information then hits a phosphor screen mounted
on a vacuum quartz window, showing an RHEED pattern that can be observed. An illustration of
an RHEED system is shown in Figure 35. Because the electrons are directed onto a sample’s
surface at a shallow incident angle, the electrons have a small normal momentum component so
they can only penetrate to a few atomic monolayers. This makes RHEED an excellent real-time

surface monitor.

Detector/CCD

Electron Gun

Sample Holder

Figure 35 An illustration of an RHEED system. (https://en.wikipedia.org/wiki/Reflection high-
energy electron_diffraction)
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Because RHEED only touches the samples surface, the lattice structure it interacts with
can be described as a 2D surface. The reciprocal net points of a 2D periodic net are a series of
infinite rods perpendicular to the sample’s surface. The Ewald’s sphere has a radius equal to the

incident electrons wavevectors’ magnitude and is center on the sample surface with :

ky = — (4.1)

where A is the electron’s de Broglie wavelength. The different between incident beam

wavevectors k, and diffracted beam wavevector k' defines the possible reflection conditions:

k' —ky=G (4.2)

And for elastic scattering

kol = |K'| (4-3)

This diffraction condition is illustrated in Figure 36. Diffraction conditions are satisfied
where the rods of reciprocal lattice intersect the Ewald's sphere. The RHEED electrons typically
have energies in the 10-40KeV range and de Broglie wavelengths of 0.17-0.06 A, which is
much smaller than the crystal lattice constant. As a result, Ewald’s sphere is much larger than the
sample's reciprocal lattice, which produces an almost straight cut through the reciprocal lattice

Brillouin zones that can be observed in the RHEED patterns.
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Figure 36 This diffraction condition of RHEED

4.1.1.2 RHEED Patterns of T3SL samples

RHEED image of a typical HgTe/CdTe SL growth is shown in Figure 37., The RHEED
diffraction pattern observed during planar 2D growth appears as a series of vertical streaks,
which we call 2D streaks. They are an indication of good growing conditions and a smooth

sample surface. More, thinner and longer streaks mean better quality of the growth.

Figure 37 RHEED images of a typical HgTe/CdTe SL growth. (Left) HgTe well (Right) CdTe
barrier
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RHEED can be used to extract quantitative information from the surface. The spacing of
the streaks is related to the lattice spacing, and the widths of the streaks are related to in-plane
grain size. Oscillations in the intensity of observed RHEED patterns have been widely reported
[79], and the periodicity of the oscillation is associated with individual atom layer growth. A
bright RHEED pattern is observed when a flat atomic layer is grown. Then the RHEED pattern
decreases in brightness until the full formation of the next layer. Each oscillation period can be
used to calculate and calibrate the growth rates in-sifu, therefore allowing precise layer thickness
control. These oscillations are often used to calibrate growth rates in real-time and allow more
precise layer thicknesses to be attained. However, these oscillations are not observed in our lab

due to the nature of the step-flow growth mode of (211) growths [80].

In reality, RHEED is not suitable for extracting quantitative information from the surface
because the substrate holder is rotating to allow uniform deposition on the substrate. The
RHEED pattern changes rapidly, and it is challenging to take the best RHEED image and
analyze it on the go. Besides that, the RHEED beam contains high energy electrons; focusing the
beam on the same area of the sample for too long can result in localized and uneven heating on
the surface, which generates defects. To take RHEED images without stopping the rotation, A
Python program is written to take 16 consecutive burst images in about 1second so that the user

can pick the best one for comparison with other images taken during the growth.

During our routine growth of HgCdTe alloy or HgTe/CdTe superlattices, RHEED is used
primarily as a qualitative tool to verify single crystal growth conditions and monitor the surface
defects. Especially during the nucleation, though primarily based on experience, the RHEED

pattern transformation gives much information on the growth conditions. Figure 38 shows two
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RHEED patterns associated with problems during MBE growth. These patterns are rarely seen
during SL growth but are very common during HgCdTe alloy growth. “Grow window” does not
exist for a SL growth. Unless the growth condition is quite off, 2D streak patterns should be seen
throughout the SL growth. However, in a HgCdTe growth, these patterns in Figure 38 showing
up during the early stage of the growth are usually associated with incorrect growth
temperatures. Usually, we adjust the growth temperature immediately when there are signs of
these patterns, and the surface can be flattened out. However, if these patterns show up and the
growth condition is not corrected, then the defects are formed, and it is impossible to recover a

flat high-quality single crystal layer.

Figure 38 RHEED patterns associated with problems during the growth. (Left) 3D growth on the
samples surface usually resulting from multiple crystalline phases; (Right) Twinning dots due to
short streaks from (111) twin plane adjacent to the primary reflection.
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4.1.2 Ellipsometry
4.1.2.1 Overview

Ellipsometry or Spectroscopic ellipsometry (SE) is another important in-situ
characterization tool for molecular beam epitaxy. It provides real-time information on sample
surface roughness, sample surface temperature, and composition for HgCdTe. Compared to

RHEED, it is much easier to quantify the surface of the sample.

The Ellipsometry system is installed directly on the MBE growth chamber. A light source
produces unpolarized light which is then sent through a polarizer. The polarizer axis is oriented
between the p- polarized and s- polarized planes, such that both s- and p-polarized light arrive at
the sample surface. The elliptically polarized light reflects from the sample surface goes through
a continuously rotating polarizer (analyzer) and reaches the detector, where the light is converted
into an electronic. The electronic signal carries polarization information, and is compared to the
model build with a known input polarization. An illustration of an Ellipsometry system is shown

in Figure 39.

I
Light source | Detector
|
I
|
|
Polarizer Analyzer
I
D
Compensator 1 Compensator
(optional) ! (optional)

Sample

Figure 39 An illustration of an Ellipsometry system (https://en.wikipedia.org/wiki/Ellipsometry)
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When a light beam shines on a HgCdTe/CdTe/Si multilayer or HgTe/CdTe SL structure,
multiple reflections and refractions result in an infinite series for the transmitted and reflected
light. After many reflections and refractions from the interfaces among the layers, the light
travels to the detector with rich information about the sample. Compared to RHEED,
Ellipsometry light goes deeper into the surface but still carries information of the top layer
instead of the whole sample. So, Ellipsometry also provides real-time information about the

sample surface.

The ellipsometry model build with known input polarization requires two ellipsometry
parameters. The ratio of the Fresnel reflection coefficients of p-polarized light and s-polarized

light is

%l . : ;
p= i = ﬁexp(wp — i8;) = tanpe'® (4.4)

where 1 and A are the two ellipsometry parameters. 1) represents the ratio of the
amplitude diminutions, and A is the phase difference induced by the reflection from the sample.
The ellipsometry emits light with an energy range from 1.5eV to 3.5e¢V. i and A as a function of
energy is plotted. The data is fitted using regression analysis where hundreds of experimental
data are used. The unknown parameters are determined until the minimum of an estimator, the
Mean Squared Error (MSE) for instance, is reached. An example of fitted data is shown in Figure
40. 1 and A are plotted as a function of light energy. The data is from a singletimestampp during
the HgTe/CdTe superlattice growth, and the fitted model is a HgTe model based on experimental

data.
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Spectroscopic Data

Delta

Figure 40 An example of fitted ellipsometry data. y and A are plotted as a function of light
energy. The data is from a single timestamp during the HgTe/CdTe superlattice growth, and the
fitted model is a HgTe model based on experimental data.

Ellipsometry can extract various information during different phases of MBE growth. We
can get CdZnTe or CdTe on Si substrate temperature along with its surface roughness during the
substrate outgassing process. During a HgCdTe alloy growth, we can extract the composition x
and the surface roughness. The most grown HgCdTe heterostructure in our lab is MWIR Double-
layer planar heterostructure (DLPH). This device structure contains a SWIR buffer layer, an
MWIR absorber layer, and an MWIR HgCdTe cap layer followed by a CdTe cap layer. The
whole growth is monitored by ellipsometry. Figure 41 shows the Ellipsometry data during one
MWIR DLPH growth. Surface roughness and Hgi.«CdxTe composition are plotted as a function
of time into the growth process. SWIR buffer layer, MWIR absorber layer, and the HgCdTe cap

layer corresponds to different regions on the composition vs. time curve.
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Figure 41 Ellipsometry data during one MWIR DLPH growth. Surface roughness and Hg1-
xCdxTe composition are plotted as a function of time into the growth process. SWIR buffer
layer, MWIR absorber layer, and the HgCdTe cap layer corresponds to different regions on the
composition vs. time curve.

It can be observed in Figure 41 that there are some noticeable oscillations at the
beginning of the growth, then the fluctuations slowly disappear after about 10min into growth.
This is due to the interference of the reflecting light [81], majorly between the light reflected
from the vacuum-epilayer and epilayer-substrate interfaces. As the layer thickness increases
continuously during the MBE growth, the constructive /destructive interference wavelength
changes, which causes fluctuations in the light intensity, and hence the model fitting is
incomplete. Note that the ellipsometry light has energy higher than the bandgap of the
semiconductor materials that we are growing. Eventually, the reflected lights inside the layer are

fully absorbed, and the interference effect disappears.

4.1.2.2 Ellipsometry data of T3SL samples

Despite it holds ellipsometry from being used as a tool to monitor the growth from the

beginning, the interference effect that we mentioned in 4.1.2.1 can be used to calculate and
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calibrate the growth rate. The ellipsometry parameters' oscillations are due to interference, and

interference condition depends on the layer thickness. By subtracting the time between two peaks

on the oscillation curve, combining the change of layer thickness calculated from the interference

condition, the growth rate can be extracted. Figure 42 shows ellipsometry parameter y as a

function of time for light sampled at different energies. The curves oscillate at the beginning of

the growth due to interference between reflected lights. The effect totally disappears after 30min

into the growth. The data is fitted using interference theory. Note that the time starts at a non-

zero position because ellipsometry and the growth were started at different times. Figure 43

shows ellipsometry being used to calibrate the HgTe growth rate. A HgTe layer is grown on

CdTe on Si sample for 15 minutes. The thickness of the layer as a function of time is plotted

using the fitted data. The growth rate can then be extracted from the slope of the linear fit.

Dynamic Data

402
3488ev| | Fitted data
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Interference between light reflected from the vacuum-
epilayer and epilayer-substrate interfaces.
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Figure 42 Ellipsometry parameter y as a function of time for light sampled at different energies.
The curves oscillate at the beginning of the growth due to interference between reflected lights.
The effect disappears after 30min into the growth. The data is fitted using interference theory.
Note that the time starts at a non-zero position because ellipsometry and the growth were started

at different times.
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Figure 43 Ellipsometry being used to calibrate HgTe growth rate. A HgTe layer is grown on
CdTe on Si sample for 15 minutes. The thickness of the layer as a function of time is plotted
using the fitted data. The growth rate can then be extracted from the slope of the linear fit.

The surface roughness obtained from ellipsometry is also proved useful. It is evident that
high quality layers have relatively low surface roughness. We have found a strong correlation
between the ellipsometry surface roughness and RHEED patterns. Figure 44 gives a few
examples of the RHEED pattern and the ellipsometry surface roughness of MWIR single layer

HgCdTe samples.

70 A 30A 6 A

Figure 44 A few examples of the RHEED pattern and the ellipsometry surface roughness of
MWIR single layer HgCdTe samples. A strong correlation between the ellipsometry surface
roughness and RHEED patterns can be observed.
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Unfortunately, ellipsometry is not quite useful for superlattice growths. Because the
HgTe well and barrier layers are relatively thin, ellipsometry does not have enough layer
thickness to build up stable polarization information (Figure 45). So ellipsometry is majorly used

for SL growth rate calibration and monitoring HgCdTe growths.

Parameters vs. Time

Ellipsometry: ramete T3SL

40 CdTe Cap
0y CdTe Barrier
3 HgTe Well

CdTe Barrier
HgTe Well

CdTe

Figure 45 An example of ellipsometry data got from superlattice growth. Because the HgTe well
and barrier layers are relatively thin, ellipsometry does not have enough layer thickness to build
up stable polarization information.

4.2 MBE Ex-situ Growth Characterization
4.2.1 Overview

Molecular beam epitaxy growth optimization relies heavily on accurate ex-sifu
characterization. Characterization result on previous samples is used to improve subsequent

growths.

Ex-situ characterization starts from taking pictures of the sample surface. A strong
flashlight is used to illuminate the sample surface at different angles. This can give us some
preliminary yet useful information about the growth quality. Good growth usually ends with
shining surface, while unsuccessful growth can result in haze and visible point defect. Based on
our experience, the sample surface color reflects the growth temperature condition during the

growth. The purplish surface is what we are expecting for a sample with optimized growth
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temperature, while pale gray or yellowish color is associated with high temperature or low-
temperature growth. A picture of an as-grown 25mmx25mm HgTe/CdTe superlattice sample on

CdZnTe (211)B substrate is shown in Figure 46.

Figure 46 A picture of as-grown HgTe/CdTe superlattice sample on CdZnTe (211)B substrate

A whole wafer imaging system is occasionally used to identify any significant macro
defect or scratch on the sample surface. A digital single-lens reflex camera (DSLR) with a
Microlens is used within a dark tunnel. The sample is illuminated with the flashlight mounted on
the side. A black sample surface with no white dots would be ideal. Any kinds of void defects
caused by dust particles left on the surface by the substrate cleaning process, chamber flakes
dropping, substrate transferring and mounting, or from the Hg or other cells will be revealed. A
picture taken with a whole wafer imaging system of as-grown 25mmx25mm HgTe/CdTe

superlattice sample on CdZnTe (211)B substrate is shown in Figure 47.
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Figure 47 A picture taken with a whole wafer imaging system of as-grown 25mmx25mm
HgTe/CdTe superlattice sample on CdZnTe (211)B substrate

More sophisticated methods are used to characterize HgTe/CdTe superlattice growths.
Microscope (4.2.2) and Fourier-transform Infrared Spectroscopy (Chapter 0) are used as routine.
Some preliminary imaging results utilizing Scanning Electron Microscopy (4.2.3) and
Transmission Electron Microscopy (4.2.4) are presented to verify the superlattice structures. X-

ray diffraction (4.2.5) is used to characterize SL periods thickness and lattice constant.

4.2.2 Microscope and Nomarski

The sample’s structural quality almost always limits infrared device performance. The
fastest and most direct way to characterize the sample’s quality is to use a microscope. Optical
microscopy was used to evaluate grown samples' surface morphology, which reveals information
about the crystallization mechanism prevalent during MBE growth. Figure 48 shows microscope
imaging of the surface of three HgTe/CdTe superlattice samples. A defect-free surface looks
smooth and free of dark dots, which is usually an indication of good sample quality. Triangle
void defects are usually associated with high-temperature growth or insufficient Hg flux. The

formation of these void defects from the viewpoint of crystallography and nucleation is still
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unclear, though it is very likely that the origin of void defects is bundles of screw defects [60].
On the other hand, if the growth temperature is low and the growth condition cannot offer
enough surface relaxation time for atoms to relocate to a global energy minimum, high-density

micro-defects with twins will form on the surface.

(@ (b) (©

Figure 48 Microscope imaging of the surface of three HgTe/CdTe superlattice samples: (a) a
defect-free surface (b) a surface full of triangle void defects (c)a micro-defects rich surface.

Nomarski microscopy is a phase imaging technique that utilizes differential interference
contrast (DIC). It is named after its inventor, Polish and naturalized-French physicist, Georges
Nomarski [82]. A polarized light source is separated into two orthogonally polarized mutually
coherent parts, which recombine before observation. Their optical path difference induces
interference. The contrast is then produced due to the path length gradient along the shear
direction on the sample, and a 3D image corresponding to the sample surface optical densities is

generated. Hence, Nomarski images emphasizes defects, lines, and edges on the sample surface.

A Nomarski microscopic image of an as-grown HgTe/CdTe superlattice sample on CdTe
(211)B on Si substrate is shown in Figure 49. Crossed lines with 44 deg to 45 deg angles
forming a crosshatched pattern are usually found on the MBE-grown HgCdTe or HgTe/CdTe

superlattice epilayers of relatively high quality and without large densities of micro- or macro-
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defects [83], [84]. This pattern can only be seen using a Nomarski microscope, which reveals the

surface morphology. We did not observe this pattern using a regular microscope.

Figure 49 A Nomarski microscopic image of an as-grown HgTe/CdTe superlattice sample on
CdTe (211)B on Si substrate.

For a heterostructure that is approximately 10pum thick, the peak-to-valley distance of a
crosshatched pattern on the surface is of 5 ~ 20 nm. This pattern is usually more visible for
samples grown CdTe on Si substrates than those on CdZnTe bulk substrates. The orientations of
these lines follow either the [213] or [231]directions, which corresponds to the intersection of a
(211) surface plane with (111)and (111) slip planes, respectively [60]. The primary cause of
these crosshatches is slippage along these planes and consequently misfit dislocation formation.
Another cause is the amplification of already existing crosshatches from the CdTe on Si
substrates. Smaller height crosshatches (~around 0.4 nm) are likely caused by surface strain

relief [83], [85] where misfit dislocations may not be present.

Nomarski microscopy emphasizes and shows the morphological structure of defects on

the surface. Figure 50 (a) shows a Nomarski image of a void defect under 1000x magnification.
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The triangle void defect is sitting on a crater, which can only be seen using Nomarski. Figure 50
(b) shows a Nomarski image of needle defects on the surface under 500x magnification. Twins
(craters) can coexist with needle defects at non-ideal low (high) growth temperatures. Sometimes
needle defects may even be induced by rough or damaged substrate, which favors the formation

of clusters.

(a) (b)

Figure 50 Nomarski imaging of (a) a void defect under 1000x magnification. The triangle void
defect sits on a crater (b) a needle defects rich surface under 500x magnification.

4.2.3 Scanning Electron Microscopy
4.2.3.1 Overview

While the sample surface provides essential information, we want to look inside the
T3SL samples to learn more. A cross-section view should reveal the heterostructure of the SL
samples. Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM)
are two electron microscopes that are widely used for this purpose. SEM scans the sample with a
focused beam of electrons. The signals are produced through the interaction between electrons

and atoms in the sample, where information regarding the surface topography and composition
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of the sample is revealed. Very often SEM is operated in the mode that the image is formed
using the secondary electrons emitted by atoms excited by the electron beam. An image is
created by scanning the sample and collecting the secondary electrons which contains
information about the sample surface topography. An illustration of SEM is shown in Figure 51.

In this work, a Raith eLine SEM operating at 10kV was used.

electron beam — i

electron gun

<y

magnetic lens

\@ secondary
[ electron detector

stage

backscattered
electron detector.

specimen

Figure 51 An illustration of a Scanning electron microscope. (Source: Encyclopadia Britannica,
https://www.britannica.com/technology/scanning-electron-microscope)

4.2.3.2 Characterization Result

Our goal is to observe SL patterns and measure layer thicknesses using SEM. SEM is
more accessible than TEM, and the sample is much easier to prepare, so the feedback cycle is
much shorter. However, we did not observe SL patterns in the SEM images (Figure 52). The
sample we used in the SEM characterization is a HgTe/CdTe superlattice sample with 200

periods. The HgTe well layer's designed thickness is 67 A, and the designed thickness of the

88



CdTe barrier layer is 44 A. The SL layer is grown on a CdTe (211)B on Si substrate, where the
CdTe layer is usually around 10 um thick, and the Si base layer is a few hundred microns thick.
The SL layer, the CdTe layer, and the Si layer can be clearly distinguished from the TEM
images, even though the SL periodic pattern is not observed. The HgTe wells in the SL layer
dominate the SL layer's color, resulting in the apparent color difference between the SL layer and

the CdTe bulk layer.

HgTe/CdTe SL
HgTe/CdTe SL

HgTe/CdTe SL

(b) (c)
Figure 52 SEM imaging of the cross-section of a HgTe/CdTe superlattice sample grown on CdTe

(211)B on Si substrate at (a) 162x magnification (b) 5570x magnification (c) 12850x
magnification

The primary reason why the SL pattern is not observed with SEM is still unclear. A
possible explanation is that the SL well/barrier layers are too thin, and SEM does not have
enough resolution to reveal them. However, the subtle textures/lines on Figure 52 (b) and (c)
seems to be on a smaller scale than the SL well/barrier layers. Another possible explanation is
that the color difference between HgTe and CdTe layers is small, so that they cannot be
distinguished when clustered. This theory is also suspicious because the interface between the SL

layer and the CdTe substrate looks sharp and clear. The third possible explanation is that the SL
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layer interdiffuse too much during the growth, and it eventually becomes HgCdTe alloy. This is
proved wrong with FTIR measurement (section 5.2.3.3), where these HgTe/CdTe superlattices

display SL absorption behavior that cannot be mistaken.

Though SEM failed to provide the thicknesses of individual layers in the SL, we can still
get the SL layer's total thickness to calibrate the growth rate. The designed thickness of this
specific SL sample is 2.22 um. The thickness calculated from SEM is ~6 um, which is much
bigger than the designed thickness. We later found out that the thicknesses of this batch of SL
samples are off due to the rapidly increasing CdTe flux from growth to growth. The CdTe flux
changes a lot after the calibration growth we did at the beginning of this batch. The cause of this

increase in flux is that the CdTe ingot is close to the end ofits life.

The superlattice sample is hand cleaved along the <111> direction to reveal the cross-
section. Initially, we tried using a dicing saw to expose the cross-section, it turns out that the saw
blade would damage the edge and makes the cross-section useless (Figure 53). Saw blade marks
are present everywhere on the Si substrate. The SL layer and the CdTe layer are cracked.
Surprisingly, hand cleaving along the <111> direction would give a much smoother cross-

section, and cracking at the edge is avoided.
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Figure 53 SEM imaging of the cross-section of a HgTe/CdTe superlattice sample grown on CdTe
(211)B on Si substrate made with a dicing saw.

4.2.4 Transmission Electron Microscopy
4.2.4.1 Overview

Transmission Electron Microscopy (TEM) is a microscopy technique in which a beam of
electrons is transmitted through a specimen to form an image. It is a superior technique for
imagining at nanometer dimensions compared to SEM. An illustration of TEM is shown in
Figure 54. It consists of three essential part: (1) an electron gun and a condenser system to focus
the electron beam, (2) the image-producing system, which focuses the electrons passing through
the specimen to form a real, highly magnified image, consisting of the movable specimen stage,
objective lens, intermediate lens and projector lens (3) the image-recording system, which
converts the information carried by electrons into some visual images. Besides, TEM must
operate under vacuum, so a vacuum system including pump and valves is involved. In this work,
the TEM characterization is done at Prof. David Smith’s research group at Arizona State

University with a Philips-FEI CM200 FEG-TEM operated at 200 keV.
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Figure 54 An illustration of transmission electron microscope

TEM is considered a destructive characterization method because TEM samples need
special preparation where the sample is micro-machined to a thickness of 100 nm or less under a
milling or polishing process. The challenges met in producing suitable TEM samples limit the
studies of HgTe/CdTe superlattices using TEM compared to other semiconductor materials.
HgTe/CdTe superlattices are mechanically weak, making it challenging to prepare, and defect
analysis can be erroneous due to the likely possibility of defect creation from the sample
preparation process. This precludes the use of TEM as a routine form of characterization for
T3SL. Still, it remains the only microscopy to image the superlattice layers at sufficient
magnification. In this work, we use TEM as an accurate tool to determine the individual layer

thicknesses and gain preliminary information on HgTe/CdTe interface.

Two types of TEM sample preparation techniques were used in this work, namely
Focused Ion Beam (FIB) and Ar-ion milling at liquid N2 temperature. The nanometer-scale
resolution of FIB gives it the advantage to precisely mill and polish the sample, with the

drawback of creating more damage to the sample compared to Ar-ion milling. To minimize the
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damage, low beam voltage FIB was used. Ar-ion-milling was done at liquid N2 temperature to

reduce the heat, while FIB is done at room temperature.

4.2.4.2 Characterization Result

TEM characterization was performed on three HgTe/CdTe superlattice samples. The

designed number of periods and well/barrier thicknesses are shown in Table 6.

Sample hct16003 is prepared using FIB at 20kV and 0.21nA with ionized Gallium (Ga").

A thin film of Platinum was deposited on top of the superlattice sample before the FIB process.

The SEM image of the cross-section of the FIB lift-out sample is shown in Figure 55. The

vertical stripes present on all layers are due to the FIB milling process, which are often referred

to as “curtaining.” FIB inevitably causes damage to the cross-section, which we need to keep in

mind when analyzing defects. Similar to the SEM images we showed in section 4.2.3, we did not

observe any superlattice periodic patterns. Note that two different SEM systems were used,

which confirms that superlattice patterns cannot be seen using SEM.

# of Periods I?esigned well De;signed barrier ' Estimated total
thickness d,, (A) thickness d;, (A) | thickness dyprq; (Lm)
hct15048 100 180 44 2.24
het15052 100 225 44 2.69
hct16003 125 88 88 2.20

Table 6 The designed number of periods and well/barrier thicknesses of three T3SL samples
used in TEM characterization
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Figure 55 SEM Imaging of the cross-section of the FIB lift-out sample

A low magnification TEM image of the cross-section (also known as XTEM) is shown in
Figure 56. The sample is rotated to <110>. The sample is much thicker than the design thickness,
which is 2.2 pm. This confirms that this batch of SL sample has an issue with thickness overshot.
We do not know whether the overshooting is in the HgTe well layer or the CdTe barrier layer
yet. Counting from the top to the bottom of the SL layers gives us 125 periods, which agrees
with our expectation. Some short threading defect segments are present in the superlattice layer.
Note that none of these threading defect segments go across the whole SL layer. There are a few
started in the substrate and terminated after about 10 SL periods. HgTe/CdTe superlattice has
been used as an interfacial layer to block the dislocations to propagate from the substrate to the
HgCdTe absorber layer [13], [60]. It is believed that abrupt interfaces interposed between HgTe

and CdTe layers might help block the propagation of substrate-related defects.
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Superlattice

CdTe Substrate

Figure 56 A low magnification (10kx) XTEM image of sample hct16003

The small black patches in CdTe substrates shown in Figure 56 are most likely due to Ga-
implantation introduced during the FIB milling process. These small patches are further
investigated with medium magnification XTEM. The result is shown in Figure 57. HgTe appears
a darker color compared to CdTe. As a result, the small black patches in the CdTe layer looks
like HgTe. This is not much of an issue for the substrate layer since we know the substrate is just
CdTe bulk grown on Si. However, these small black patches are also visible in the SL layer,

makes it hard to distinguish between a Hg bulge defect and Ga-implantation induced by FIB.
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Figure 57 A medium magnification XTEM image of sample hct16003

A high magnification XTEM image of sample hct16003 prepared with FIB is shown in
Figure 58 (a). The interfaces of HgTe and CdTe layers are vague. There are two possible
explanations: (1) The superlattice layers interdiffused; (2) FIB damaged the sample. In order to
find the answer, another sample is prepared using Ar-ion milling at 2.5 keV at liquid nitrogen
temperature, followed by a 2.0 keV finish for cleaning. The high magnification XTEM image of
this new TEM sample is shown in Figure 58 (b). It is evident that the new TEM sample prepared
with Ar-ion milling has much sharper and straighter interfaces than the one prepared with FIB.
Since these two TEM specimens came from the same SL sample, we concluded that FIB
damaged the HgTe/CdTe superlattice cross-section. The damage is likely due to the heat from
high energy Gallium. The heat cannot dissipate fast enough due to the poor thermal conductivity
of II-VI materials, and some areas of the cross-section are heated fast, so interdiffusion happens.
The quality of the image could be improved by cleaning the sample surface after FIB process.
The explanation of FIB induced damage is backed up by the fact that Ar-ion milling, which was

done at liquid nitrogen temperature, causes less damage. However, the Ar-ion milled sample
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looks more defective, where quite a few sharp lines are visible on the cross-section. These

defects most likely came from the Ar-ion milling process since similar defects are not observed
in the FIB TEM sample. The TEM sample preparation technique needs to be further improved,
considering both FIB and Ar-ion milling causes damage to the HgTe/CdTe superlattice sample,

which makes it almost impossible to do defect analysis using TEM.

(a) FIB (b) Ar-ion milling under 77K

Figure 58 high magnification XTEM images of sample hct16003 prepared with (a) FIB (b) Ar-
ion milling at liquid nitrogen temperature.

The sample thickness can be calibrated using XTEM. As we mentioned before, the
sample thickness overshoot due to an unexpected run-to-run jump in CdTe flux. As a result, we
expect to see thicker CdTe barrier layers. The insert in Figure 57 shows the average intensity
profile along the superlattice growth direction. The intensity periodicity corresponds to the
periodicity of the superlattice. The thickness of one SL period can be obtained by taking the
average of several intensity periods. The result shows that the thickness of one SL period is 26.5

nm, and the total thickness of the SL layer is 3.31 pm.

A higher magnification XTEM image is needed to acquire the thicknesses of the

individual HgTe/CdTe layer. Figure 59 shows the high magnification XTEM images of all three
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samples we mentioned in Table 6. The HgTe thicknesses for all three samples are slightly
smaller than the designed value, with a 5-15% error; The CdTe thicknesses overshot more than
80% of the designed value. Thicknesses are related to growth rate, and growth rate is directly
related to cell flux. To check the regularity of flux change, HgTe error percentage and CdTe
error percentage as a function of sample index since the start of this batch is plotted in Figure 60.
Te flux drops gradually over time, while CdTe flux increases dramatically. The issue was fixed
by refill the CdTe cell with a new ingot and slightly increase Te cell temperature from run-to-

run.

hct15048 hct15052 hct16003

Figure 59 High magnification XTEM images of all three samples mentioned in Table 6. The
average thicknesses of HgTe well layers and CdTe barrier layers are also given on the images.
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Figure 60 HgTe error percentage (left) and CdTe error percentage (right) as a function of sample

index since the start of this batch of HgTe/CdTe superlattice growths. The blue and red straight
lines are the linear fit of the three TEM characterized samples.

Some other sample characteristics can be obtained from XTEM images. Two examples of
irregularity observed from XTEM are shown in Figure 61. Figure 61 (a) shows a wavy pattern
that has previously been reported on HgCdTe bulk material [60]. This wavy pattern shows up in
the region near the top of the SL layer and is likely due to twins formed on the exposed {111}-
type planes of needle defects. Figure 61(b) shows an extra thick CdTe barrier layer created due

to Tellurium shutter malfunction that happened shortly after the SL growth started.

Superlattice

(b)

Figure 61 Examples of irregularity observed from XTEM. (a) Superlattice pattern becomes wavy
near the sample surface, and Te Precipitates are observed. (b) An extra thick CdTe barrier layer
was created shortly after the SL growth started due to Tellurium shutter malfunction.
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4.2.5 X-ray Diffraction
4.2.5.1 Experiment setup

X-ray diffraction (XRD) allows for a thorough structural analysis of the grown crystal,
making it one of the most important tools for the MBE-grown sample characterization. X-ray has
a strong interaction with the crystal lattice because the x-ray wavelengths are comparable to the
crystal lattice spacing. As a result, information-carrying crystal structure is revealed through the
scattering process. Lattice spacing itself can be extracted, which can then be used to determine
the composition of ternary materials, provided the lattice constants of the constituent binaries

follow the empirical Vegard’s law.

The source of x-rays is a copper x-ray tube. Electrons are accelerated into a copper target
with 40kV, and the associated emission current is 40mA. This interaction generates x-ray
photons with a wavelength peaked at A,,.4,, = 1.5406 A, which is in the same order as the crystal
lattice of II-VI materials. The x-ray beam is then narrowed by x-ray mirrors and focused on a
monochromator containing four high purity germanium crystals, which further reduces the
angular divergence. Then the x-ray pass through a vertical slit of various size (0.1~2 mm) to
adjust the lateral size of the output beam. The sample is mounted on a stage with six degrees of
freedom, namely the three cartesian directions xyz, y-direction rotation w, z-direction rotation ¢,
and x-direction rotation y. 26 corresponds to the angle between the detector and the plane of the
sample surface, and it shares the same rotating axis as w. w/26 axis is used for XRD
measurement, while ¢ and y are used for alignment of the sample to the plane of the incident x-

ray. The three rotation angles are illustrated in Figure 62.
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Figure 62 Rotation angles of the XRD sample stage.
(https://www.semanticscholar.org/paper/Determination-of-residual-stresses-by-X-ray-
Fitzpatrick-Fry/ecbabal7¢7e¢95806ab701cefablfd50781adc2b6#paper-header)

Rocking curve XRD measurements are used in this work. The samples are ‘rocked’ over
a small range of w about a diffraction peak. Rocking curve measurement is quick and commonly
used on single-crystal sample characterizations. The quality of the growth, the periodicity of the
superlattice layer can be obtained. Two major types of rocking curve measurements are used,
namely w scan and w — 26 scan. For w scan, the w-axis is scanned about the reflection peak
while 260 is fixed at 20 = 2w. w scan is majorly used to do sample alignment along with z-scan.
Once the alignment is done, we use the w — 28 scan to expand the scan range, which is essential
for superlattice XRD measurements. For w — 26 scan, 26 is coupled with w. 26 and w change
at the same time for each step of the scan. The change amount of 26 and the change amount of w

satisfy A20 = 2Aw.

A Bruker D8 XRD system is used in this work. A picture of the XRD system at

Microphysics Laboratory of the University of Illinois at Chicago is shown in Figure 63.
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Figure 63 The basic setup of the XRD system at Microphysics Laboratory of the University of
Ilinois at Chicago

4.2.5.1 Bragg’s law

X-ray diffraction is based on Bragg’s law, which gives the angles for coherent and
incoherent scattering from a crystal lattice. The x-ray beam approaches the crystal lattice, and the
photons are scattered off different atoms within the crystal. The difference in the optical path of
these photons leads to constructive or destructive interference. Bragg’s law describes the

condition of constructive interference between the x-ray radiation with wavelength 4,,.,,, and the

crystal plane (hkl) as:

n/lxmy == ZdhleinH (4’5)

where n is an integer, 8 is the angle between the incident x-ray beam and the plane of the
sample surface, dj,; is the distance between planes inside a periodic lattice and is a function of

lattice constant a:
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dp,, = —— 4.6
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An illustration of Bragg diffraction is shown in Figure 64.
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Figure 64 Two beams scattered off atoms in two different planes in a Bragg diffraction situation.
(https://en.wikipedia.org/wiki/Bragg%?27s_law)
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For the (211)B HgTe/CdTe superlattice samples that we are considering here, the only

symmetric reflection of interest is (422). So dp; becomes:

a a

d = = 4.7
N o T RPN &7

The lattice constant of HgTe at room temperature is 6.462 A, and that of CdTe is 6.482

A. Plug these two numbers into Equation (4.7) and then back to Equation (4.5) gives us:

Axray

Ongre = arcsin <—> = 35.73° (4.8)
2dppy

2
Ocqre = arcsin <ﬂ> = 35.60° (4.9)

hkl
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Note that n=1 is used in the equation above because any n>1 does not have a solution in
the real space. Usually, we are more interested in 26 value because the intensity is plotted as a

function of 26 in a w — 26 scan. Doubling the values in Equation 4.8 and Equation 4.9 gives us:

2047e = 71.46° (4.10)

20cqre = 71.20° (4.11)

Hg1«CdxTe with any composition has a lattice constant between 6.462 A and 6.482 A.

Assuming that the lattice constants of Hg1.xCdxTe follow the empirical Vegard’s law, we have

g ca e = 6.462(1 — x) + 6.482x (4.12)

Then the constructive interference angle 8 of HgCdTe alloy can be obtained using the
method shown in Equation (4.5-4.9), and the calculated 26 value will lie between the two
numbers in Equation (4.10) and (4.11). If the 26 value of the HgCdTe alloy peak is known from
XRD measurement, then the HgCdTe alloy composition can be calculated. Note that for a
HgCdTe sample grown on either CdTe/Si or CdZnTe substrate, the major HgCdTe peak should
be present as well as a substrate peak. However, HgCdTe based materials have an extinction
depth of the order of 10pum [86], so there will not be a substrate peak if the HgCdTe layer is too
thick. Besides, the major HgCdTe peak could overlap with the substrate peak, in which case the

substrate peak is also not present.

The interference induced peaks in a superlattice layer are more complicated than HgCdTe

alloy. Primary superlattice peaks represent an average bilayer composition instead of a direct
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measurement of the makeup of the individual layers. The individual layers are strained, and the
resulting lattice spacing is different from either of the superlattice constituents. To estimate the
superlattice lattice spacing, the superlattice is thought of as a Hgi«CdxTe layer with an x value

given by the thickness-weighted x values of well and barrier:

dw db
x= Xy + Xp (4.13)
dbilayer dbilayer
where
dbilayer =d, +d, (4.14)

For HgTe/CdTe superlattices, x,, = 0 and x;, = 1. Plug these two numbers along with

Equation (4.14) back to Equation (4.13) gives us the simplified form of pseudo x value of SL:

dp

*=4, +d,

(4.15)

However, due to the continuing Hg flux background during the MBE growth, the barrier
usually has a small Hg mode fraction of about 0.05 for (211) orientated samples, making the
barrier Hgo.0sCdo.osTe. The pseudo x value can still be calculated with Equation (4.13). The
expected 260 value corresponding to the superlattice's main peak can be calculated using

Equation (4.5-4.12).

Other than the main SL peaks, there are satellite peaks observed on rocking curve XRD
measurements. The satellite peaks, also called satellite fringes, are due to the new periodicity

introduced by the superlattice. Now other than the d-spacing between planes in the crystal lattice,
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the superlattice period dg; also creates interference conditions based on Bragg’s law. Because
dg; is much larger than the crystal lattice, the spacing or the angle difference between
interference peaks are much smaller according to Equation (4.5). The superlattice period dg; can
be calculated using the positions of satellite peaks. Consider two adjacent satellite peaks i and j,

according to Equation (4.5), we have:

Nidxray = 2dg,Sinb; (4.16)
NjAxray = 2dg,Sinb; (4.17)

(4.16) - (4.17) gives:
(M — ) Axray = 2dg,(sin; — sind;) (4.18)

Since satellite peaks i and j are adjacent, n; — n; = 1. Then we have

de, = Axray
SL T 2(sin6; — sind;)

(4.19)

4.2.5.2 Characterization result

For convenience, the information on the samples that we will present XRD data here is

summarized in Table 7. Two superlattice samples, hct15048 and hct15051, have an inverted
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band structure and the other three have a normal band structure. Sample SL_CZT was grown on

CdZnTe substrate, while the other four were grown on CdTe (211)B on Si substrate.

# of Designed well Designed barrier | Estimated SL period
Periods | thickness d,, (A) | thickness dj, (A) dg; (A)
hct15048 100 180 44 224
het15051 80 180 44 224
SL_CdTe/Si 1 500 52 54 106
SL CdTe/Si 2 500 50 52 102
SL CZT 500 50 50 100

Table 7 The designed number of periods, well thicknesses d,,, barrier thicknesses dy,, and SL
period dg;, (dg;, = dyy + dyp) of selected T3SL samples used in XRD characterization.

The result of a ®-20 scan of the (422) reflection of two SL samples with inverted band
structure, hct15048 and hc15051, is shown in Figure 65. Both of these samples have diffraction
peaks associated with the substrate (S), superlattice (L), and satellite fringes (F). Recall from
Equation (4.10) and Equation (4.11) that 20 of HgTe is 71.46° and 26 of CdTe is 71.20°. Both
samples are grown on CdTe substrate, so a CdTe substrate peak is observed around 71.20°. The
small error is likely due to sample alignment precision and sample tilting. A superlattice main
peak is present on the right-hand side of the substrate peak, with a 26 value lies in the range of

(71.20°, 71.46°).
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Figure 65 A ®-20 scan of the (422) reflection of two SL samples with inverted band structure,
hct15048 (left) and hc15051(right). Diffraction peaks associated with the substrate (S),
superlattice (L), and satellite fringes (F) are labeled on the figure.

The superlattice pseudo x value can be calculated using Equation (4.5-4.12), and then the
thickness ratio of the well and barrier layer can be extracted using Equation (4.13). The SL
period dg; can be calculated using Equation (4.19), taking the average value between all satellite
peaks. The result is shown in Table 8. The calculated SL periods are bigger than the designed
values, which agrees well with TEM data and can be explained by CdTe flux overshoot.
However, the ratio of well and barrier thicknesses calculated from SL pseudo x is inaccurate.
While the calculated well and barrier thicknesses of sample hct15051 meet our expectation, the
calculated barrier thickness of sample hct15048 undershoots, which contradicts our previous
conclusion. This inaccuracy is likely due to alignment induced error in 26. Another explanation
is that XRD takes measurements on a tiny area on the sample, which may have irregular

HgTe/CdTe layers that do not represent the whole sample.

Calculated SL Calculated SL

pseudo x Calculated d,, (A) | Calculated d,, (A) period dg; (A)
hct15048 0.105 238.9 28.0 266.9
hct15051 0.283 182.0 71.9 253.9

Table 8 Calculated pseudo x value, well thickness d,,, barrier thickness dy, and SL period dg;, of
sample hct15048 and hct15051 from XRD ®-26 scan.
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The result of a ®-20 scan of the (422) reflection of three SL samples with normal band
structure is shown in Figure 66. Both of these samples have diffraction peaks associated with the
substrate (S), superlattice (L), HgCdTe cap layer (C), and satellite fringes (F). For all three
samples, the superlattice layer was grown on a Hgo s3Cdo.47Te SWIR buffer layer, about 0.5 pm
thick. And a 0.5um Hgo.ssCdo32Te cap layer is grown right after the superlattice layer is done.
The Hgo.53Cdo.47Te SWIR buffer layer has a composition too close to the superlattice pseudo x,
which is about 0.49~0.5. Hence a peak corresponding to the buffer layer is not observed. A peak
associated with the Hgo 6sCdo.32Te cap layer can be seen for the two samples grown on CdTe on
Si substrate, though it is more obvious for sample SL_CdTe/Si_2 than SL._CdTe/Si_1. The peak
associated with the HgCdTe cap layer for sample SL_CZT is merged into the substrate peak

because the CdZnTe is lattice matched to low composition HgCdTe.

105[ ©-20 scan L —SL_CZT] ®-20 scan ——SL_CdTe/Si_2
(422) reflection | g 10 [ (422) reflection c —— SL_CdTe/Si_1]
~10%F —
@ @
L L
210° 2
‘? ‘D
S 402 &
£10% =
10"
100 1 I i Y OGN
70.0 70.5 71.0 71,5 72.0 725 73.0 0.0 705 71.0 715 720 725 73.0
20 (degrees) 20 (degrees)

Figure 66 ®-260 scan of the (422) reflection of sample SL_CZT (left), sample SL_CdTe/Si_1 and
SL_CdTe/Si 2 (right). Diffraction peaks associated with the substrate (S), superlattice (L),
HgCdTe cap layer (C), and satellite fringes (F) are labeled on the figure.

The substrate peak is on different sides of the SL main peak for samples grown on
different substrates. CdZnTe substrates are usually lattice matched to low composition HgCdTe,

so the substrate's peak is on the right side of the SL main peak. For all three samples, the
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substrate peak has a smaller intensity compared to the SL main peak. It is likely due to the total
layer thickness is comparable to the x-ray extinction depth, so the substrate peak starts to
disappear. This also explains why SL_CZT has a relatively higher substrate peak than the other
two samples because the designed thickness of SL_CZT is 0.2~0.6 um thinner. Directly
comparing SL_CdTe/Si_1 and SL._CdTe/Si_ 2, S CdTe/Si_1 has a lower substrate peak

because it has a thicker SL layer.

The SL period dg;, can be calculated using Equation (4.19), taking the average value
between all satellite peaks and the main SL peak. The calculated SL period dg; , along with the
designed layer thicknesses are given in Table 9. It can be seen that the calculated dg; of all three
samples are close to the designed values, indicating reasonable growth rate control. We do not

see a similar growth rate overshoot issue of the samples in Table 8.

Designed | Designed | Designed | Calculated | FWHM

dy (A | dy (D) | ds (A) ds, (A) | (arcsec)
SL CZT 50 50 100 97.92 30.9
SL CdTe/Si 1 52 54 106 107.76 157.4
SL CdTe/Si_ 2 50 52 102 103.31 158.0

Table 9 The designed and calculated thicknesses, along with FWHM of the peak associated with

superlattice of the three selected samples for XRD measurement
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The last column in Table 9 is the full width at half maximum (FWHM) of the main SL
peaks. FWHM has long been a widely quoted metric of crystal quality. Generally speaking, the
HgCdTe based samples grown on CdZnTe have a higher quality than those grown on CdTe/Si.
The substrate directly limits the quality of the sample. It is meaningful to compare the FWHM of
the SL peak to the FWHM of the substrate peak. The result is shown in Table 10. For sample
SL_CZT, because the peak associated with the HgCdTe cap is merged into the substrate peak,
the substrate peak is broadened; hence it is meaningless to compare the FWHM of substrate peak
and SL peak. For the two samples grown on CdTe/Si, we see a reasonable low increase of

FWHM from the substrate to the SL layer, indicating quality single crystal growth.

Substrate Peak SL Peak Increased %
FWHM (arcsec) | FWHM (arcsec)
SL CZT 92.6 30.9 N/A
SL _CdTe/Si 1 132.4 157.4 18.9%
SL_CdTe/Si 2 136.6 158.0 15.7%

Table 10 A comparison between the substrate peak FWHM and SL Peak FWHM of the selected
three samples.
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5 ABSORPTION STUDY

5.1 Absorption and Absorption Coefficient

One cannot talk about infrared photodetectors without mentioning photon absorption.
The study of the optical absorption behavior is vitally important to the design and
characterization of infrared detectors. It is also key to understanding the optical properties and

the band structure of infrared materials.

As mentioned in section 1.1.3, photodetectors are based on the conversion of photons of
light directly into free current carriers. Electrons are photo-excited across the energy gap from
the valence band to the conduction band, only when an incident photon has energy larger than

the energy gap Ej; is absorbed:

Ephoton = 1 > E, (5.1)

The absorption coefficient represents how far into a material that light of a particular
wavelength can penetrate before it is fully absorbed. Assume the initial intensity of the incident

light is Iy, then the light intensity I as a function of depth x into the material is:
I1(x) = I,(1 — R) exp(—ax) (5.2)

where R is the reflection at the material surface and «a is the absorption coefficient. The
absorption coefficient depends on the material properties and also on the wavelength of light that

1s under consideration.
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From Equation (5.2), we can see that the bigger the x value, i.e., the thicker the material,
the bigger portion of the light is absorbed into the material. However, in reality, thicker material
means more cost, and high-quality layers are more difficult to make. Hence infrared materials
with high absorption coefficient are favored because similar absorption performance can be
achieved with thinner materials. II-VI materials have high absorption coefficients due to their
direct bandgap absorption. This is one of the most significant advantages of HgCdTe as an
infrared material. The rule of thumb of how thick the HgCdTe material should be to absorb most
of the infrared light is, the thickness of the layer should roughly equal to the wavelength of the
infrared light that it is designed to detect. For example, MBE-grown HgCdTe heterostructures
designed for the MWIR region (4 = 3~5 um) usually have an absorber thickness of 5 um.
However, when this rule of thumb is applied to the VLWIR region, a high-quality HgCdTe
absorber that is thicker than 15um embedding in a complex device structure is needed and is
almost impractical to achieve. T3SL, on the other hand, has an even higher absorption coefficient
onset than HgCdTe, due to its large density of state near the band edge. This can be seen from

the modeling result of electric band structures in chapter 2.

The inter-subband absorption behavior of HgTe/CdTe superlattices was first predicted by
Schulman and McGill [11] when they proposed HgTe/CdTe superlattices as new infrared
material. Now we are capable of producing high-quality MBE-grown superlattices; with the help
of the sophisticated 14-band k-p method to model the electric band structures, we can have a
detailed and meaningful discussion on the absorption behavior of HgTe/CdTe superlattices. The
superlattice samples' absorption is extracted from the transmission measurements performed with
Fourier-transform Infrared Spectroscopy (FTIR). The absorption coefficients are calculated using

a multi-thin-layer model. Then the experimental absorption coefficients are compared with
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theoretical absorption coefficients obtained from the electric band structures. The temperature

dependence of the transition energies is also studied.

5.2 Fourier-transform Infrared Spectroscopy
5.2.1 Overview

Fourier-transform Infrared Spectroscopy (FTIR) is a technique that is used to obtain the
transmission, reflection, or absorption infrared spectrum of a sample. In our application, we use

FTIR measurement to obtain the transmission spectrum of II-VI infrared materials.

Compared to dispersive spectroscopy, where a selection of monochromatic light beam
interacts with the sample one by one, FTIR collects high spectral resolution data over a wide
spectral range. A beam of light containing many frequencies shines at the sample, then the
transmission of the sample is measured. Next, another beam of light containing a different
combination of frequencies interacts with the sample, giving a second data point. This process
repeats over and over again in a short period of time, so a raw dataset called interferogram is
generated. The interferogram is Fourier transformed to the wavenumber domain, so now we have
the transmission as a function of wavenumber. Wavenumbers ¥ has a simple relationship with

the wavelength A:

(5.3)

N
Il
> =

Wavenumbers have a unit of cm™'.
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The frequency selection of FTIR is made through a setup called Michelson
interferometer, which is a particular configuration of mirrors. One of the mirrors is moving, so
the frequency of light is selected, owning to constructive and destructive interference. Because
the mirror is moving during the FTIR measurement, the light coming out of the interferometer
has a different spectrum at every moment. A schematic diagram of a FTIR Michelson

interferometer is shown in Figure 67.

Stationary Mirror

Split Beam

Delayed I
Split Beam E H
Coherent
Light Source
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Beam Moving Mirror
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Detector

Figure 67 A schematic diagram of a Michelson interferometer configured for FTIR
(https://en.wikipedia.org/wiki/Fourier-transform_infrared spectroscopy)

5.2.2 FTIR Analysis of MCT Samples

The transmission spectrum of HgCdTe has been well studied. However, A careful
investigation of the transmission behavior of HgCdTe can help us understand that of T3SL.
Besides, we are going to model the transmission and compare it to the experiment data. Having a
wide range of data available for HgCdTe can help us evaluate the model, then the model can be

adjusted and applied to superlattices.
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An example of the transmission spectrum of a HgCdTe MWIR DLPH heterostructure
obtained from FTIR measurement is shown in Figure 68. The wavenumber is sampled from 400
cm! to 4000 cm™!, which corresponds to a wavelength range of 2.5~25 um. Type-III

superlattices have very similar transmission spectra as HgCdTe.

— het20007.CSV

FTRTY Y
500 1000 1500 2000 2500 3000 3500 4000

Wavenumbers (cm 1)

Figure 68 An example of the transmission spectrum of a HgCdTe MWIR DLPH heterostructure
obtained from FTIR measurement.

The transmission curve can be interpreted as three regions.

Frist region is 400 - 2400 cm™!. This region corresponds to incident light with energy less
than the band gap, so the absorbing condition described in Equation (5.1) is not satisfied. The
light beam will transmit through the material without any loss. Note that the maximum
transmission value is not 100% without any absorption. This is because a big portion of the light
is reflected at the sample surface and inside the sample. For HgCdTe based materials, the

reflection is usually about 40%, making the maximum transmission in the range of 50-70%.

The second region is 2400 - 3000 cm™!. This region is where the absorption starts to

happen. At some point on the curve, the photon energy becomes bigger than the energy band
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gap. Photons are absorbed, and electrons are excited from the valence band to the conduction
band. The curve did not drop as a vertical line but rather present as an absorption cut-off edge.
The reason is that the density of states is limited at the conduction band edge; as the energy
increases in the conduction band, there are more states for electrons to occupy. Hence more

photons can be absorbed.

The third region is 3000 - 4000 cm!. In this region, the light is almost fully absorbed by

the material, so the transmission reaches 0.

There are two other things worth mentioning for region 400 - 2400 cm™. The
transmission curve has a periodic wave pattern with peaks and troughs, which are called
interference fringes. As the name suggested, interference fringes formed due to the interference
between the transmitting and reflecting lights inside the sample. A device structure usually has
more than one layer; hence there are multiple boundaries inside the sample. Various
interferences can happen, and a complicated interference pattern is formed. It turns out that we
can make use of these interference fringes to calculate the thicknesses of the layers because the
interference conditions are directly related to the layer thicknesses. The second thing worth
mentioning is the strong Si absorption peak near 600 cm™! wavenumbers, which shows as a
trough in the transmission curve. This character of the transmission curve can only be seen for
samples grown on CdTe on Si substrates and is not observed for those grown on CdZnTe

substrates.
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5.2.3 FTIR Data Analysis Using Multi-Layer Thin-film Model

In this section, a multi-layer thin-film (MLTF) model is introduced. This model is
extensively used for fitting FTIR transmission data, extracting layer thicknesses, and calculating
absorption coefficient. The MLTF model will be first discussed in the scenario of HgCdTe
heterostructures; then, we will apply what we have learned to T3SLs. The technique used to
derive the absorption coefficient of T3SL based on the transmission data is discussed. The result

will be given in the next section.

5.2.3.1 Theory

This section briefly covers the basic theory necessary for modeling the transmission and
absorption of multi-layer thin films. A major part of this section is adapted from the book “Thin

Film Optical Filters” by H. A. Macleod [87].

The refractive index of a material is defined as the ratio of the velocity of light in free
space c to the velocity of light in the medium v. A complex refractive index N of a material can

be written as:

N=n-—ik (5.4)

where n is the real refractive index, and k is the extinction coefficient. k is directly related to the

absorption coefficient of the material by:

a = 4mk /A (5.5)
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The complex refractive index is always a function of wavelength A. Electromagnetic light

waves may be represented by:

E = Eexp [iwt — (MTN) x + (p] (5.6)
H = H exp [iwt - (hTN) x+ <p’] (5.7)

Where E is the electric field, € is the electric amplitude, H is the magnetic field, H is the

magnetic amplitude, and ¢ and ¢’ are arbitrary phases. ¢, ¢’ and N are not independent. The
— (#) x term present the lost or the phase change by the wave on traversing a distance x in the

media, and can be written as:

_ (2”7”),5 __ (2%"),( i (#)x (5.8)

The imaginary part of Equation (5.8) can be interpreted as a reduction in amplitude. We

define the ratio of the magnetic and electric fields as optical admittance, which is denoted by y:
y=H/E (5.9)
and y is usually a complex number. In free space, optical admittance is real and is denoted by Y:
Y =2.6544 x 1073 S. (5.10)

And they are connected with the refractive index by
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y =NY (5.11)

The irradiance of the light, defined as the mean rate of flow of energy per unit area

carried by the wave, is given by
1 1
I =>Re(EH") = -nYEE’ (5.12)

When a normal incident beam is split into a reflected beam and a transmitted beam at the

boundary of two media 0 and 1, we have

€ Yo~ W
=_ = 5.13
P €& Yot ( )
€t 2Yo
I=—= 5.14
& Yotnm ( )

where p and T denote the amplitude reflection coefficient and amplitude transmission coefficient,

respectively. Plug Equation (5.11) into Equation (5.13) and (5.14) gives us

. (ng —ny) — ilko — ky)
P = o + ny) — i(Co + )

(5.15)

B 2(ny — iky)
B (no +ny) —i((ko + kq)

T (5.16)

Assume the incident medium is absorption-free, N, and y, are real, the reflection R and

transmission T can be written as:
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Yo — Y1\ (Yo — V1\"
R pp = (072 (o7 22) ;17
PP Yo+ Y1/ \Yo + )1 ( )
4yoRe(y,) (5.18)

N oty o +y1)*

Up to this point, we only considered normal incidence. For oblique incidence, it is
simpler to split the wave into two plane-polarized components, namely s-polarized and p-
polarized. The propagation of each of these two waves can be treated independently. Introduce

the idea of tilted optical admittance 7, which is different for s-polarized and p-polarized waves:

ns = NYcosO (5.19)
NY
T =g (5.20)

N and 8 denote different values for different layers. For a multi thin layer structure, N

and 0 values satisfy Snell’s law:

Nysin8y = Nysinf, = -+ = Ngsinb, (5.21)

ns and 71, in Equation (5.19) and (5.20) can be used to replace y in Equation (5.13-5.18)
when s-polarized and p-polarized light is considered. However, Equation (5.13-5.18) are based
on the assumption that there is only one boundary with two media 0 and 1. For an assembly of
thin films, we replace the multiplayer with a single layer with an admittance Y, defined as the

ratio of the total tangential magnetic and electric fields:
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Y =C/B (5.22)

and

q ..
?] _ {1—[ [mcro;fl% r (lstcrcl)i%)r/rlr]} [nq%l (5.23)

r=1

where
8, = = Ndcost (5.24)

We define the transfer matrix of layer r as:

= 60367‘ (iSingr)/nr
e [inrsindr cosé, (5.25)
then we have
B 1
H = [M;][M,] ... [M,] [ l (5.26)
¢ Ng+1

Note that the order of multiplication is important. Using the definition of N in Equation
(5.4), and Snell’s law in Equation (5.21), we can rewrite Equation (5.19) and (5.20) for multi thin

layers as:

Mo, = NoC0sb, (5.27)
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Ny

Top cosf,

Mg = \/(nr — ik,)? — ny?sin?6, r=1,..,q

(nr - ikr)z
nrp:n— T‘=1,...,q
Ts

Now once we have B and C, we can finally give the expression for reflection R,

transmission T, and absorption A for an assembly of thin films:
= (nOB — C) (nOB — C)*
“\neB+C/\nyB+¢C

_ 4n0Re(nq+1)
moB + C)(nyB + C)*

_ A1oRe(BC™ —1g+1)
(MeB + C)(nyB + C)*

And R, T, and A satisfy

R+T+A=1

(5.28)

(5.29)

(5.30)

(5.31)

(5.32)

(5.33)

(5.34)

Note that the complex refraction index N = n — ik is a function of wavelength 4. Asa

result, reflection R, transmission T, and absorption A are all wavelength dependent.

n and k values of T3SLs are not widely available, especially considering the design

degrees of freedom of superlattices. For HgTe/CdTe superlattices, we treat the whole SL layer as
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a single Hg1.xCdxTe bulk layer with a pseudo composition x so that the cutoff wavelength is
comparable to Hgi.xCdyTe with the same x. Note that this is fundamentally different from what
we did in Equation (4.13), where the pseudo composition x is given by thickness-weighted x
values of well and barrier. The reason is that the method used in Equation (4.13) is for XRD
measurement, where the physical lattice constant is needed. Here we care about SL's optical

characteristics, so the cutoff wavelength is used as the standard to pick x.

Many results have been published on the refractive index measurements of HgCdTe
[88]-[91]. The refractive index of HgCdTe is a function of composition x, temperature T, and

wavelength 4. An empirical formula can describe the dispersion of the refractive index:

B
n(A,T) =A+——+DA? (5.35)
C 2
1-(%)

where A, B, C, and D are fitting parameters, and they vary with x and T:
A = 13.173 — 9.852x + 2.909x% + 1073(300 — T)
B = 0.83 — 0.246x — 0.0961x% + 8 x 107*(300 — T)
C = 6.706 — 14.437x + 8.531x% + 7 x 107*(300 — T)

D = 1953 x107* —0.00128x + 1.853 x 10~*x2 (5.36)
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5.2.3.2 Fitting transmission data using MLTF model

Now let us discuss more on the transmission spectrum in Figure 68. For the first region
(400 - 2400 cm™!), there is almost no absorption, so the absorption coefficient is a negligible
value. Based on Equation (5.5), extinction coefficient k is also negligible. With n given by
Equation (5.35), the transmission spectrum can be calculated from Equation (5.32). Note that the
optical transfer matrix (5.25) varies with the thickness of each layer. By comparing the multi-
layer thin-film model calculated transmission spectrum with the experimental data obtained from
FTIR, one can acquire each layer's correct thicknesses. MBE growers often use this method as a

routine sample characterization method.

For the second region (2400 - 3000 cm'!), absorption happens, and the absorption
coefficient is nontrivial. The extinction coefficient k has a finite value. The absorption behavior
of HgCdTe has been well studied [52], [88], [89], [92]. A set of typical intrinsic absorption

spectra of Hg1xCdxTe with x=0.0030 at various temperatures is shown in Figure 69.
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Figure 69 Typical intrinsic absorption spectra of HgixCdxTe with x=0.0030 at temperatures from
4.2 to 300K [92].
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The parts of absorption spectra shown in Figure 69 are called the absorption edge, where
the rapid rising of absorption coefficient happens. The absorption edge can be divided into two
regions with the energy band gap E; as the middle point, namely the intrinsic region (Kane
region) and the Urbach tail region. The intrinsic region majorly includes the intrinsic transitions
of electrons from the valence band to the conduction band. The expression of the absorption
coefficient for the intrinsic region [89] is derived from fitting to the experimental data and can be

written as:
a=ag exp[ﬂ(E - Eg)]l/2 (5.37)

where @ stands for the absorption coefficient at the band gap energy Ej. f is a fitting parameter

to match the experimental data. ag, § and E; are all functions of composition x and temperature

T:

@y = —65 + 1.88T + (8694 — 10.31T)x (5.38)
B =—1+0.083T + (21 — 0.13T)x (5.39)
E, = —0.295 + 1.87x — 0.28x2 + (6 — 14x + 3x2)(10~")T + 0.35x* (5.40)

Note that Equation (5.40) is slightly different from Equation (1.2) given by Hansen[9].

The Urbach tail, an exponential absorption edge, was first found by Urbach [93] and

resulted from interactions other than intrinsic band-to-band transitions, such as impurity induced
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transitions, electron-phonon, and electron-hole interactions. The empirical expression of Urbach

tail can be written as:

a = agexp [6(E — Ey)/kT] (5.41)
where
a, = exp(—18.5 + 48.65x ) (5.42)
Ey =—-0.355+1.77x (5.43)
8/kT = (Inay — Inay)/(Ey — Eo) (5.44)

A more precise empirical expression for the HgCdTe absorption edge can be found in the

paper by Chang [49].

The turning point where the Urbach tail and the Kane plateau region meet on the
absorption curve can be defined as ‘cutoff’ energy, which corresponds to the cutoff wavelength.
1

However, when we are doing transmission data analysis, @ = 500 cm™! or @ = 1000 cm™? is

often used as the cutoff point on the absorption spectra for convenience.

The extinction coefficient k can now be calculated from Equation (5.5), (5.37), and
(5.41). Now we have n and k values ready, the transmission spectrum for the whole 400 cm™'~
4000 cm! range can be calculated. The calculated transmission spectrum agrees with the

experimental data very well and is shown in Figure 70.
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Figure 70 The experimental (blue) and fitted (red) transmission spectrum of an MBE-grown
HgCdTe MWIR DPLH layer.

Fitting the whole transmission spectrum of a HgTe/CdTe superlattice is challenging
because the value of k is unknown. However, we can still fit the first region of the transmission
curve, where the value of k is small and negligible. The SL layer total thickness and the SL
period dg; can be obtained. The transmission cut-off edge gives us information on SL bandgap
energy, which can then be compared to the theoretical band gap energy values given by the 14-
band k-p method. We can get the HgTe well thickness d,, in this way. And the CdTe barrier

thickness d;, can be acquired by subtracting the well thickness from the dg; .

5.2.3.3 Calculating Absorption Coefficient of T3SL using MLTF model

The absorption coefficient @ of T3SLs can be calculated from the FTIR transmission data
using the MLTF model. As we mentioned in section 5.2.3.2, transmission can be calculated
using Equation (5.32) if n, k and thicknesses of the layers are known. The only thing that we do
not know is k. Hence, we can use a recursion method to find k. We fix the value of A, and then
we recursively pick values of k and calculate the transmission based on Equation (5.32). The

calculated transmission is compared to the experimental data. A new k value is picked, and the
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calculation is repeated until the difference between the calculated transmission and the
experimental transmission data is within a certain level of tolerance. Then we move to the next 4
value and repeat the recursion process again. When the calculation is all done, we have k as a
function of wavelength A. With some help from Equation (5.5), we can obtain the absorption

spectrum of T3SLs.

Note that there are a few necessary conditions to meet to calculate the absorption
coefficients of T3SLs. First, the thicknesses of all layers are required so the MLTF model can be
used. Second, for all T3SL samples under consideration here, we can only have one layer with
unknown k values, the SL layer. Both conditions are met in our case because layers other than
the SL layer are either HgCdTe or CdTe, which have known n and k values given in Equation

(5.35), (5.37), and (5.41).

5.3 Absorption Behavior of T3SL

The transmission and the absorption coefficient of two HgTe/CdTe superlattice samples
as a function of wavenumber at room temperature are shown in Figure 71. The two samples are
inverted and normal band structure T3SLs separately. Sample hct15055 on the left was designed
to have 200 periods consists of 67 A HgTe well and 44 A CdTe barrier. Sample SL_CZT on the
right has 500 periods, and each period is made up of 50 A HgTe/50 A CdTe. The solid blue lines
on both graphs are the transmission spectra measured by FTIR. The solid red lines are the
absorption coefficient calculated from the MLTF model using the method described in 5.2.3.3.
The dashed red lines represent the absorption coefficient computed using the density of states

near the band edges, calculated from the 14-band k-p method. The theoretically modeled
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absorption coefficient is used along with the MLTF model to calculate the theoretical
transmission shown as the dashed blue line. The transmission and the absorption coefficient
measured from FTIR agrees reasonably well with the theoretical modeling result. The two major

transition peaks on the absorption curve, namely HH1-C1 and LH1-C1, are marked in the figure.
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Figure 71 The transmission and the absorption coefficient of two HgTe/CdTe superlattice
samples as a function of wavenumber at room temperature. The two samples are (a)sample
hct15055 with inverted band structure, 200 periods of 67 A HgTe/44 A CdTe (b)sample
SL_CZT with normal band structure, 500 periods of 50 A HgTe/50 A CdTe. The transmission
(solid blue line), the absorption (solid red line), the theoretical transmission (dashed blue line),
and the theoretical absorption (dashed red line) are shown.

The two samples have a similar cutoff wavelength, which is around 8 um at room
temperature. We noticed that the sample SL_CZT with normal band structure has a sharper and
higher absorption onset than sample hct15055 with an inverted band structure. It is noticeable
that sample hct15055 has a soft transmission edge. The transmission value never becomes close
to zero even at high wavenumbers, which results from relatively thin layer thickness providing
insufficient absorption. The influence of layer thickness on transmission edge is verified by
growing a layer SL_CdTe/Si_0, which has the same well/barrier thicknesses as SL_CdTe/Si_1,

but with only 150 periods instead of 500 periods. The transmission spectra of the two samples
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are shown in Figure 72. The two samples were both designed to have 52 A HgTe well and 54 A
CdTe barrier, with a normal band structure. The designed total thickness of SL_CdTe/Si_0is 1.5
um, while that of SL_CdTe/Si 1 is 5.3 pm. It can be observed that the transmission curve of
sample SL_CdTe/Si_0 is less steep. It is worth mentioning that the absorption coefficient
depends on the material band structure and is independent of layer thickness. As a result, the
absorption coefficient spectra of sample SL_CdTe/Si_0 and SL._CdTe/Si 1 should be very close,

which can be proved by computing the absorption coefficients using the MLTF model.
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Figure 72 The transmission spectra of two HgTe/CdTe superlattice samples SL_CdTe/Si_0
(green) and SL._CdTe/Si 1 (orange) as a function of wavenumber at room temperature. The two
samples were both designed to have 52 A HgTe well and 54 A CdTe barrier.The difference is
that S CdTe/Si_0 has 150 periods while SL_CdTe/Si_1 has 500 periods.

As we have mentioned in chapter 1, inverted band structure HgTe/CdTe superlattices
were once thought to be great IR absorbers, considering their great bandgap control at larger
HgTe well thickness. However, the H2-H1 electric gap precludes the use of them as an infrared
photodetector. As a result, we will focus on using normal band structure superlattices

(d,, < d, = 6.3nm) for VLWIR applications. Three samples are taken under consideration,
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namely SL_ CZT, SL_CdTe/Si_1 and SL_CdTe/Si_2. The details of their structures are given in

Table 5.

The room temperature transmission spectra of the three samples as a function of
wavenumber and photon energy are shown in Figure 73. A sharp absorption edge can be seen
for all three samples, and two prominent absorption stages corresponding to HH1-C1 and LH1-
C1 transitions are observed and labeled on the full spectral range graph. A sharp absorption peak
associated with Si is labeled on the “Zoom in for the 1% transition” graph. We do not see this
peak on sample SL._ CZT, which is grown on CdZnTe. This proves that this absorption character
is associated with Si substrates. The interference fringes of sample SL._CZT are clearly different
from those of sample SL_CdTe/Si_1 and SL_CdTe/Si_2 because the structure and thicknesses of
the substrates are quite different. Also, note that sample SL_CdTe/Si_1 has a cutoff at longer
wavelength/lower energy compared to SL__ CZT and SL_CdTe/Si_2, because it is designed to

have a thicker HgTe well thickness; hence the bandgap energy is smaller.
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Figure 73 The room temperature transmission spectra of SL_CZT (blue), SL_CdTe/Si_1(orange)
and SL_CdTe/Si 2 (red) as a function of wavenumber and photon energy. The sharp absorption
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edge, two obvious absorption stages are labeled on the full spectral range graph (left). The
absorption peak associated with Si is labeled on the “Zoom in for the 1% transition” graph(right).

It is worth comparing the absorption coefficients of S CZT and SL_CdTe/Si_2,
considering they have almost identical designs, similar band gap and cutoff wavelength, and
grown on different substrates. The calculated absorption coefficients are shown in Figure 74.
Sample SL._CdTe/Si_2 has a stronger absorption onset than SL._ CZT, even though SL_CZT has
a higher crystal quality provided the XRD data given in Table 9. This is likely due to the slightly
thicker CdTe barrier in SL_CdTe/Si_2 results in a higher density of states at the band edge. Note
that a drop-down in absorption coefficient after the sharp absorption edge for both samples is

observed and is most likely due to the high joint density of states at the transition edge.
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Figure 74 The calculated absorption coefficients of SL_ CZT (blue) and SL._CdTe/Si 2 (red).

5.4 Temperature-dependent Absorption Study of T3SL

Temperature-dependent transmission measurements were performed on an FTIR

spectrometer with a continuous-flow liquid helium cryostat, which ensures a uniform and stable
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temperature distribution in the T3SL sample over a wide temperature range. The temperature-
dependent transmission curves of sample S CZT is shown in Figure 75. A sharp absorption
edge is observed at all temperatures. The transmission cut-off edge shifts to a smaller wavelength
at a lower temperature due to the unusual positive temperature-dependent band gap of HgTe

[94]. The cutoff wavelength can be roughly calculated taking 50% of maximum transmission. At
40 K, the 50% of the maximum transmission is at 613 cm-1, which corresponding to 76 meV in

energy and 16 pm in wavelength.
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Figure 75 20 to 296 K transmission curves of a SOA HgTe/50A CdTe HgTe/CdTe superlattice
sample measured using FTIR. At 40 K, 50% of the maximum transmission is at 613 cm-1, which
corresponds to 76 meV in energy and 16 pm in wavelength.

Absorption coefficients a were then extracted employing the MLTF model and plotted as
a function of infrared photon wavenumber in Figure 76. The absorption cutoff onset shifts to
higher wavenumbers, i.e., higher energy and lower cutoff wavelength, as the temperature
increases. The two major transition peaks on the absorption curve, namely HH1-C1 and LHI1-C1

are marked in the figure. As we mentioned in 5.2.3.2, « = 500 cm™! or @ = 1000 cm™! is often
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used as the cutoff point on the absorption spectra when we are doing transmission data analysis.
At 40 K, the cut-off defined using the 500 cm-1 absorption coefficient is 555 cm-1 (68.76 meV
and 18 um). If we define the cut-off using the 1000 cm-1 absorption coefficient, the cut-off at 40

Kis 617 cm-1 (76.4 meV and 16.2 pm).
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Figure 76 20 to 296 K temperature-dependent absorption coefficients extracted from
transmission measurements of sample SL._ CZT. They are plotted as a function of infrared photon
wavenumbers and energies.

The experimentally extracted absorption coefficients are compared with theoretical
results at various doping levels in Figure 77. 40K and 300K are selected to represent the full
temperature-dependent absorption spectra. The theory agrees reasonably well with experiments
at various temperatures. Three theoretical curves of different doping levels, namely intrinsic
(non-doped), 5 x 10'* n-type doping and 1 x 10'® n-type doping, are plotted. The fact that the
theoretical curves do not change much for different doping levels indicates the Burstein-Moss

shifts are small in the T3SLs due to the high density of states near the band edge.
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Figure 77 The experimentally extracted absorption coefficients of sample SL_CZT compared
with theoretical predictions at three doping levels, at two temperatures, 40K and 296K (indicated
by arrows in the figure).

To compare the absorption characteristic of T3SL with other state-of-the-art infrared
materials, we plotted the absorption spectrum of SL_CZT along with the calculated absorption
spectrum of a HgCdTe alloy with a similar cut-off at 40K from two well-known sources, one is
Chu[89], and the other one is Schacham and Finkman [88], [95]. The result is shown in Figure
78. It can be seen that T3SL has a sharp absorption onset, and it is 2~4 times higher than that of
HgCdTe given by Chu (notice that Figure 78 is using log scale on the y axis). This is again due
to T3SL’s high joint density of state at the band edge, which can be justified by comparing the
band structure of HgCdTe (Figure 16) and T3SL (Figure 17) modeled by the 14-band k-p
method in chapter 2. Similar result has been demonstrated by C. Becker [17]. Comparing our
T3SL absorption coefficients with Schacham and Finkman’s result, it seems that T3SL has
higher absorption coefficients only at the band edge. However, Schacham and Finkman’s
empirical Equation of the absorption coefficients [95] at the intrinsic absorption region has an

unrealistic negative temperature dependency, where the absorption coefficients are overestimated
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at low temperatures. Hence, here we draw our comparison conclusion using Chu’s absorption

curve.
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Figure 78 Comparing the measured absorption coefficient of sample SL_CZT with the calculated
absorption spectrum of a HgCdTe alloy with a similar cut-off at 40K.

The absorption characteristic of T3SL shown in Figure 77 can also be compared to that of
T2SL with similar cutoff in the VLWIR region (Figure 79) which is given by G. Brown et al.
[23]. T3SL shows sharper absorption onset and more than two times bigger absorption
coefficients at and near the cutoff edge, due to the electrons and holes confining in the same
layer in a Type-III band alignment. This the most important advantage of T3SL as a VLWIR

absorber.
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Figure 79 The calculated absorption spectra for InAs/InxGaixSb SLs with various indium
content.

5.5 Determination of T3SL Interband Transition Energies

Other than the @ = 500 cm™! or @ = 1000 cm™! method that we used to determine the
cutoff point on the absorption spectra when we are doing transmission data analysis, there are
several other techniques to calculate the interband transition energies like Ey;_g; (HH1-C1) and
E;1_g1 (LH1-CI). One obvious technique is to use the maxima of the first derivative of the
absorption spectra as the interband transition energies. This method is based on the fact that SLs
have a high density of states right at the band edge. The second method is based on the fact that
the difference between two transmittance spectra measured at slightly different temperatures is

proportional to the change in the absorption coefficient [96]:

L S (5.45)
T T,

where d is the sample thickness, and T is the transmission.
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Here we take the 40K transmission data of sample SL_CZT as an example. Temperature
T and T» in Equation (5.45) are taken as 20K and 60K, respectively. The absorption coefficient
extracted from the transmission spectrum and its first derivative, the theoretically calculated
absorption coefficient and its first derivative, the ratio of transmission at 60K and 20K are shown
in Figure 80. The two major peaks shown in the first derivatives and the transmission ratio curve
are fitted using the Gaussian function. The Physics meaning of the two peaks is marked with
arrows. The first major peak corresponds to the Ey, _g; transition, with calculated transition
energy of 88 meV. The second peak, which has a lower height, corresponds to the E;;_g;

transition with transition energy of 222meV.
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Figure 80 The absorption coefficient extracted from transmission spectrum(solid green line) and
its first derivative(blue circles), the theoretically calculated absorption coefficient(solid black
line) and its first derivative (dashed black line), the ratio of transmission at 60K and 20K (red

circles) are shown in Figure 84. The two major peaks shown in the first derivatives and the
transmission ratio curve are fitted using the Gaussian function. The Physics meaning of the two
peaks is marked with arrows.

139



We repeated our calculation for all the transmission spectra at all temperatures. The result

is shown in Figure 81. The transition energies change linearly with temperature. It can be seen

that both Ey4_g, and E;;_g; increases with temperature due to the positive temperature

dependence of HgTe.
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Figure 81 Experimental HH1-C1 and LH1-C1 intersubband transition energies and their
difference (H1-L1) are plotted as a function of temperature. Two methods are used to determine
these energies, namely da/dE (empty squares) and the transmission ratio (filled squares).

A detailed comparison of the first transition energyi, i.e., the “cutoff” energy, computed

using a different method as a function of temperature is shown in Figure 82. The HgTe/CdTe

superlattice's first transition energy is also compared to that of HgCdTe with similar cutoff

wavelengths. It can be observed that HgTe/CdTe superlattices and HgCdTe alloys have similar

temperature dependence on transition energies. This conclusion can be used to estimate the

transition energy of any HgTe/CdTe superlattice at low temperatures without taking low-

temperature FTIR measurement, which is a beneficial technique for MBE growers to determine

the layer structures quickly.
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However, the reason of HgTe/CdTe superlattices have the same temperature dependence
as HgCdTe with similar bandgap energy is unknown. It has been previous reported that the
bandgap energy is reduced (increased) due to intra (inter)-band transitions [94], and the energy is
also affected by the temperature-dependent dilatation of the lattice and electron lattice interaction
[97]. “The intra-valence (-conduction) band interactions push the valence (conduction) band
edge up (down), thus reducing the gap; Similarly, the valence-conduction band interactions
increase the gap. Hence, one might expect the gap to increase in small-gap semiconductors” [94].
HgTe/CdTe superlattices and HgCdTe consists of the same substances, namely HgTe and CdTe,
but their band structure is fundamentally different. Compared to HgCdTe with similar bandgap
energies, HgTe/CdTe superlattices have much bigger valence band effective mass and surprising
smaller conduction band effective mass based on our 14-band k-p modeling result. It is difficult
to compare the intraband and interband interactions in HgTe/CdTe superlattices to that of
HgCdTe directly. Further inspection needs to be done to reveal the reason behind HgTe/CdTe

superlattices’ bandgap energy temperature dependence.
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Figure 82 The first transition energy of sample SL._ CZT as a function of temperature computed
using da/dE (empty blue square), the ratio of transmission (solid blue square), 50% transmission
cut-off (green square), 500cm! absorption coefficient cutoff (yellow square) and 1000cm™!
absorption coefficient cutoff (pink square). The first transition energy of two HgCdTe alloys
with similar cutoff wavelength as a function of temperature is also shown (green and red dashed
line).
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6 SUMMARY AND ISSUES WITH T3SL

6.1 Summary

In Part I of this thesis, we focused on designing, modeling, growth, and characterizing

Type-I11I superlattices.

The lack of high-performance intrinsic photodetectors working in the VLWIR region
motivates us to find the best candidate for VLWIR absorption. Type III Superlattice has many
advantages over HgCdTe alloy, namely longer Auger lifetime, lower tunneling currents, sharper
absorption onset, and more uniform and easier-to-control cutoff wavelength, especially in the
VLWIR region. T3SL has many advantages over T2SL, namely stronger absorption coefficient,

tunable band gap energy in a wider range, and longer Shockley-Read-Hall lifetimes.

The band structures of HgTe/CdTe superlattices can be engineered utilizing various
well/barrier thicknesses and were calculated using semi-empirical 14-band k-p method. The
absorption spectra calculated using the band structures given by 14-band k-p method shows good

agreement with the experiment data.

HgTe/CdTe superlattices with both normal and inverted band structure were grown using
Molecular Beam Epitaxy (MBE). Growth condition controlling techniques are discussed and a
newly designed Hg cell was built in house to provide stable and reliable Hg flux. RHEED and

Ellipsometry shows good sample quality and well-controlled growth condition.

Ex-situ characterization like Nomarski Microscope provides information about the
sample surface and the sample's overall quality. SEM and TEM are used to observe the cross-

section of superlattices. While SEM failed to reveal the superlattice periods, TEM shows sharp
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HgTe/CdTe interfaces, and the thicknesses are extracted. XRD measurement is also taken to
provide information on the layer quality and superlattice period thickness. The calculated SL

period thicknesses from XRD agree very well with the designed values.

Optical characteristics of T3SLs are extensively studied utilizing FTIR transmission
measurement. A multi-layer thin-film model is used to fit the transmission data and compute
absorption coefficients. A good agreement is found between experimental absorption coefficients
and absorption coefficients computed from the density of states obtained from the 14-band k-p
method. Temperature-dependent FTIR measurement is also done, and a sharp absorption onset,

which is much higher than that of HgCdTe alloy, is observed at all measured temperatures.

Various methods of calculating the first and second transition energies of HgTe/CdTe
superlattices are present and compared. The temperature-dependent absorption cutoff of the
HgTe/CdTe superlattice is discussed. We found a surprisingly good agreement between the

transition energy temperature-dependence of T3SL and HgCdTe.

6.2 The Major Challenge of T3SL Infrared Photodetectors

Advantages possessed by type-III superlattices in theory were not realized in practice,
despite relatively comprehensive research efforts in the 1980s and early 1990s. At that time,
MBE itself was a rather new technologies at that time and growing HgCdTe-based infrared
materials was immature. Nowadays, high-quality substrates, mature MBE growth technology,
and widely available sophisticated characterization techniques enable us to finally realize the
advantages of superlattices in the lab. Our optical characterization results have proved the

excellent absorption behavior of T3SLs in the VLWIR region.
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However, there is minimal published data on T3SL photodetectors, especially in the
VLWIR range. One of the main reasons is that T3SL’s significant interdiffusion under elevated
temperatures during the annealing process could shift the absorption edge to higher energies and
even make the SL characters disappear. Several studies have been undertaken to examine the
extent of the interdiffusion in HgTe/CdTe superlattices [98]-[104]. It has been shown by Zhou et
al. [105] that annealing at a temperature as low as 225°C would significantly reduce the mobility
and carrier concentration. Figure 83 shows the effect of annealing on the absorption spectrum of
a HgTe/HgCdTe (112)B SL [105]. With higher annealing temperatures and longer annealing
times, the absorption edges shift to higher energies or even show an absorption edge similar to
that of the corresponding alloy. Figure 84 shows the cross-sectional TEM images illustrating the
effect of annealing [105]. Significant interdiffusion is observed at 250°C.
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Figure 83 Annealing process shifts the cutoff edge of T3SL samples [105].
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a

Figure 84 XTEM images of T3SL sample annealed (a) 30 min at 225°C and (b) 30 min at 250°C
[105].

Unfortunately, the annealing process is inevitable in the photovoltaic device fabrication
process. p-type doping is usually achieved through ion implantation on top of an n-type MBE-
grown layer to form a p-n junction, which is the essential part of a photovoltaic device.
Annealing at elevated temperatures is required to activate Arsenic doping in the p-n junction,
which will likely increase the interdiffusion between SL layers. This precludes the use of T3SL
in a photovoltaic device. Interdiffusion at high temperatures is the primary reason why there is
very limited published work on T3SL photodetectors. Hence, a photoconductive device structure
that works for T3SL that does not require p-type doping and annealing at elevated temperatures

is highly needed.

There are limited data published on the performance of devices fabricated on HgTe/CdTe
superlattices, despite significant efforts to model and grow the material. The first device is a

MOS structure reported by Goodwin et al. [106], with a cut-off of 4.5 um and 30% quantum
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efficiency. Later Harris et al. [107] and Shin et al. [108] have fabricated photovoltaic
HgTe/CdTe superlattice devices. Harris demonstrated a peak quantum efficiency was 66% at 140
K, with an average over the 3—5 um waveband of 55%. Y. Selamet et al. [68] fabricated p*-n~-n*
device working in MWIR region at 80K. Au diffusion is used to create p-type doping at low
temperature, which is a possible solution to achieve p-type doping without high temperature

annealing.

Hatch [16] has shown some promising results of photoconductor devices using
HgTe/CdTe superlattices as the LWIR/VLWIR absorber. However, the photoconductor devices
reported are all literal type. The applied field is in the plane of the sample's surface, so that
carrier transport occurs predominately within the plane of the superlattice layers. We want a
design that utilizes T3SL in a vertical configuration instead of an in-plane configuration, where

vertical transport properties of minority carriers determine the device operation.

In part II of this thesis, a photoconductive device using an nBn architecture is proposed to
solve the dilemma of putting a T3SL layer in a device structure without p-type doping and high-

temperature annealing.
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PART II:
nBn Devices using Type III Superlattices
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7 INTRODUCTION TO NBN DEVICES

7.1 Overview

The unipolar nBn photodetector structure was first reported by Maimon and Wicks[109].
The nBn is proposed as a concept that can be implemented in different semiconductor materials.
As an example, an InAs-based nBn structure is shown in Figure 85. The name of nBn comes
from the three layers it consists of: an MWIR-absorbing n-type InAs absorption layer, a large
band gap undoped AlAsSb barrier layer, and a second thin n-type InAs contact layer. The barrier
layer is thick enough so that electron tunneling is negligible, i.e., 50 or 100 nm. The barrier also
needs to be high enough so the thermal excitation of the majority carriers over it can be
neglected. The absorbing layer is the same as those in a photovoltaic device, with a thickness of
roughly one or two absorption length. The second n-type contact layer can be as thin as a few
tens of nanometer. nBn layers can be grown on a latticed matched substrate using MBE. The
concept of nBn was later demonstrated using T2SL based materials with better control of band

edge alignments[110], [111].

Substrate

Figure 85 Band diagram of an InAs-based nBn structure [109].
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The unique character of the nBn structure is that the barrier layer acts as a barrier in the
conduction band to block the electrons flow from the contact region to the absorption region
while being no barrier to minority carrier holes in the valence band. nBn devices work under a
certain bias. The thermally and optically generated holes in the absorber can move from the
absorber region to the contact layer under the bias. The generated electrons in the absorber move
from the absorber to the contact on the left. However, thermally generated electrons in the

contact layer will be blocked by the barrier.

For the past decade, there has been strong interest in designing unipolar nBn devices
[110]-[112] since it was first reported by Maimon and Wicks [109]. Applying the same concept
to II-VI materials, especially HgCdTe, seems appealing because it eliminates the
requirements for p-type material in traditional p-n junctions and thus avoids defects generated
due to ion implantation [113]-[115]. Besides, the device fabrication process is simplified by

removing the additional implantation and annealing steps.

Surprisingly, a HgCdTe implemented nBn structure was first proposed back in 1983
[116]. However, this concept has not been pursued possibly due to the limitation of MBE and
lack of high-quality materials at that time, until Maimon and Wicks brings it to sight by
implementing III-V materials. The major challenge of using HgCdTe in nBn structures will be

discussed in section 7.3.
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7.2 Dark Current Suppression in nBn Devices

Dark current is the residual electric current flowing in a photoelectric device when there
is no incident illumination, which generates noise that limits device performance. There are three

significant contributions to dark current in narrow bandgap semiconductor photo devices:

1. The generation current associated with Shockley-Reed- Hall (SRH) process from

traps created by dopant or defects.

2. The diffusion current associated with Auger and radiative process.

3. The surface current associated with traps at or near the surface formed due to

dangling bonds.

The generation current associated with the SRH process is the most dominant dark
current components in MWIR photodiodes at low temperatures[117], [118]. The SRH generation
process is significant in the depletion region where the SRH generated carriers can be quickly
separated by the electric field. Assuming the SRH lifetime of minority carriers are similar in the
nBn structure and photodiodes, which depends on the material quality, the SRH process is
significantly suppressed in nBn structure because the n-type layers are in a flat band with little to
no depletion. The photo generated carriers in the absorber region can still be collected with the
help of the small electric field and also diffusion. From Figure 85 one can see that a major
portion of the applied voltage is dropped across the undoped barrier layer. There is usually only a
very smaller part of the absorber that is depleted, the part which is close to the barrier. Hence the
barrier layer in an nBn structure not only does not produce SRH dark current because of the large

band gap but also blocks the flow of majority carriers like the built-in barrier of a p-n junction.

151



SRH generation currents are nearly eliminated, which translates into a reduction in dark current.
A lower dark current means less noise and better performance, or the same performance can be

achieved at a higher device operating temperature.

7.3 Valence Band Offset

The key to a successful nBn device is close-to-zero valence band offset (VBO) AE,,.
Valence band offset is the energy difference between the undoped barrier and the n-type
absorber. The barrier must also act as a minimum energy barrier (i.e., small VBO) to holes in the
valence band so the optically generated carriers can be moved from the absorber to the contact
region and collected. nBn structure was first proposed for I1I-V materials because of their nearly

zero valence band offset.

However, nBn photodetectors cannot be easily realized using II-VI materials because of
the substantial VBO present in HgCdTe-based heterostructures. The absorption and barrier layers
are made of HgCdTe with significantly different compositions. Because the VBO between HgTe
and CdTe is quite large (~540meV), the difference in composition creates substantial VBO
between absorption and barrier layers. We will discuss this in more detail in Section 8.1.1 when
we present the band alignment of HgCdTe-based nBn structures. This challenge is particularly
difficult to overcome if one is developing LWIR and VLWIR HgCdTe-based nBn detectors,
where the band gap of the absorber is very small and a large VBO may be comparable to the

bandgap energy.
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The existence of the VBO limits the performance of HgCdTe-based nBn photodetectors
because the energy barrier in the valence band inhibits the flow of holes [119]. This is illustrated
in Figure 86 (a). Depending on the operation wavelength, a “turn-on” voltage, which is a
relatively high bias, must be applied to the device to improve the efficiency of collecting
photogenerated minority carriers. Ideally, the VBO energy AE,, encountered by minority carrier
holes should be comparable to the average carrier thermal energy so the carriers can step over the

barrier without the need of a high turn-on voltage[54]:
1
AE, ~ fEkT (7.1)

Where f is the degrees of freedom, k is the Boltzmann constant, and T is the
temperature. For carriers moving in the bulk material, we take f = 3. Using this equation, one

can get AE,, should be approximately 15 meV at around 100K.

(@) (b)

—_— I n B ‘ Absorber - n I -+ -_— I n Absorber - n I +

Figure 86 Band alignment for nBn detectors under reverse bias: (a) with significant VBO (b)
zero VBO [54].

Further development of nBn photodetector technology using II-VI materials requires

effort to minimize the VBO to realize the optimum nBn detector structure depicted in Figure 86
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(b). In chapter 8, we will focus on various designs of the barrier layer to minimize the valence

band barrier. The advantages and disadvantages of these designs will be discussed.
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8 DESIGN AND MODELING OF NBN DEVICE

8.1 nBn Device with Bulk (n and p-type) Barrier
8.1.1 nBn Device with n-type Barrier

The barrier layer in most nBn structure designs is undoped or lightly n-doped. By
eliminating requirements for p-type doped material, one can avoid implantation-induced defects
and, at the same time, simplify the device fabrication process. nBn devices designed with n-type
barrier has previously been reported[54], [120], [121]. HgCdTe nBn devices utilizing a n-type
barrier have been experimentally demonstrated by Itsuno et al. [122], and bias-dependent

photoresponse is observed and a MWIR cut-off wavelength around 5.7 um is extracted.

Here we contribute our design of nBn structure with a n-type doped barrier. The nBn
structure is designed to work in the MWIR region. The HgCdTe absorber with a composition
x = 0.31 has a thickness of 5 um, thick enough to provide full absorption. The cap layer has the
same composition as the absorber, but with a thickness of only 0.3 pum. The absorber and the cap
layer are both n-type doped, with a doping level of 5 X 10> cm™3 and 5 x 10 cm™3,
respectively. The barrier layer has a thickness of 0.2 um and is background doped (Np =
5 x 101* cm™3). Given that the barrier layer is sufficiently thick, tunneling can be neglected.
There is a contradiction when it comes to adjusting the composition of the barrier. The
composition controls the barrier height. On one side, the barrier needs to be high enough to block
majority carriers. Otherwise, the electrons are not blocked sufficiently from the cap region so
that the dark current density would increase; On the other side, a high barrier will increase VBO
and the turn-on voltage. So, the barrier height has to be chosen carefully. In this work, we used a

barrier with a composition of 0.6.
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Another contact layer below the absorber layer is added to provide bottom contact for
mesa device structure. The full cross-sectional device structure and structural parameters are

illustrated in Figure 87.

CdTe Cap Layer

' 0.2um MCT x=0.6 n-type (10'4cm-) barrier

‘ CZT or CdTe/Si Substrate

§ 4 §

Figure 87 The cross-sectional device structure and structural parameters of an nBn device with a
n-type barrier. The red arrows indicate the light incident direction.

The modeled energy band diagrams of HgCdTe nBn photodetector with an n-type barrier
under different bias at 300K is shown in Figure 88. An apparent valence band offset is observed
and is about 100 meV. This barrier height is too big to satisfy the upper bound associated with
the thermal energy in Equation (7.1). Hence a high turn-on voltage, i.e., a high voltage reverse
bias, is needed to move the photogenerated minority holes from the absorber to the contact layer.
The barrier is background doped, which is the lowest doping level that we believe can be
achieved in MBE growth. Suppose the barrier's doping level went higher than the background
level, the VBO energy AE;, would increase to a more significant value. In conclusion, HgCdTe
nBn photodetector with n-type barriers cannot achieve a small enough VBO that the barrier is

“invisible” to the holes.
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Figure 88 Modeled energy band diagrams of HgCdTe nBn photodetector with an n-type barrier
(a) at equilibrium (b) under 600mV reverse bias (c) under 600 mV forward bias.
8.1.2 nBn Device with p-type Barrier

It was previously reported that zero VBO could be achieved using a p-type doped
HgCdTe alloy barrier[123]. Since HgCdTe nBn photodetector with n-type doped barrier cannot

achieve small enough VBO, it is worthwhile to investigate p-type doped barrier.
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The nBn structure with a p-type doped barrier is designed to work in the MWIR region.
The HgCdTe absorber with a composition x = 0.31 has a thickness of 5 pm. The cap layer has
the same composition as the absorber, but with a thickness of 0.3 um. The absorber and the cap
layer are both n-type doped, with a doping level of 5 X 101> cm™3 and 5 x 1016 cm™3,
respectively. The barrier layer has a thickness of 0.2 pm and a composition of 0.6 and is p-type
doped (N, = 5 x 10'® cm™3). Given that the barrier layer is sufficiently thick, tunneling can be
neglected. Another contact layer below the absorber layer is added to provide bottom contact for
mesa device structure. The full cross-sectional device structure and structural parameters are

illustrated in Figure 89.

CdTe Cap Layer

0.2um MCT x=0.6 p-type (10'6cm-2) barrier

CZT or CdTe/Si Substrate ‘

4 3 5

Figure 89 The cross-sectional device structure and structural parameters of an nBn device with a
p-type barrier. The red arrows indicate the light incident direction.

The modeled energy band diagrams of HgCdTe nBn photodetector with a p-type barrier
at 300K is shown in Figure 90. The valence band offset substantially decreased from ~100 meV
to ~50meV compared to a n-type barrier. A closer look at the valence band offset shows that the
thickness of the energy barrier in the valence band is very thin (~10 nm) so that the holes can
tunnel through the energy barrier. This enables the nBn devices with p-type doped barriers to

operate at near zero-bias voltage.
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Figure 90 Modeled energy band diagrams of HgCdTe nBn photodetector with an p-type barrier
(a) at equilibrium (b) under 600mV reverse bias (c) under 600 mV forward bias.

However, p-type doping introduces an extra layer of complexity in MBE growth, and the

dopant activation after MBE growth is a problem. The ex-situ thermal annealing process required

for Arsenic activation may destroy the doping and composition profile of the structure,

considering the fast interdiffusion rate of II-VI materials. Besides, a depleted space-charge
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region is formed in the vicinity of the barrier layer. The calculated space charge profile is shown
in Figure 91. This space charge region and its associated electric field can help move and collect
generated holes from the absorber region. However, it also potentially gives rise to enhanced trap
assisted SRH thermal generation due to relatively high electric fields and, consequently, higher
dark current. This drawback of nBn with p-type doped barrier hinders the primary advantage of
nBn structure, which is suppressing the SRH generation current. Hence, we need to find an
alternative approach to reduce the effective valence band offset while circumventing p-type

doping.
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Figure 91 Calculated space-charge regions in an MWIR HgCdTe nBn detector with a p-type
barrier.

8.2 nBn Device with T3SL Barrier

Other than n-type and p-type doped HgCdTe with various composition being considered

as the barrier for nBn structure, there is another approach which uses doping modulation
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technique[124]. The material composition and doping concentration of the barrier layer are
graded simultaneously, which potentially leads to the elimination of the valence band
discontinuity in HgCdTe-based nBn detectors. However, this method still needs to be verified by
experiment, and the complicated composition and doping profile is relatively hard to achieve

with MBE.

An alternative approach is to use T3SL, specifically HgTe/CdTe superlattices, as the
barrier[54], [121]. The conduction band and the valence band in a normal band structure
HgTe/CdTe superlattice are the C1 band and the HH1 band, respectively. As we have discussed
in 2.1, the energies of the C1 band and the HH1 band in the SL are decided by quantum
confinement and can be controlled by the thicknesses of the HgTe well layer thickness. The
design degrees of freedom, like the HgTe well thickness, the CdTe barrier thickness, and the
doping level, provides a big possibility that zero VBO can be achieved with a HgTe/CdTe
superlattice barrier. Besides, modeling using the 14-band k-p method has shown that the
effective masses of electrons and holes in a T3SL are expected to be much higher than that in
HgCdTe alloys. As a result, a T3SL barrier could potentially suppress band-to-band and trap-
assisted tunneling and reduce the dark current. And additionally a thinner barrier can be used to

block the majority carriers.

Here we adopt the design by M. Kopytko et al.[54], where a HgTe/CdTe superlattice
barrier layer is used in a HgCdTe-based MWIR nBn detector. The HgCdTe absorber with a
composition x = 0.315 has a thickness of 5 pm. The cap layer has the same composition as the
absorber, but with a thickness of 1 um. The absorber and the cap layer are both n-type doped,

with a doping level of 1 x 101> cm™3. The HgTe/CdTe superlattice barrier layer has a total
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thickness of 0.2 um and is non-intentionally doped. Given that the barrier layer is sufficiently
thick, tunneling can be neglected. The full cross-sectional device structure and structural

parameters are illustrated in Figure 92.

CdTe Cap Layer

0.2 um HgTe/CdTe SL non-intentionally doped barrier

‘ CZT or CdTe/Si Substrate ‘

: 4 §

Figure 92 The cross-sectional device structure and structural parameters of an nBn device with
HgTe/CdTe SL barrier. The red arrows indicate the light incident direction.

Each HgTe/CdTe superlattice period consists of 5 monolayers (ML) of HgTe and 28 MLs
of CdTe, which corresponds to 16 A HgTe/90 A CdTe. Our computational methodology to
obtain SL band structures employs a 14-band k-p method, which we discussed in great detail in
chapter 2. The energy band gap can be tailored by varying the layer thicknesses of the well and

barrier layers in SL.

The modeled energy band diagrams of HgCdTe nBn photodetector with HgTe/CdTe
superlattice barrier at 80K is shown in Figure 93. The valence band offset is minimal, which is
about 10 meV. Hence the valence band offset can be neglected, which results in a close-to-zero
turn-on voltage. This concludes the HgCdTe-based nBn structure's optimized design, where a
HgTe/CdTe superlattice barrier layer overcomes the problems associated with the relatively high

valence band energy barriers formed by the use of abrupt HgCdTe alloy designs.
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Figure 93 Modeled energy band diagrams of HgCdTe nBn photodetector with HgTe/CdTe
superlattice barrier at equilibrium.
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9 MBE GROWTH AND CHARACTERIZATION OF NBN DEVICE

9.1 nBn Samples Grown with MBE and Their Characterization Results

Four HgCdTe-based nBn samples with HgTe/CdTe superlattice barriers, including a
calibration sample, are grown using Molecular Beam Epitaxy. Our goal is to prove that high
quality nBn layers with SL barrier can be grown. Ideally, these samples should be fabricated into
devices, and the I-V characteristics should be tested. Ultimately, we want to grow T3SL-based
nBn structures and fabricate devices. However, due to limitations at the time of this work, we
could only grow HgCdTe-based nBn heterostructures. The preliminary experiment result

discussed in this chapter will serve as the foundation of future lab work.

All four samples grown using MBE employ a similar device structure to the one
discussed in section 8.2. The samples are grown on CdTe (211)B on Si substrates. Before
growth, the substrates were treated by sequential degreasing, Te desorption, and Te annealing.
The growth of a nucleation layer and a SWIR HgCdTe alloy buffer layer was performed to
lattice match with the substrate and smooth out the substrate surface. The nucleation and buffer
layers are thin enough so they do not affect the optical properties of the sample. Then a HgCdTe
absorber layer with a composition of either 0.310 or 0.315 is grown. The layer is 5 um thick and
is grown with a growth rate of 3 um/h to ensure high-quality single crystal growth. A
HgTe/CdTe SL buffer layer was then grown. During the CdTe layer's growth, the Hg source
remains open to provide a constant Hg flux background, which leads to 5-10% Hg
unintentionally incorporated into the CdTe layers [81], [125]. A contact layer with the same
composition and the same growth rate is then grown on top of the SL barrier layer. The absorber
layer and the contact layer are n-type doped, while the SL barrier is background doped. Each

layer's composition and growth rate are calibrated with Ellipsometry and FTIR data from
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previous calibration samples. The growth temperature, absorber composition, absorber thickness,

superlattice barrier thicknesses, and the growth time of each superlattice period are summed up

in Table 11.
Sample # | Growth | Absorber | Absorber | SL Barrier | SL Barrier Growth
Temp. Comp. x | Thickness | thicknesses | time(Well/Barrier)
het17027 | 199.0°C 0.310 5 um 6/28 ML 3.7s/37.1s
het17028 | 199.5°C 0.315 5 um 5/28 ML 3.1s/37.1s
het18001 | 199.5°C 0.315 5 um 5/28 ML 3.1s/37.1s

Table 11 The growth temperatures, absorber compositions, absorber thicknesses, superlattice
barrier thicknesses, and the growth time of each superlattice period of the three HgCdTe-based
nBn structure with HgTe/CdTe superlattice barrier.

In-situ reflection-high-energy electron diffraction (RHEED), an infrared pyrometer, and
in-situ spectroscopic ellipsometry (SE) were used for growth control. Screenshots of the RHEED
pattern at different stages of the MBE growth are shown in Figure 94. More detail on RHEED
has been given in section 4.1.1. The RHEED images show a 2D streaks pattern throughout the
growth, indicating the layer's good quality. There is a relatively large lattice match between the
SL layer and the MWIR absorber layer. However, we do not see any RHEED characteristics
associated with layer quality degrading. A possible explanation is that the SL layer's well/barrier
layers are relatively thin, so the SL layer is strained and latticed matched to the absorber layer. It
is the same with the SL barrier/contact layer interface, where we do not see any significant

change in the RHEED pattern.

It is worth mentioning that the absorber's quality is more important than that of the
contact layer and the SL barrier layer. Trap-assisted SRH generates a current in the contact layer
that is blocked by the SL barrier. Moreover, the SL barrier has a relatively big band gap, so the

thermally generated current is minimal. As a result, a bad-quality barrier or contact layer will not
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significantly affect the device's performance. Growing the absorber before the SL barrier layer
and the contact layer helps with the absorber layer quality because defects generated during

earlier stages of the growth could “propagate” to the sample surface.

(a) (b) (c)

Figure 94 Screenshots of RHEED pattern at different stages of the MBE growth of an nBn
structure with HgTe/CdTe superlattice barrier. (a) Absorber (b) CdTe barrier in SL (c) HgTe
well in SL

As we mentioned in section 4.1.2, ellipsometry has its limitations when it comes to in-
situ monitoring superlattice growths. Because the HgTe well and barrier layers are relatively
thin, ellipsometry does not have enough layer thickness to build up stable polarization
information. Nevertheless, ellipsometry is still useful to monitor the absorber layer's growth and
contact layer in an nBn heterostructure. The ellipsometry data of one full MBE growth is shown
in Figure 95. Composition (green) and surface roughness (red) as a function of time are plotted.
An Ellipsometry HgCdTe model is used throughout the growth. The absorber and the contact
layer show stable and nearly zero surface roughness, which indicates good quality growth. Note
that the surface roughness did not increase before and after the growth of SL barrier, which
agrees with our observations from RHEED. The irregular fluctuations of composition and
roughness during barrier layer growth do not reflect the real growth condition; it only shows the

model's struggle to fit HgTe/CdTe superlattice real-time data. The average composition of the
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absorber is ~0.325, which is close to our target x=0.315. We will verify the composition using

FTIR.
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0.70 T 250
5/28 ML HgTe/CdTe SL baLrier
Surface Roughness - i -{200
0.60
050 1150 <
5 o .
= x=0.315 -1100 é
© 0.40 1-HgCdTe 3
a o
£ x=0.315 HgCdTe Absorber ] &
38 ﬂ Contpct 50 o
0.30 g
v | 0 5
@
0.20 1 } 1-50
0.10 -100
150 180 210 240 270 300 330

min.

Figure 95 The ellipsometry data of one full MBE growth of nBn structure with HgTe/CdTe
superlattice barrier. Composition (green) and surface roughness (red) as a function of time are
plotted.

The transmission spectra as a function of the wavenumber of the three nBn samples
mentioned in Table 11 are shown in Figure 96. The three samples show similar absorption
behavior. Since the SL barrier layer has a bigger band gap than the absorber, the transmission
curve only represents the absorber's absorption. The absorption layer is thick enough so that the
transmissions at higher energies become zero. Fitting the transmission cutoff edges with
500 cm™? gives the composition of the three layers, which are 0.315, 0.319, and 0.311 for
sample hct17027, hct17028, and het18001, respectively. The interference fringes are fitted using
the MLTF model given in section 5.2.3 and layer thicknesses are extracted. The thicknesses
agreed very well with the designed value, though the individual well/barrier thickness cannot be

obtained from FTIR fitting.
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Figure 96 The transmission spectra as a function of the wavenumber of the three nBn samples
mentioned in Table 11.

The Nomarski image of as-grown nBn sample hct18001 is shown in Figure 97.
Crosshatch pattern is clearly visible on the sample surface, caused by surface strain relief
associated with slight lattice deformation. Few micro-defects can be seen on the surface,
indicating optimized growth temperature was achieved. The shadowed circles in Figure 97 (b)

are due to dust on the microscope lens (which was cleaned later with a nitrogen gun).

(a) (b)

Figure 97 Nomarski imaging of nBn sample hct18001 at (a) 100x magnification (b) 500x
magnification
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XRD measurement is also taken on one of the nBn samples. However, the peak of the
substrate, the peak of the absorber, and the peak of the SL barrier overlap with each other so that

the peak positions and FWHMs cannot be obtained; hence here we omit the XRD result analysis.

9.2 Methods to Measure Valence Band Offset

Valence band offset, an essential parameter of an nBn device, can be evaluated after the
device fabrication is done. Due to limitations and situations at the time of this work, device
fabrication and device characterization using the nBn layers grown with MBE are beyond this
thesis's scope. Nevertheless, here we propose two methods that can potentially measure the

VBO.

The first method is to measure the I-V curve of the nBn device and see if a turn-on
voltage can be observed. The turn-on voltage is directly related to the valence band offset
because the minority carrier holes need a turn-on voltage to overcome the valence band energy
barrier and transport from the absorber to the contact layer. This is probably the fastest way to
examine if a VBO is present. However, this method cannot quantitively decide the value of

VBO.

The second method proposed is to use internal photoemission (IPE) spectroscopy [126]—
[128]. The transition energies can be determined by IPE through the fitting of the near-threshold
quantum yield spectra. This method has previously been reported by Lao et al. [127] that the

band offsets in a type-II pBp photodetector were successfully determined. Moreover, a study of

169



IPE applied to an n-type HgCdTe heterojunction shows the possibility to detect if an energy
barrier exists [128]. Hence IPE could be the best method to decide the band offset in an nBn

structure quantitively.
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10 NBN DEVICE WITH T3SL ABSORBER AND 2-COLOR NBN

10.1 Introduction

It has been shown in section 8.2 that near-zero valence band offset can be achieved with
HgTe/CdTe superlattice barrier, which is the key to a successful nBn structure design. If one still
remembers, HgTe/CdTe superlattice has been discussed as the best candidate for the VLWIR
absorber layer in Part I of this thesis, not a barrier in an nBn device. Despite its great potential in
the VLWIR region, it has one major drawback that hinders the possibility of a HgTe/CdTe
superlattice based photodetector: The significant interdiffusion under elevated temperatures
during the annealing process could make the SL characters disappear. Unfortunately, the
annealing process is inevitable because p-type ion implantation is necessary to form a p-n

junction. Hence the most critical question is: How do we get rid of p-type ion implantation?

The answer is to use a photoconductor device structure, especially an nBn device
structure. An nBn photoconductive device with HgTe/CdTe superlattice absorber working in the
VLWIR region does not need p-type doping, and the VBO can be potentially lowered to a small
value by using a HgTe/CdTe superlattice barrier. The nBn structure helps HgTe/CdTe
superlattice absorber eliminate the need for p-type doping, and the HgTe/CdTe superlattice
barrier helps the nBn structure to solve the problem with VBO. They complement each other.
Ultimately, we need a design with HgTe/CdTe superlattices used as both the absorber and the
barrier, but with different well/barrier thicknesses to achieve different bandgap energies. This is

utilizing the design degrees of freedom of superlattices to the best.

To fully exploit the advantages of nBn architecture, we take the design a step further and

propose a 2-color (dual-band) nBn device. Multispectral detection is highly desirable for
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advanced infrared (IR) systems because it improves the sensitivity and provides a new dimension
of contrast by gathering data in separate IR spectral bands. Two-color infrared focal plane arrays
(IRFPAs) show much potential in the rapid and efficient identification of objects in a scene by
subtracting background clutter and sunlight using two wavebands. The signal-to-noise ratio of
two-color IR detectors greatly exceeds that of single-color photodetectors [129]. Unlike many
dual-band IRFPAs that use simultaneous readout architectures, which require an additional
electrical contact to a recessed layer in each unit cell, dual-band IRFPAs using nBn structures
can achieve sequential two-color detection by simply changing the polarity of the bias voltage,

which simplifies optical design and reduces device size, weight and power consumption.

This idea has been demonstrated with HgCdTe-based 2-color nBn by Grein et al.
[123] The specific layers of the device from the top down (for back-illumination) are 8 pm
VLWIR Hg79Cdo21Te absorber doped to n=1 x 10> cm™2, which has a cutoff wavelength of
14 pm at 40K; 1 pum Hgo ssCdo4sTe barrier doped to p=8 x 107 cm™3; and 8 um LWIR
Hgo.764Cdo 236 Te absorber doped to n=1 X 10°> cm™3, which has a cutoff wavelength of 9 um at
40K. The computed band profiles is shown in Figure 98. Depends on the applied bias, different
absorption region is activated. Under positive bias (Figure 98 (a)), the LWIR region is activated,
the photogenerated holes in the LWIR region can move freely across the barrier and produce a
large photocurrent, and vice versa for reverse bias (Figure 98 (b)). Hence, the photodetector is
sensitive to LWIR (VLWIR) radiation under forward (reverse) bias. The barrier prevents

electrons from traveling between the two absorbers under any conditions.
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Figure 98 The computed HgCdTe alloy detector band profiles with the LWIR layer under (a)
+0.2 V (b) -0.2V bias relative to the VLWIR layer. The arrow shows the motion of photo holes
generated in the activate absorber region [123].

Additional to the HgCdTe-based nBn, a 2-color nBn device with LWIR and VLWIR
superlattice absorbers is also proposed in this paper. However, the barrier layer is heavily p-type
doped HgCdTe alloy to remove the potential barrier, which introduces an extra layer of
complexity in MBE growth, and also potentially gives rise to enhanced trap-assisted Shockley—
Read—Hall thermal generation due to relatively high electric fields in depletion regions at the

barrier interfaces.

On the other hand, another paper by Lao et al. [127] reported a two-color type-II
InAs/GaSb superlattice photodetector based on a pBp architecture (Figure 99). T2SL is used in
both the absorbers and the barrier. A near-zero conduction band offset (CBO) is measured using
IPE, the method of which was briefly discussed in section 9.2. This paper proves that an all-
superlattice barrier structure can achieve a near-zero band offset, and the band offset can be
measured. However, the paper is using T2SL, which consists of III-V materials, and the material

is p-type doped. It would be interesting to employ a similar idea to an n-type doped nBn
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structure with T3SLs, where holes instead of electrons become minority carriers and VBO

matters.

(a) (b)
[
0.2um T2SL LWIR P 2 1
p-type (4 x 10" cm™) contact FOTWaTd I
bias 11
2.1pm T2SL LWIR 0 —
p-type (1 x 10" cm) absorber I
100nm T2SL p-type v
16 -3 1 O
(1 x 10" cm™) barrier LWIR (o] Bresion MWIR
2.0um T2SL MWIR absorber & absorber
p-type (1 x 10'°cm™) absorber d ®
Reverse A N —=>
0.5um T2SL MWIR bias I
p-type (4 x 10" cm™) contact
GaSb:Te Substrate

Figure 99 (a) Schematic of a two-color type-1I InAs/GaSb superlattice-based pBp photodetector.
(b) Band alignment under forward and reverse biases, where the bias is applied on the top
electrode of the detector [127].

In summary, we want to design and model an nBn structure using HgTe/CdTe
superlattices as both the absorber and the barrier, and ultimately extend the design to a 2-color
nBn setup where two superlattice absorbers are present. The key to these designs is to keep VBO
to a low value so that the minority carrier holes do not see a large potential barrier and a low
turn-on voltage can be used. The design and modeling details will be given in section 10.2 and

the modeling result will be discussed in 10.3.
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10.2 Design and Modeling

Here we propose an nBn architecture designed for the VLWIR region, using HgTe/CdTe
superlattices as both the absorber and the barrier. The band structures of all HgTe/CdTe
superlattices used in this work are calculated using the 14-band k-p method (detailed in section
2.3). A 55 A HgTe/55 A CdTe (17ML/17ML) superlattice is used as the VLWIR absorber. The
calculated band structure of this superlattice at 100K is shown in Figure 100 (a). The bandgap
energy of this HgTe/CdTe superlattice is 91.7 meV, which corresponds to a cutoff wavelength of
13.6 um. Longer cutoff wavelength can be achieved at lower operating temperature. This
absorber's thickness is chosen to be 5 pm, which provides enough photon absorption due to
T3SL’s large absorption coefficients that we have demonstrated in section 5.4. A 26 A HgTe/90
A CdTe (SML/28ML) superlattice is used as the barrier. The calculated band structure of this
superlattice at 100K is shown in Figure 100 (b). The bandgap energy of this HgTe/CdTe
superlattice is 337.1 meV, which corresponds to a cutoff wavelength of 3.68 um and about three
times higher than the absorber bandgap energy. While the HgTe well thickness of the barrier
superlattice controls its band gap, the CdTe barrier thickness is used to adjust the superlattice
period thickness so that it is similar to the period in the absorber. The doping levels of all layers
are parameters subject to change. By adjusting the doping level in each layer, we can potentially

achieve a low valence band offset. The full device structure is shown in Figure 101.
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Figure 100 Calculated band structure of HgTe/CdTe superlattices at 100K. (a) 55 A HgTe/55 A
CdTe SL. (b) 26 A HgTe/90 A CdTe SL (c) 45 A HgTe/55 A CdTe SL.
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Figure 101 The cross-sectional device structure and structural parameters of an nBn device
designed for the VLWIR region with all superlattice layers except the substrate. The red arrows
indicate the light incident direction.
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As a step further, we propose another nBn architecture, which is designed for
VLWIR/LWIR dual-band absorption, using HgTe/CdTe superlattices as both the two absorbers
and the barrier. The same VLWIR absorber layer and the barrier layer as the previous design is
used, but we replace the VLWIR cap layer in Figure 101 with an LWIR absorber. A 45 A
HgTe/55 A CdTe (17ML/17ML) superlattice is used as the LWIR absorber. The calculated band

structure of this superlattice at 100K is shown in Figure 100 (c). The bandgap energy of this
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HgTe/CdTe superlattice is 140.4 meV, which corresponds to a cutoff wavelength of 8.84pum. The
thickness of this LWIR absorber layer is chosen to be 5 um, which is the same as the VLWIR
absorber. We did not test the absorption behavior of LWIR HgTe/CdTe superlattices. However,
based on the experience, a thinner absorber layer is needed for a shorter wavelength. As such, 5
pum should be more than enough. The doping levels of all layers are parameters subject to change
so that a low valence band offset can be achieved. The full device structure is shown in Figure
102. Note that we consider the usual employment of back illumination in our design so that the
LWIR absorber is grown epitaxially before the barrier layer and VLWIR absorber. In this way,

the LWIR absorption layer act as a long-wavelength-pass filter for the VLWIR layer.

CdTe Cap Layer

CZT or CdTe/Si Substrate

ot

Figure 102 The cross-sectional device structure and structural parameters of a 2-color nBn
device designed for VLWIR and LWIR absorption with all superlattice layers except the
substrate. The red arrows indicate the light incident direction.

The expected device band alignment is shown in Figure 103. Depends on the applied
bias, either LWIR or VLWIR absorber region is activated. Under positive bias (Figure 103 (a)),
the LWIR region is activated, the photogenerated holes in the LWIR region can move freely

across the barrier and produce a large photocurrent. Under reverse bias (Figure 103 (b)), the
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VLWIR region is activated, the photogenerated holes in the VLWIR region can move freely
across the barrier and produce a large photocurrent. Ideally, only transition #1 in Figure 103
happens. The barrier prevents electrons from traveling between the two absorbers under any
conditions. However, if the photon energy is big enough, transition #2 would happen. Transition
#3 may also happen due to free-carrier absorption [130], [131], an intra-band absorption process
in which a charge carrier absorbs light and excites itself to another higher level in that same
band. Phonons are usually involved in conserving momentum; thus, this process can be ignored

unless the absorber layer is heavily doped or highly defective.

¢ e . e
Forward Bias ‘ Reverse Bias I
3 R

2 ¢ m==>

VLWIR 1 -~
—\7 f
h <g¢==h = h
(a) (b)

Figure 103 Schematic illustration of the predicted band alignment under (a) forward and (b)
reverse biases for a 2-color nBn device designed for VLWIR and LWIR absorption. The forward
bias means a positive polarity applied on the LWIR absorber side (bottom side) of the detector.
The optical transitions contributing to photocurrents are also shown in the figure.

The modeling of the nBn structures' band alignment and the calculations on their I-V
characteristics are done using COMSOL Multiphysics™. The semiconductor module is used,
which is based on the drift-diffusion equations. Fermi-Dirac statistics is used to deal with the
case of degenerate semiconductors with relatively high doping levels. The nBn device is set up
as a 1D geometry shape along the growth direction with a 4 pm? cross-section area. Different
generation/recombination mechanisms, namely radiation, Shockley-Read-Hall and auger, are
considered. Poisson equation is solved to extract the spatial distribution of the band structure.

The modeling result will be discussed in the next section.
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10.3 Result and Discussion

The calculated energy band diagrams of an nBn device designed for the VLWIR region
with HgTe/CdTe superlattice absorber and barrier (device structure shown in Figure 101) is
shown in Figure 104. The absorber and the contact layer are the same except for the thickness.
Both layers are lightly n-type doped to n = 2.46 X 10°> cm~3. The barrier layer is non-

intentionally n-type doped.
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Figure 104 The calculated energy band diagrams of an nBn device designed for the VLWIR
region with HgTe/CdTe superlattice absorber and barrier (device structure shown in Figure 101)
(top) at equilibrium (middle) under forward bias Vj;, = 0.1V (bottom) under reverse bias
Vbias = —01V
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The band diagram at equilibrium shows a high conduction band barrier and a small
valence band barrier. The valence band offset is ~30meV, which is very close to the average
carrier thermal energy given in Equation (7.1). The energy barrier encountered by minority
carrier holes is minimal, and the carriers can easily step over the barrier with a small turn-on

voltage.

For this nBn device with one VLWIR absorber, a slight forward bias is needed to reduce
the obstruction of hole carriers diffusing into the contact region. The band diagram gives in
Figure 104 shows that a forward/reverse bias can even reduce the VBO. The VBO between the
VLWIR absorber and the barrier is reduced to ~20meV under forward bias. With the help of the

bias voltage, the minority carrier holes can move freely from the absorber to the contact layer.

It is worth mentioning that only a tiny bias-induced depletion region in the barrier layer's
vicinity is observed when an operating voltage is applied. The voltage drop through the majority
of the absorber layer is minimal. The SRH generation process is significant in the depletion
region. Assuming the SRH lifetime of minority carriers are similar in the nBn structure and
photodiodes, which depends on the material quality, the SRH process is significantly suppressed

in the nBn structure because the n-type layers are in a flat band with little to no depletion.

The simulated I-V characteristics of this VLWIR nBn structure is shown in Figure
105. The device is limited by intrinsic Auger generation processes dominating the saturation
current. Note that a turn-on voltage usually can be seen in the I-V curve of nBn structures,
reflected as a kink in the current for a given bias. However, we do not observe a visible turn-on

voltage characteristic in Figure 105, indicating the valence band energy barrier is minimal and
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can be neglected; thus, the flow of hole current arising from minority carrier generation in the

absorber layer is unrestricted.

To evaluate the contact layer’s contribution to the dark current, we extended the contact
layer's thickness to Sum, which is the same thickness as the absorber. The I-V characteristics are
shown as the dashed red line in Figure 105, which is identical to the I-V curve before. This has

proven that transition #3 in Figure 103 can be neglected.
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Figure 105 The simulated I-V characteristics of an nBn device designed for the VLWIR region
with HgTe/CdTe superlattice absorber and barrier (device structure shown in Figure 101). 0.5um
(solid blue line) or 5 um (dashed red line) contact layer is used in the simulation.

The calculated energy band diagrams of a two-color nBn device working in the
VLWIR/LWIR region with HgTe/CdTe superlattice absorbers and barrier (device structure
shown in Figure 102) is shown in Figure 106. There are two absorbers, one for VLWIR and one
for LWIR. Both absorber layers are 5 um thick and lightly n-type doped to n =

2.46 x 10> cm™3. The barrier layer is non-intentionally n-type doped.
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shown in Figure 102) (top) at equilibrium (middle) under forward bias Vj,;, = 0.1V (bottom)
under reverse bias Vp3s = —0.1V.

The band diagram at equilibrium shows a high conduction band barrier and a small
valence band barrier. The valence band offset is ~30meV for the VLWIR absorber side and
~20mev for the LWIR absorber side. Each side has a small value of VBO that is very close to the
average carrier thermal energy given in Equation (7.1). Same as single color nBn, a
forward/reverse bias can reduce the VBO. The VBO between the VLWIR absorber and the
barrier is reduced to ~25meV under reverse bias, and the VBO between the LWIR absorber and
the barrier is reduced to ~15meV under forward bias. With the help of the bias voltage, the
minority carrier holes can move freely from the absorber to the contact layer. A very small bias-
induced depletion region is observed on both sides of the barrier when an operating voltage is
applied. The SRH generation process is significantly suppressed because the voltage drop

through the major portions of the two absorber layers is minimal.

The simulated I-V characteristics of this two-color nBn structure are shown in Figure
107. Under reverse bias, the VLWIR absorber is activated; Under forward bias, the LWIR
absorber is activated. The device is limited by intrinsic Auger generation processes dominating
the saturation current under both forward and reverse bias. The VLWIR absorber shows higher
current density compared to the LWIR side due to its smaller band gap. The dark current on

either side of the I-V curve is majorly from either the VLWIR or LWIR absorber.
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Figure 107 The simulated I-V characteristics of a two-color nBn device designed for
VLWIR/LWIR region with HgTe/CdTe superlattice absorbers and barrier (device structure is
shown in Figure 102).

To have a better idea of the dark current density values, we compare the dark current
density of our modeled 2-color nBn device to the famous “Rule 07 [132], [133], which is
believed to be the lowest dark current that can be achieved in a p-n HgCdTe photodiode
performance. The result is shown in Figure 108. Note that Rule 07 values are quite different at
different temperatures and different cutoff wavelengths. Through some calculations, we have
Rule-07 dark current ;4,4 = 0.0539 A/cm? at 14 pm, 100K and I;,,, = 0.0001 A/cm? at 9
um, 100K. The dark currents of the activated VLWIR absorber and LWIR absorber are
comparable to the Rule-07 dark currents. They are slightly higher, likely due to the high density

of states near superlattices' band edge.
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Figure 108 The simulated I-V characteristics of a two-color nBn device with increased absorber
thicknesses (15 pm of VLWIR absorber and 10 pm of LWIR absorber) compared to Rule 07.

There is a small concern about the calculated band diagram at equilibrium shown in
Figure 106. A visible VBO between the two absorbers is observed. There is no prominent [-V
characteristic associated with this VBO. However, we decided to try a second design with
different VLWIR absorber doping levels to examine if a smaller VBO between the two absorbers
can be achieved. We want to bring down the valence band of the VLWIR absorber, so the doping
level should be increased. A high doping level is relatively hard to achieve and could introduce
more defects into the material, so moderate n-type doping of 2.4 X 101® cm™3 is used in this
new design. The calculated energy band diagrams of the second design are shown in Figure 109.
The VBO between the two absorbers is reduced while keeping the VBO between the absorbers

and the barrier about the same.
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Figure 109 The calculated energy band diagrams of a two-color nBn device with the VLWIR
absorber doped at a higher level (8 X 101® cm™3) (top) at equilibrium (middle) under forward
bias Vy;,s = 0.1V (bottom) under reverse bias Vp,s = —0.1V.
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The simulated I-V characteristics of this new design are shown in Figure 110. The
maximum dark current density on either side is slightly reduced. Similar to the previous design,
we compare the dark current density of our modeled 2-color nBn device to Rule 07 dark currents
(Figure 111). The dark currents of the activated absorbers are comparable to the Rule-07 dark

currents.
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Figure 110 The simulated I-V characteristics of the second design of two-color VLWIR/LWIR
nBn.
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Figure 111 The simulated I-V characteristics of the second design of two-color VLWIR/LWIR
nBn with increased absorber thicknesses (15 um of VLWIR absorber and 10 um of LWIR
absorber) compared to Rule 07.

It is worth mentioning that a “zero” valence band offset can be achieved with a p-type
doped superlattice barrier. Despite the disadvantages of the p-type barrier we discussed in
section 8.1.2, here we provide the calculated band diagrams of such an nBpn structure for

reference (Figure 112).
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Figure 112 The calculated energy band diagrams of a two-color nBpn device with 1 x 10 cm™3

p-type doped barrier (top) at equilibrium (middle) under forward bias Vj,;, = 0.1V (bottom)
under reverse bias Vp,s = —0.1V.

The I-V characteristics shown in Figure 107 and Figure 110 are also compared to those of
T2SLs working in VLWIR region. H. Mohseni et al. has reported the measured and modeled

dark current density of a type-1I InAs/Ga;.xInxSb SL photodiode working in VLWIR region at
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T=80 K [134]. The dark current under -0.4V reverse bias at 80K is 4.5 A/cm?, which is
substantially larger than the value we predicted here for T3SL at 100K of about

3x 1072 A/cm?. Y. Wei et al. later reported a dark current density of a type-II InAs/GaSb SL of
about 3 A/cm? under -0.6V reverse bias at 80K [135]. A. Hoang et al. reported a similar dark
current of about 2 A/cm? under -0.9V reverse bias at 77K [136]. B.-M Nguyen et al. has
reported the [-V characteristics of a unipolar photodetector based on T2SL working in VLWIR
region [25]. The I-V characteristics at 77 K shows a promising dark current density of

2 x 1072 A/cm?, which is comparable to the values we got for T3SL nBn detectors. In
conclusion, the dark current density we predicted for T3SL nBn structures working in VLWIR

region is either comparable or smaller than those reported for T2SL-based photodetectors.
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11 SUMMARY AND FUTURE WORK

In Part II of the thesis, we propose an nBn device structure that can potentially get around
the p-type doping and annealing necessity for a photodetector made with T3SL. nBn structure
blocks the majority carriers while the minority carriers can flow with no impedance, reducing
dark current and noise without impeding photocurrent flow, with the essential condition of a
near-zero VBO. While n-type or p-type bulk barrier has its disadvantages, it has been shown that
HgTe/CdTe superlattice barrier can eliminate the VBO. We followed this path and modeled the
HgCdTe-based nBn device with HgTe/CdTe superlattice barrier, which works in the MWIR
region. Three nBn layers with this design are grown and characterized, and the preliminary

results show promising layer quality.

An nBn architecture utilizing HgTe/CdTe superlattice as both the absorber and the barrier
is proposed. The absorber is doped to n = 2.46 X 1015 cm™3 while the barrier is non-
intentionally doped. The band diagram at equilibrium shows a high conduction band barrier and
a small valence band barrier. The valence band offset is ~30meV, which is very close to the
average carrier thermal energy. The minority carrier holes can flow from the absorber to the

contact with no impedance.

We took a step further and designed a two-color nBn photodetector for sequential
detection in LWIR and VLWIR region. The bias-selectivity of the nBn structure enables nBn
photodetectors to achieve two-color detection. By switching the bias voltage polarity applied to
the device, different absorption regions of the nBn bias-selectable detector are activated. The
nBn device architecture being proposed exploits the T3SL’s ability to provide near-zero VBO

and absorb in the LWIR and VLWIR regions. Due to HgTe/CdTe SL’s large absorption
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coefficient near the cutoff wavelength, the absorber regions' thickness can be significantly less
than what is required for alloy-based devices. The two absorption layers and the barrier layers
are all HgTe/CdTe SLs, but with different well/barrier thicknesses. We have identified a 26 A/90
A HgTe/CdTe SL as a promising candidate to provide a high enough conduction band barrier
with minimal VBO, and two SL absorber layers employ 45 A/55 A HgTe/CdTe and 55 A/55 A
HgTe/CdTe designs to achieve photodetection in LWIR and VLWIR regions, respectively. At
100 K, we employ a doping level of 2.46 x 10> cm™3 n-type for LWIR absorber, and either
2.46 X 105 cm™3 or 2.4 X 106 cm™3 for two different designs of VLWIR absorber. We predict
near-zero VBO can be achieved with the help of these doping levels. The current-voltage
characteristics of our designs are simulated, and the dark current densities are comparable to
those given by “Rule 07, which is a rule of thumb for HgCdTe-based photodetector dark
currents. The dark current densities we predicted are also compared to those of T2SL-based
photodetectors, and T3SL-based nBn detectors show either comparable or smaller dark current

densities.

Continuing from the idea of implementing a T3SL absorber into nBn structures, it would
be interesting to combine a T3SL absorber with a HgCdTe absorber to achieve a different dual-
band photoresponse than VLWIR/LWIR, for example, VLWIR/MWIR or LIWR/MWIR. As part
of the future work, we would like to model these nBn structures and compare their [-V
characteristics to state-of-the-art HgCdTe-based photodetectors and other dual-band detector

solutions.

The next step is to grow the designed structures using Molecular Beam Epitaxy. The

layers will be characterized using various techniques that we have mentioned, and then device
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fabrication and device testing will take place. The feedback from device testing will help us to
tune and polish our design. Ultimately, the potential promised by T3SL and nBn can be fully

realized.
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