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ABSTRACT

BARRIER ENGINEERING FOR HIGH-PERFORMANCE nBn INFRARED
PHOTODETECTORS

Uzgur, Fatih
Doctor of Philosophy, Micro and Nanotechnology
Supervisor: Assoc. Prof. Dr. Serdar Kocaman
Co-Supervisor: Assoc. Prof. Dr. Alpan Bek

August 2020, 170 pages

Despite intensive studies, for high-performance applications, lowering dark current
is still a challenging problem for pn-type infrared (IR) photodetectors. Over the last
two decades, barrier-type IR detectors have been proposed as a solution for obtaining
high-performance and high operation temperature conditions. However, the valence
band discontinuity limits the material alternatives to which the barrier detector
architecture can be applied. In this thesis work, it has been numerically shown that
some material limitations in the barrier detector architecture can be eliminated using
bandgap engineering techniques. Herein, simulations and analyses were performed
by using Synopsys Sentaurus technology computer-aided design (TCAD)
commercial device simulator via calculations of the current, continuity, and
Poisson’s equations with high precision. In this study, delta-doped layers, together
with compositionally grading, were utilized to get InGaAs and HgCdTe nBn type IR
barrier detector configurations. For the shortwave IR (SWIR) band InGaAs nBn
detector, lattice-matched InAlAs and lattice-mismatched InGaAs were used for the

barrier material. At least 40 and 20 times improvement, respectively, were calculated



in the dark current level by suppressing the surface leakage and generation-
recombination (G-R) current mechanisms without compromising any photo-
response when compared to the conventional pn junction. This method was also
applied successfully for obtaining an extended SWIR (eSWIR)/SWIR InGaAs dual-
band nBn detector structure. In the case of HgCdTe material systems, strong
suppression of G-R and trap assisted tunneling (TAT) currents were numerically
demonstrated with the designed nBn structures in the SWIR, midwave IR (MWIR),
and longwave IR (LWIR) bands, which could be useful for the alternative substrate
HgCdTe technology. The HgCdTe dual-band nBn detector configuration was also
examined in MWIR/LWIR bands again by using compositionally graded and delta-
doped layers. Thanks to the flexibility of this method, the length and thickness of the
barrier can be adjusted, while zero valence band offset is achieved at the same time

for the compositionally bandgap adjustable materials.

Keywords: Infrared detectors, InGaAs, HgCdTe, unipolar barrier detector, nBn
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YUKSEK PERFORMANSLI nBn KIZILOTESI FO:I'ODEDEKT(")RLER
ICIN BARIYER MUHENDISLIGI

Uzgur, Fatih
Doktora, Mikro ve Nanoteknoloji
Tez Yoneticisi: Dog. Dr. Serdar Kocaman
Ortak Tez Yoneticisi: Dog. Dr. Alpan Bek

Agustos 2020, 170 sayfa

Yiiksek performans uygulamalari i¢in pn kizilotesi foto dedektorlerinde karanlik
akimi azaltmak, yogun ¢alismalara ragmen hala zorlu bir problemdir. Son yirmi
yildir bariyer tipi kizilotesi dedektorler, yiiksek performans ve yliksek calisma
sicakligi kosullart igin bir ¢dziim olarak oOnerilmektedir. Ancak valans band:
stireksizligi bariyer dedektér mimarisinin uygulanabilecegi dedektdr malzemelerini
sinirlamaktadir. Bu tez ¢alismasinda bant araligi miithendisligi teknikleri kullanilarak
bariyer dedektor mimarisindeki bazi malzeme smirlamalarmin - ortadan
kaldirilabilecegi niimerik olarak gosterilmistir. Bu c¢alismada ticari Synopsys
Sentaurus TCAD simiilatori kullanilarak akim, siireklilik ve Poisson denklemlerinin
yiiksek hassasiyetle hesaplandigi simiilasyonlar ve analizler yapilmistir. Bu
calismada bant aralig1 derecelendirme ve delta katkili katmanlar kullanilarak InGaAs
ve HgCdTe nBn dedektor yapilart elde edilmistir. SWIR InGaAs nBn dedektorleri
icin orgli uyumlu InAlAs ve 6rgii uyumsuz InGaAs malzemeleri bariyer katmani
olarak kullanilmigtir. Yiizey sizintt ve G-R akim mekanizmalar1 baskilanarak,
konvansiyonel InGaAs pn dedektoriine kiyasla, foto tepkiden 6diin vermeksizin

karanlik akim seviyesinde InAlAs bariyerli dedektor icin en az 40 kat ve InGaAs
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bariyerli dedektor igin de en az 20 Kat iyilesme gosterilmistir. Ayrica dnerilen bu
metot, e-SWIR/SWIR InGaAs c¢ift bantli nBn dedektor yapisinin elde edilmesinde
de basartyla uygulanmistir. Diger bir ¢alismada, HgCdTe malzemesi ile SWIR,
MWIR ve LWIR dalga boyu araliklari i¢in nBn dedektorii tasarlanmistir. Bu
tasarlanan yapilarda G-R ve TAT akimlarimin gii¢lii bir sekilde bastirildigi ve
Onerilen bu yontemin alternatif taban HgCdTe teknolojisi i¢in de uygulanabilir
oldugu gosterilmistir. Yine bu tezde HgCdTe MWIR/LWIR ¢ift bantli nBn dedektor
yapisi, ayni yontem (bant araligi derecelendirme ve delta katkili katmanlar)
kullanilarak niimerik olarak ortaya konulmustur. Bu yontemin esnekligi sayesinde
kompozisyonla bant araligi degistirilebilen dedektor malzemeleri igin bariyer
yiiksekligi ve kalinlig1 ayarlanabilirken, ayn1 zamanda sifir valans bant ofseti de elde

edilebilmektedir.

Anahtar Kelimeler: Kizilotesi dedektorler, InGaAs, HgCdTe, tek-kutuplu bariyer
dedektor, nBn
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CHAPTER 1

INTRODUCTION

Infrared (IR) light is an electromagnetic (EM) radiation whose wavelength range
covers from ~ 0.7 um to ~ 1000 um of the EM spectrum. It is emitted from every
substance, including the human body, due to vibration or rotation of atoms or

molecules at any temperature [1].

With advanced IR detection techniques, remarkable progress has been made in the
scientific, space, medical, civilian and military fields, such as spectroscopy, deep
space exploration, hyperspectral remote sensing, medical IR thermography,
meteorology, telecom, laser imaging detection and ranging (LIDAR), night vision,

laser marking, anti-air missile seekers, chemical detection and surveillance.

IR detectors are transducers that convert IR radiation into electrical signals.
The detection can be achieved by using thermal or photon detectors. For thermal
detectors, the radiation collected as heat is converted into electric signals.
In photodetectors, on the other hand, electrical signals are generated due to a change
in the electrical conductivity of the active medium [2]. Although thermal detectors
have lower production costs, they are not advantageous for applications requiring
high performance due mainly to their slow response. Photon IR detectors are much
more preferred for high-performance applications since they have fast response and
in addition, spectral information. However, the cooling requirement limits the

application areas of photon detectors because of economic and technical reasons.

This thesis work presents the valence band compensated nBn architecture as a
solution to reach a high-performance IR photon detector structure. In the remainder
of this chapter, a summary of the history of the IR detectors, and types of IR

detectors, are presented together with the output of the thesis work.



In the second chapter, dark current mechanisms and performance parameters are
discussed. In the third chapter, the concepts of barrier detectors and a literature
review are reported. In the fourth chapter, the applied nBn architecture and
technology computer-aided design (TCAD)-based simulation method are presented.
In the fifth chapter, first, InGaAs shortwave IR (SWIR) detector technologies are
reviewed, and then All InGaAs barrier detectors, InAlGaAs lattice-matched barrier
InGaAs nBn detector and dual-band InGaAs detector designs are presented with their
performance and sensitivity analyses. In the sixth chapter, first, HgCdTe material
and detector technologies are reviewed, and then the same method is applied for
HgCdTe material in the shortwave IR (SWIR), midwave IR (MWIR), longwave IR
(LWIR), and also MWIR/LWIR dual-band nBn structures. In the last chapter,

conclusions and future work are discussed.



1.1 A Brief History of Infrared Detectors

The existence of IR light was discovered for the first time by Herschel in 1800 [3].
He measured temperature change under different colors of sunlight spectrum using
thermometers and a prism (Figurel.1). He realized that the highest temperature was
measured immediately after the red region of the spectrum. In subsequent
experiments, Herschel found that beyond the red region of the spectrum, there were

invisible light rays that showed optical properties as visible light.

Thermometer

~

Sun spectrum

Figure 1.1. Herschel’s experiment setup (redrawn from ref. [3]).

The next significant progress was made by Thomas Johann Seebeck in 1821.
His invention can be considered as the starting point for thermal sensors.
He measured a small electric current between junctions that were made of different
metals and kept at different temperatures using a compass magnet [4]. Later, Nobili
invented the first thermocouple based on Seebeck’s thermoelectric effect in 1829 [5].
Four years later, Melloni came up with the idea of an integrated thermocouple
(thermopile). It was so sensitive that it could detect the temperature of a person

standing 30 feet away [5]. In 1880, Samuel Pierpont Langley invented the first



bolometer, which was more sensitive than thermopiles [5]. The bolometer basically
is consisted of two thin platinum foils connected with two arms of a Wheatstone
bridge, which is a circuit used for sensitive measurement of the variation of the
resistance. He used the bolometer for studying solar irradiance intensity in the IR

region [5].

The IR detectors mentioned thus far have been classified as thermal detectors.
The first photon detector was developed by Theodore W. Case in 1919 [5].
He showed that some sulfide salts had photoconductive behavior and exhibited a
good reaction in the red region of the spectrum. He then patented the “Thalofide
cell”, which was composed of sulphur, thallium, and oxygen. These detectors

showed maximum sensitivity at 1 um wavelength [6].

Since the discovery of IR radiation, different detector technologies have been
developed. In addition to that mentioned above, the detector technologies that have
emerged to date can be listed as follows: Golay cell, pyroelectric detectors, photon
drag, Josephson junctions, Schottky barriers, intrinsic photodetectors, extrinsic
photodetectors, superlattice detectors, quantum well detectors, quantum dot
detectors and barrier-type IR detectors [7]. Some of these detector technologies are

discussed later in this chapter.



1.2 Basics of Infrared Detection

1.2.1 Blackbody Radiation

Electromagnetic (EM) radiation is a wave that consists of packets of EM energy
called photons. Bands of the EM spectrum is shown in Figure 1.2.
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Figure 1.2. Bands of the EM spectrum with frequency and wavelength ranges

(redrawn from ref. [2]).

In general, in the case of the visible and the IR regions, the unit of light is expressed
in terms of wavelengths, since frequencies of these regions are around the millions
of megahertz and a wavelength of light can be very sensitively measured.
The relation between wavelength, frequency and the energy of a photon (¢) is given
in Eqg. (1.1):

c =2, e=hv= T (1.2)

where ¢ is the speed of the light in free space (~ 3x108 m/s), A is the wavelength, v
is the optical frequency, and h is the Planck constant (6.62x1073* J.s).

The nature of radiation emissions from matter is explained by the blackbody
phenomena [2]. A blackbody is a hypothetical object that perfectly absorbs and emits
every wavelength of the EM spectrum. In the thermal equilibrium, the relationship
between the incident and emitted radiation from a substance is given by Kirchhoff’s

law of thermal radiation:



l=a+p+T (1.2)
where a is the absorbance, p is the reflectance and T is the transmittance.
The most accurate expression of the spectral radiance of a blackbody is given by

Planck’s equation [5]:

2mhc? 1
15 ehc/AkT _q (1.3)

MA(A, T) =

where My(A, T) is the spectral radiant exitance (W/cm?-um), h is Planck’s constant,
c is the speed of light, T is the absolute temperature of the object, and k is the
Boltzmann constant. The blackbody radiant exitance spectrum for different

temperatures is shown in Figure 1.3.
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Figure 1.3. Blackbody radiation spectrum (redrawn from ref. [8]).
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At room temperature, the maximum radiant exitance of a blackbody is observed at
a wavelength of around 10 um. As the temperature increases, the peak wavelength
shifts to short wavelengths and the total radiant exitance increases. If spectral radiant
exitances are integrated over all wavelengths, the total radiant exitance can be
calculated using Eq. (1.5) [2]:
2mhc? 2wk

M(T)_] M; (A, T)dA = j—d/l T* =oT*
0 15(etiE - 1) 15¢2h3 (1.5)

where ¢ = 5.67x10712 W/cm?K* (the Stefan—Boltzmann constant).

The spectrum given by a blackbody indicates the theoretical upper limit that a source
can radiate for any specific temperature.

At the same temperature, the ratio of the spectral exitance of a source to a blackbody

is called emissivity:

M(/l, T)Source 16
M(2, T)Blackbody (1.6)

(A, T) =

In general, the emissivity depends on wavelength and temperature. Emissivity has
no unit and its value varies between 0 and 1. For an ideal blackbody, this value is € =

1 and is independent of the wavelength and temperature.

1.2.2 Atmospheric Transmission

In the presence of an atmosphere, operation of the IR detectors are affected by the
physical and chemical contents of the air. Therefore, specifications of the detector
should be determined according to the properties of the atmosphere. In particular,
scattering and absorption affect the transmission of the IR light in the atmosphere,
but this effect will appear differently for each wavelength interval.



If the particle size is larger than the wavelength in the atmosphere, the scattering of
the IR light does not depend on the wavelength of the IR beam (Mie scattering).
However, if the size of the particles is comparible to the wavelength, scattering is
inversely proportional to the fourth power of the wavelength (1/ A% Rayleigh

scattering).

The atmospheric transmission spectrum of IR light through 2 km at sea level is
shown in Figure 1.4. Since some gas compounds of the atmosphere absorb IR light
at certain wavelengths, the detection of these absorbed wavelengths would be

restricted.

In general, the atmospheric transmission spectrum is mainly divided into three bands
according to the atmospheric absorption. Mostly, water, oxygen, carbon dioxide
molecules give rise to absorption bands, which are SWIR (0.7-2.7 um), MWIR (3-
5 um), and LWIR (8-12 pum).
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Figure 1.4. Atmospheric transmission of the EM spectrum (redrawn from ref. [8]).

The LWIR band range is generally used in long-range applications requiring high
precision and high performance in cold weather conditions and in passive thermal
imaging. Moreover, the LWIR wavelength can transmit through mist and smoke.



As seen in Figure 1.3, the peak exitance wavelength of objects at room temperature
is around 10 um, which is within the LWIR band. If the contrast is more important
than the sensitivity, the MWIR band range is more appropriate, since the emitted
flux from targets change more rapidly when the temperature of the target changes.
Additionally, MWIR is more suitable for hot object detection. The SWIR band
covers wavelengths between 0.7 to 2.7 um of the IR spectrum. SWIR detection is
not possible from a source at room temperature, which has a very low photon
exitance in that region (Figure 1.3). It needs an extra source, like a laser or a natural

source to allow detection by reflection.

1.3  Types of Infrared Detectors

As previously mentioned, IR detectors are classified into two types, as thermal and
photon detectors, and these types will briefly be discussed here.

1.3.1 Thermal Detectors

In thermal detectors, the IR light source causes an increase in the temperature of the
absorber. This increase is measured by a temperature-dependent mechanism, in
which the IR light is converted into an electrical signal. A temperature increase
caused by the radiation coming into the detector is expressed by the heat balance, as
in Eq. [2]:

dAT
Cth? + GpAT = ¢ 1.7)

where, Cw, G and € are the thermal capacitance, thermal conductance, and
emissivity of the detector, respectively, and T is the constant temperature of a heat
sink. In this case, when the optical signal ® reaches the detector, it causes

a temperature increase of AT.



The schematic representation of a simple thermal detector is shown in Figure 1.5.

Thermometer

Detector
C,T+AT

Absorber

‘ P Thermal insulation

Radiation

Figure 1.5. General representation of a thermal detector (redrawn from ref. [2]).

In general, an absorber is placed between two legs, which are linked to the heat sink.
When light shines onto the absorber, a temperature change occurs. However, this
change does not depend on the wavelength of the incident light; it only depends on

the incident power of the light.

Thermopile: A thermopile is an IR detector type based on the Seebeck effect [2].
Thermopile is constructed by connecting several thermocouples. Basically,
a thermocouple is composed of a junction of two metals with different
conductivities, as shown in Figure 1.6. If the junction is heated, a potential difference
occurs at the ends of these two different metals. A thermopile is the oldest IR sensor

and has less sensitivity than other thermal detectors.

10



TXAT T

Figure 1.6. Schematic structure of a thermopile made of three thermocouples

(redrawn from ref. [2]).

Bolometers: In the case of bolometer detectors, the light causes a resistance change
in the absorber, and this change is converted into an electrical signal [2]. In this
device, the absorber must have a small thermal capacitance and a large temperature
coefficient for efficient detection. Unlike the thermopile, a bolometer needs a bias

voltage.

Modern bolometer technology began in the early 1980s. The most widely used
thermistor material is vanadium oxide (VOx). Nowadays, low-cost, large-area,
monolithic two-dimensional (2D) focal plane arrays (FPAS) can be produced using

silicon micromachining technology (Figure 1.7) [9].

Reflector / IR absorbing material

Electrode A Gold contact
2pum

v

Readout circuit/silicon substrate

Figure 1.7. General representation of a Honeywell microbolometer (redrawn from
ref. [2]).
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Pyroelectric detectors: When a pyroelectric crystal is exposed to heat, the surface
charges become polarized in one direction (Figure 1.8) [2]. If this temperature does
not change, this asymmetry is compensated by the free charges. If, however, these
temperature changes are faster than this compensating process, the asymmetry can

be rearranged, and an electric signal can be measured.

Absorber/contact 1
- Pyroelef:tric
5 8 8 material
—m4 Substrate
I |

Contact 2

Figure 1.8. Schematic representation of a pyroelectric IR detector (redrawn from ref.

[2]).

Therefore, compared to other thermal detectors, pyroelectric detectors measure

change in temperature rather than temperature level.

1.3.2 Photon Detectors

In photon detectors, the light interacts with the electrons of the detector material, and
it changes the electronic energy distribution [7]. The response of the photon detector
per unit incident radiation power varies according to the wavelength absorbed by
the detector. Although they have a very fast response and a good signal-to-noise
(S/N) ratio, they usually need to be cooled, mostly for suppression of thermal
generation [7]. There are many photon detector technologies, which can be listed as
follows: photoconductor, photovoltaic (PV), unipolar barrier detectors, Schottky

diode detectors, and low-dimensional IR detectors.

12



1.3.2.1 Photoconductive Detectors

In photoconductor detectors, light creates electron-hole pairs in the absorber, and
these photogenerated charges increase the conductivity [2]. If voltage is applied,
these photogenerated charges participate in the current, and the IR signal is
measured. In general, photoconductor detectors are classified into two types,

intrinsic and extrinsic.

Intrinsic photoconductive detectors: In intrinsic photoconductive detectors, the
cutoff wavelength of the detector is determined by the bandgap of the absorber. The
incoming photon excites electrons from the valence band to the conduction band,
and free electron-hole pairs are generated. PbS, PbSe, PbSnTe, HgCdTe, InGaAs,
InSb, InAs and InAsSb are common intrinsic photoconductive materials [2].

Extrinsic photoconductive detectors: In this type of detectors, a high-bandgap
semiconductor absorber doped with impurities is used. The excitation occurs
between the impurity level and the bottom of the conduction band, so the cutoff
wavelength is determined by the energy difference of these two levels. Extrinsic
detectors can be used in a very wide spectrum up to 300 pum. However, they are
mostly preferred larger than 20 um in applications [7]. Si:Ga, Ge:Hg, and Si:In are

common extrinsic photoconductive materials [2].

1.3.2.2 Photovoltaic Detectors

PV detectors are usually formed by combining (metallurgical junction) two different
types (n-type and p-type) of semiconductors. In the region of the junction, there are
no free charge due to the generated electric field between fixed ions; therefore, it is
called the depletion region. In PV detectors, photocurrent is created by
photoelectrons and photoholes which are generated within the depletion region and
within a distance as far as the diffusion length from the depletion region [2]. The
strong electric field in the depletion region sweeps the photogenerated electrons into

13



n-type and holes into p-type regions; thus, photocurrent is generated [10]
(Figure 1.9).

I ¢ -
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Figure 1.9. Schematic structure of a PV detector (redrawn from ref. [8]).

The photocurrent (Ip) produced by the PV detector is expressed as:

I, = qAGop(Ly + Ly + W) (1.8)

where Ln, Lp, and W are the electron diffusion length in p-type material, hole
diffusion length in n-type material, and depletion region of the pn junction. A, g, and
Jop are the cross-section, electron charge, and optical generation rate. PV detectors

will be discussed in more detail in the next chapter.

1.3.2.3 Barrier detectors

Barrier detectors are a relatively a new type photodetector that includes a high
bandgap barrier material between the absorber and contact layers for blocking the
majority carriers (e.g., electrons for n-type material), without demising the flow of
the minority carriers (e.g., holes for n-type material) [11]. In the barrier-type
detectors, the depletion region related and surface leakage dark current mechanisms
can be suppressed, but there are some restrictions, such as finding appropriate barrier

material and Fermi level alignment between the absorber and barrier material. In

14



Figure 1.10, pBn- and nBn-type barrier detectors are illustrated. Barrier detectors

will be discussed in details in the third chapter.
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Figure 1.10. lllustrations of (a) nBn- and (b) nBp-type barrier detector is illustrated

(redrawn from ref. [11]).

1.3.24  Schottky Diode Detectors

Such detectors are known as Schottky-barrier photoemissive detectors. The most
well-known Schottky-barrier IR detector is PtSi. In this detector, IR radiation is
absorbed in the metal. Hot holes (high kinetic-energy holes) are produced during the
process. These hot holes are injected into the semiconductor by passing over the
potential barrier, and the negative charge in the silicide is directly transferred into
the charge-coupled device (CCD) (Figure 1.11) [2].
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Figure 1.11. Band diagram of a Schottky diode IR detector (redrawn from ref. [12]).

1.3.25 Low Dimensional Detectors

Low-dimensional semiconductor was first proposed by Esaki and Tsu [13]. In the
case of a low-dimensional semiconductor, when the dimensions of the material are
reduced in quantum scales, the electronic and optical properties can be engineered
depending on the size. The discovery of this feature led to the development of
superlattice (type-1 and type-1l) and quantum dot IR photodetector (QDIP) detector

technologies.

Type-1: Quantum well IR photodetectors (QWIPSs) are Type-I superlattice detectors,
which are low-band-gap semiconductor material sandwiched between two high-
band-gap semiconductor materials as seen Figure 1.12. In QWIPs, the electron
transition occurs between the sub-bands. QWIP materials are usually selected from
the 111-V group; the most well-known are InGaAs-InP [14] and AlGaAs-GaAs [15]

material systems.
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Figure 1.12. (a) Band structure of a QWIP IR detector and (b) band diagram of a
single quantum well (redrawn from ref. [2] and [15]).

High-quality material, uniformity, fast response time, and long integration time are
some of the important features of QWIPs. Additionally, QWIPs have low quantum

efficiency.

Type-11: In type-11 superlattice detectors, the quantum well structures in the periodic
structure are so close to each other that the wave functions of the electrons in the
quantum wells overlap, and this forms electron and hole minibands. The absorption
wavelength is determined by the energy gap between these minibands (Figure 1.13).
The most well-known type-I1 superlattice material systems are InSb-InAsSb, InAs-
GalnSh, and InAs-GaSb [16], [17].

Ec

GalnSb GalnSb )
Electron miniband

InAs InAs InAs Hole miniband

Figure 1.13. Band structure of a type-Il superlattice IR detector (redrawn from ref.

[17]).
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1.4 The Contributions of This Thesis

Barrier detector architecture allows higher performance than conventional pn
detector architecture. However, the applicability of this architecture is limited since
suitable barrier materials are not easily found for all kinds of detector systems.
Antimonite-based compound semiconductors (ABCS) (or 6.1A 1II-V family
materials) are the most suitable material system to obtain a barrier detector since
type-11 heterojunction structures can be designed with various alloy and superlattice
materials. However, this type of barrier design is not suitable for InGaAs and
HgCdTe material systems which are technologically mature, since these two detector
materials form the type-l heterojunction structure. The main contribution of this
thesis is to show that a barrier-type InGaAs and HgCdTe can be obtained using
compositionally graded and delta-doped layers. The outcome was presented in the

literature with the following studies:

For the InGaAs nBn detector, lattice-matched InAlAs and lattice-mismatched
InGaAs used for barrier material:

e Uzgur, Fatih, et al. "All InGaAs unipolar barrier infrared detectors.” IEEE
Transactions on Electron Devices 65.4 (2018): 1397-1403.

e Uzgur, Fatih, et al. "Al/Sb free InGaAs unipolar barrier infrared detectors."
Infrared Technology and Applications XLIII. Vol. 10177. International
Society for Optics and Photonics, 2017.

e Uzgur, Fatih, and Serdar Kocaman. "InGaAs nBn SWIR detector design with
lattice-matched InAlGaAs barrier.” Turkish Journal of Electrical Engineering
& Computer Sciences 27.1 (2019): 1-10.

At least 40 and 20 times dark current improvement for the lattice-matched and
lattice-mismatched barrier nBn detectors, respectively, were numerically shown in
the dark current level by suppressing surface leakage and generation-recombination
(G-R) current mechanisms in the SWIR band, without compromising any photo-

response when compared to the conventional pn junction.
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In the case of HgCdTe material systems, strong suppression of G-R and trap-assisted
tunneling (TAT) currents have been shown to be possible with the designed
structures in SWIR, MWIR, and LWIR bands for the alternative substrate HgCdTe
technology:

e Uzgur, Fatih, and Serdar Kocaman. "Barrier engineering for HgCdTe
unipolar detectors on alternative substrates."” Infrared Physics & Technology
97 (2019): 123-128.

A HgCdTe dual-band nBn detector configuration was also numerically examined in

MWIR/LWIR bands using compositionally graded and delta-doped layers:

e Uzgur, Fatih, and Serdar Kocaman. "A dual-band HgCdTe nBn infrared
detector design." Infrared Sensors, Devices, and Applications IX. Vol.
11129. International Society for Optics and Photonics, 2019.

Moreover, the method was applied successfully for obtaining an extended SWIR
(eSWIR)/SWIR InGaAs dual-band nBn detector structure and the results were used
for a project application by the TUBITAK 1001-Scientific and Technological
Research Projects Funding Program, in a project named “Genisletilmis SWIR
Bolgesinde Calisan Delta Katkili nBn Yapisinda Kizil6tesi Dedektor”. This project
was accepted and began in March 2019 under grant number TUBITAK 118E771.
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CHAPTER 2

DARK CURRENT MECHANISMS AND FIGURES OF MERIT

In this chapter, first, the dark current mechanisms will be explained through a pn
junction detector before talking about the superiority of the nBn detector over the
pn detector. Next, the dark current properties of the nBn detector will be mentioned
briefly. Finally, the infrared detector performance parameters will be explained. An

nBn-pn detector comparison will be discussed in more detail in the next chapter.

2.1  pn Infrared Photodetector (Photodiode)

A pn detector is obtained by combining n-type and p-type semiconductor materials
to form a metallurgical junction. Due to the difference in the carrier concentrations,
electrons in the n-type region and holes in the p-type region diffuse to the other
regions simultaneously. With the diffusion of electrons and holes, an electric field is
formed by the charged fixed dopant atoms that the electrons and holes leave behind
in the junction region. The potential difference created by this electric field is called
built-in potential (Vb). In addition, since the free charges will be swept away by the
electric field, this region is also called the depletion region (Figure 2.1) [2].

If the energy of the incident photons on the detector is larger than the bandgap of the
semiconductor absorber material, electron-hole pairs are generated in the absorber.
If the electron-hole pairs are generated in the depletion region, or if the electron-hole
pairs generated in the quasi-neutral region have the ability to reach the depletion
region, the electric field sweeps electrons into the n-type region and holes into the p-
type region. Thus, photocurrent is obtained without applying an external voltage
from the detector, which is called the PV effect [2].
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Figure 2.1. A simple pn junction IR detector; (a) detector pixel structure, (b) energy

band diagram, and (c) electric field in depletion region (redrawn from ref. [2]).

The equivalent circuit of a pn detector is given in Figure 2.2. Here, Rs is a series
resistor that is very small, Cq is the total capacitance, and Ry is the load resistance.

Ca and R, are the input capacitance and resistance of the amplifier.

/\/\)EZ — By B =5 %

Figure 2.2. Equivalent circuit for an illuminated pn junction IR detector (redrawn
from ref. [2]).
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Dynamic resistance is one of the most crucial parameters affecting the performance
of semiconductor IR detectors. In most applications, a small bias, at which dynamic
resistance is maximum, is selected as the operating voltage [2]. The dynamic
resistance of a pn junction is the slope of the its 1-V characteristic at any point,
expressed as:

v

R_E'

(2.1)

Low dynamic resistance increases Johnson noise as can be seen in the formula

below:

) _ |4kTAf
ln,Johnson = R (2.2)

where R is the dynamic resistance. Moreover, high dynamic resistance is essential

for high injection efficiency from an IR detector to silicon multiplexers [18].

The expression of the total current density of a pn junction photodetector is given as

follows:

JWV, @) = Ja(V) = Jp(P) (2.3)

where Jq is the dark current density and varies with the bias voltage, and Jp is the
photocurrent density that depends on the photon flux density. The photocurrent I is

given with the following equation:

Ip =]pAd = nquq) (24)

where 1) is the quantum efficiency, q is unit charge and Ayq is the area of the detector.
Photo and dark I-V characteristics for a pn junction IR detector are given in

Figure 2.3.
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Figure 2.3. Photo and dark I-V characteristics for a pn junction IR detector (redrawn
from ref. [2]).

Dark current mechanisms are the most critical parameters that impact IR detector

performance. In section 2.1.1, dark current mechanisms will be discussed in detail.

211 Dark Current Mechanisms

2.1.1.1  Dark Current for an Ideal pn Junction

The equation that gives the dark current characteristic of an ideal pn junction

photodetector is called the Shockley equation [8], [19], as given below:

av D, Dy, av
Iy =1 <ekT - 1) = qA, T Pn + M (ekT - 1) (2.5)
D n
L, =/Dptp , Ly = /Dy1y (2.6)
L L qv
I; = qAq <—”pn + —"n,,) (ek_T — 1) (2.7)
Tp Tn

where s is the reverse saturation current, V is the applied voltage, k is the Boltzmann
constant, T is the temperature of the detector, D, and Dy are the minority carrier

diffusion coefficients, Lp and L, are the minority carrier diffusion lengths, p, and np
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are the minority carrier concentrations, and tp and 1, are the minority carrier lifetimes
for holes and electrons in the n-type and p-type regions, respectively. The Shockley

equation for V<0 and |V|>> kT/q under reverse bias can be modified as follows:

L L L, n? L. n?
Ig = —qAq <T—ppn + nnp> = —q4q <—p—l +—n—l> (2.8)

p T, T, Np TNy
2 2
n; n;
— = L 2.9
=y 0 W=y (2.9)

where Np is the donor doping density of the n-region, Na is the acceptor doping
density of the p-region, and n; is intrinsic carrier concentration [19]:

2mkTy*/? 3/4 _
= 2 (P (i) e en/ 210)
The expression of ni? which is given in the equation above leads to strong
temperature dependency of the dark current. Therefore, the dark current of an ideal
pn photodetector is determined only by the diffusion current that depends on the

temperature. Such detectors are called diffusion-limited photodetectors [2].

2.1.1.2  Dark Current for a Real pn Junction

In reality, there are many dark current mechanisms in addition to the diffusion
current for pn junction detectors. These dark current mechanisms originate from the
native properties of semiconductor material or material defects, and the dark currents
are also generated in the depletion region, in the quasi-neutral, or on the surface of
the semiconductor [20].

The total dark current can be given as the sum of all dark current components, as

shown below:

Ipark = Ipirr + Ig—gp + Irar + Igrer + IsyrFack - (2.11)
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Diffusion current (Ipirr) is thermally produced by minority carrier generation in a
neutral region. The G-R current (lg-r) occurs in the depletion region through the
Shockley-Read-Hall (SRH) mechanism via impurity or trap states. The TAT current
(IraT) is another trap-aided and depletion region related dark current mechanism.
Here, electrons in the valence band pass into the conduction band via traps in the
depletion region aided by tunneling and thermal excitation. In the band-to-band
tunneling (BTBT) current (IsTeT), the electrons tunnel directly from the valence band
to the conduction band through the depletion region (Figure 2.4). Surface leakage
current (Isurrace) occurs because the dangling bonds on the crystal surface act like

traps. Additionally, these traps can cause Fermi level pinning on the surface.

In the following sections, the dark current mechanisms mentioned above will be

discussed in more detail.

Electron diffusion >
90000 &6 6 O

Minority carrier are generated
thermally by intrinsic processes
or via traps

~ Direct band to band tunneling

Generation via
trap in the
depletion region X e et i NGO S ety gl 8

n-type

< Hole diffusion

Figure 2.4. Schematic representation of the band diagram of a reverse biased pn

junction diode (redrawn from ref. [2]).
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2.1.1.2.1 Diffusion Current

Diffusion current (lqifr) is caused by thermally generated minority carriers through
SRH, Auger, and radiative mechanisms in a quasi-neutral region for narrow-bandgap
semiconductors. Here, the minority carrier lifetime is determined by the dominant

generation-recombination mechanism in the same region [21], [22].

(a) (b) (€

Conduction
band Y S e _ ee
- AND
Valence g . s
band

Figure 2.5. Generation-recombination mechanisms; (a) SRH, (b) Radiative, and (c)

Auger (redrawn from ref. [23]).

SRH process occurs via trap-induced trap states in the bandgap (Figure 2.5 (a)).
Radiative recombination is an intrinsic mechanism that takes place when free
electrons and holes in conduction and valence bands recombine, resulting in photon
emissions (Figure 2.5 (b)). Auger recombination is an intrinsic mechanism that
involves three particles. Excess energy resulting from Auger recombination is

transferred to the third particle (Figure 2.5 (c)).

These three recombination mechanisms will be discussed in detail in the following

sections.

2.1.1.2.2 Shockley-Read-Hall Mechanism

The SRH generation-recombination (G-R) mechanism takes place via the thermal
effect through the levels (G-R center) within the forbidden energy band-gap, and it
is not intrinsic. G-R levels are caused by native defects or residual impurities, which

comprise dislocations, grain boundaries, interstitial impurities, substitutional
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impurities, and vacancies in the crystal semiconductor material. In this process,
excess energy is emitted as a phonon [21], [22]. The SRH mechanism determines the
quality of the IR detector material. In detectors with high crystal purity, the SRH
lifetime is higher [23].

(a) (b) (c) (d)

E. —@
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% l ] &
E\I O
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) O
Electron  Electron Hole Hole
capture emission capture emission

Figure 2.6. SRH processes via G-R centers (redrawn from ref. [24]).

There are four types of SRH mechanisms, as can be seen in Figure 2.6: (a) the
electron in the conduction band can be captured by the GR center, (b) the electron
can be excited from the GR center to the conduction band, (c) the electron in the G-
R center can annihilate the hole in the valence band, and (d) the electron in the
valence band can be excited to the G-R center, causing hole emission in the valence
band [25].

The net SRH recombination rate RSRH (cm~s7) is determined by the G-R center trap

density N; (cm~3), electron and hole capture cross-section areas on and op (cm?),
conduction and valence band carrier concentrations n and p, G-R center energy level

Er and carrier thermal velocity vin (cm/s), as in Eq. (2.12) below:

SRH __ UnUnvth(nopo B np)Nt
Rnet -
op(n+ny) + Up(p +p1)

(2.12)
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where nyand py are the carrier concentrations for the Fermi level corresponding to

the G-R trap level [23]. Here, nyand p1 are given by:

—E
n, = Ncek—TT (2-13)

~Be=5r) (2.14)

p1 = Nye

where, N¢ and Ny are the effective density of the states at the conduction and valence
bands (cm™®). The simplified version of the net SRH recombination rate can be

expressed as:

np — n?

R3RH — , 2.15
met T e+ ny) + Tpo(@ + P1) (219
ng + An + Ap) — n?

Ri?g{ i ( 0 )(pO p) i ' (216)

Tpo(Mo + An + ny) + Ty (po + Ap + p1)
ng + po + An)An

RSRH = (0 + A7) . (2.17)

Tpo(Mg + An +ny) + T0(po + Ap + p1)
SRH lifetime can be expressed as:

Tpo(Mo + An +ny) + Ty (po + An + py) (2.18)

TSRH = (no + po + An)

In the case of low carrier injection (An <<ng or Ap << po), assuming that Er=Er then
ni=p1=ni (no and po are the electron and hole equilibrium concentrations (cm™) for

the n-type and p-type semiconductors, [8], [26]), as shown below:

A
R = T—p ) for ann — type semiconductor (2.19)
p0
An
R = — for ap — type semiconductor (2.20)
no
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where An and Ap are excess electron and hole concentrations (n= no+An, p= po+Ap).

The hole minority carrier lifetime (tpo) for an n-type semiconductor material is

expressed as:

1
R (2.21)

while the electron minority carrier lifetime (tno) for a p-type semiconductor material

is expressed by:

1
To = S (2.22)

Due to the nature of the bulk crystal structure, the periodicity terminates on the
surface with incomplete bonds. These incomplete bonds form SRH trap levels within
the bandgap [26].

The surface SRH rate (cm2s™1) can be expressed as below [27]:

Ruee " =i )np - ?iz syt (2.23)
1 /Sp_|_ pTDp1 /Sn

Sn = OnVenNt (suface) » (2.24)

Sp = 0pVtn N (surace) » (2.25)

ny = Noe— it (2.26)

p1= Nve_%_i%ﬂ) ) (2.27)

where s, and sp are the surface recombination velocities (cm/s), and Nisurface) IS the

surface trap (acceptor or donor like) density (cm™2).
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2.1.1.2.3 Radiative mechanism

Radiative recombination occurs when free electrons and holes in the conduction and
valence bands recombine, resulting in photon emission (Figure 2.7). This mechanism
is an intrinsic mechanism, since it is determined by the electronic band structure of
the semiconductor material. Radiative recombination usually takes place in direct

bandgap semiconductor materials [26].

L Ao

Figure 2.7. Radiative recombination mechanism (redrawn from ref. [26]).

The radiative recombination rate (cm3s™*) depends on the carrier and intrinsic carrier

concentrations of a semiconductor material [28], as shown below:

Ryed = B(np — n}) (2.28)
Ryed = B((ng + An)(po + Ap) — nf) (2.29)
RI% = B(nyAn + poAn + An?),  (An = Ap) (2.30)
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The radiative recombination lifetime is given as:

1
trad = Bon ¥ po + An)’

(2.31)

where B (cm~s1) is called the radiative recombination coefficient and is expressed

as follows [18]:

5/ my mg\ 3003

my \z
= 58x 10713 /e, (—0 ) (1 Mo _) 3002
B 8 : Me + Mpp +me +mhh ( r ) (2.32)

(EZ + 3kgTE, + 3.75 (kpT)?)

where & is the static dielectric constant, me and mnn are the electron and hole
effective masses and mg is the mass of the electron.

For the n-type material in the case of low-level injection (An — 0) [29],

1
Trad(li) = Bny (2.33)

and in the case of high-level injection,

1

Trad(hi) = pa—- (2.34)

The absorber immediately reabsorbs photons emitted as a result of radiative
recombination. Moreover, in a detector array, any detector can absorb photons
emitted by other detectors or from a passive element [2].

2.1.1.2.4 Auger Mechanisms

Auger recombination is an intrinsic mechanism that involves three particles. This
mechanism generally occurs at low temperatures in low and direct bandgap

semiconductor materials. In this process, an electron in the conduction band (C)
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recombines with a hole in the heavy-hole band (H), and the resulting excess energy
is transferred to a third particle. The third particle, which is called auger carrier, is
an electron in the conduction band or a hole in the valence band that releases excess

energy into the lattice as a phonon or as heat [26].

Depending on the type of Auger carrier and where it is generated, the Auger
recombination mechanism is divided into three types (Figure 2.8) [26].

(a) (b) (c)
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split-off band

Figure 2.8. Auger recombination mechanisms: (a) Auger 1 process, (b) Auger 7

process, (¢) Auger S process (redrawn from ref. [26]).

The first process is called Auger 1 or CHCC (Figure 2.8 (a)). In this process, the
excess energy is transferred to an electron in the conduction band (C), and then the
electron is excited to a higher state in the conduction band (C). Since this process
requires two electrons in the conduction band and a hole in the valence band, Auger 1
is dominant in n-type semiconductor materials [23]. The second process is called
Auger 7 or CHLH (Figure 2.8 (b)). In this process, the excess energy is transferred
to an electron in the light hole band (L). In this situation, the electron is excited to a

vacancy state in the heavy-hole band (H) [26]. Auger 7 process is more dominant in
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p-type semiconductor materials, since it consists of an electron and two holes [23].
The last one is called Auger S or CHSH (Figure 2.8 (c)). In this process, the excess
energy is transferred to an electron in the split of the band (S). In this case, the
electron is exited to an empty state in the heavy-hole band (H). More generally, the
Auger S process occurs when the Eg approaches the AE (spin-orbit splitting) (for
example, InAs, InAsSb). The total Auger recombination rate (cm—=s?) can be

expressed as:

RMIET = G, (pn? — nn?) + G4, (np? — pn?), (2.35)

total

%y 0.5 *
| 38x 107182 (1 + ﬂ) (1 +2 ﬂe)

| - my h
GAl = = ZTL
2 2.1 2 1.5
A my|FyF,|? (g—:)
(2.36)
m, ]_1
1+2—=¢
X exp —mh& |
1+ Ze kT |
my
) 5E:\1"!
1 Y (1 _4k_T>
Gp7 = 21 Ga1 — 3E. | (2.37)
2N T4y —ﬁ
5E
i ! 1 _2bkg
i, Y ( 4kT)
‘[}11 B & V; ( )
2kT

where Eg (eV) is the energy band-gap, me” and my” are the electron and hole effective
masses, ni (cm~) is the intrinsic carrier concentration, & is the relative static

dielectric constant, t'a1 and t'a7 are the intrinsic lifetime for Auger 1 and Auger 7, y
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is the fitting parameter, and |F1F2| is the overlap integral [24]. Auger lifetimes for

under low injection conditions are expressed as:

_ Zani t terial (2.39)
Ty = nntp)’ or n — type material, .
21},771?
T,7, = ———— ,for p — type material. (2.40)

2.1.1.2.5 Recombination lifetime

The bulk carrier lifetime can be defined as:

1 1 1 1
= + + : (2.41)
Tputk  Tsrh Trad TAuger

The carrier lifetimes for n-type material can be written as [29], [30]:

4 ng + An (2.42)
Toh = , ,
STh Tpo(ng + An) + 7,5 (An)

Traq = B(ng + An), (2.43)

TA_I}gerl = Cn(no + An)z; Cn = GA1 . (244)
thus, the total carrier lifetime for the n-type material is defined as follows:

ng + An
Tpo(My + An) + 7,0 (An)

Thmk = + B(ng + An) + C,(ng + An)? . (2.45)
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In case of low injection (An — 0), the minority carrier lifetime can be simplified as
[30]:

Tyt = Tpo + Bng + Cynf (2.46)

where tp0 IS the hole minority carrier lifetime, B is the radiative recombination

coefficient, and Cy is the Auger 1 recombination coefficient.

Effective lifetime for a semiconductor material can be given as:

1 1 1 1 1 1 1
- = +—+ & (2.47)
Terf  Thutk  Tsurf Tsrh Trad  TAuger Tsurf

Surface recombination lifetime can be given as [31]:

2\ —1
1 =<K+i(ﬂ)> , (2.48)
Tsurf 2§ D, \m

where; W (cm) is the width of a sample, S (cm/s) is the surface recombination

velocity, and D, (cm?/s) is the diffusion constant.

21.1.3 G-R Dark Current

One of the dark current components is the G-R current, which is generated in the
depletion region (space-charge region) through the SRH mechanism via impurity or
trap states. Since the Fermi level passes through midgap in the depletion region, the
thermal activation energy is equal to half of the bandgap (Figure 2.9). In addition to
this, the electron-hole pair generated in the depletion region is swept into quasi-
neutral regions due to the strong electric field. Thus, the SRH rate is more significant

in the depletion region than in the quasi-neutral regions [32], [33].
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Figure 2.9. G-R dark current mechanism (redrawn from ref. [20]).

In the case of a reverse biased pn junction detector, there is no minority carrier
injection into the depletion region. From the SRH rate expression in Eq. (2.15), the

net SRH rate for the depletion region can be given as:

—n?
RSRH — L

met T T o) + Tpo(ny) | 2T

=-g, (2.49)

where, Et =Ei, tno = tp0= 1 and n, p << n; (for the depletion region).

In reverse bias, the G-R current can be expressed as:

ninep

2.50
5 A (2.50)

I = quedeep =q

where Vgep is the volume of the depletion region, Waep is the thickness of the
depletion region, A is the area of the pn junction and t is the minority carrier lifetime

due to the SRH process.

The width of the depletion region can be defined as [2]:

dep qNgN, ’

where Ng and N, are the donor and acceptor doping densities (cm™3), V is the applied

bias voltage and Vi is the built-in potential which is expressed as:
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Vy; = (g) In (N‘:llzvd> (2.52)

l

As seen above, the G-R current roughly varies with the square root of the applied
bias voltage (V*?) since the width of the depletion region changes with the applied
voltage in the case of an abrupt junction. For a linearly graded junction, the G-R

current changes with the V2 [2].

When the G-R and diffusion currents are compared to their temperature dependence,
the G-R changes proportional to ni. Therefore, it is less affected by the variation in
the temperature. When the temperature is lowered to suppress the dark current, the
diffusion current drops faster; thus, the G-R current becomes more effective than the

diffusion current at low temperatures.

2.1.1.4  Trap Assisted Tunneling Dark Current

Another trap-aided dark current mechanism is the TAT dark current. In this
mechanism, trap levels in and around the depletion region are effective. Here, in the
tunneling process, an electron is thermally excited from the valence band to the trap
level, and then it tunnels from this level to the conduction band, or the electron is
excited from the valence band by tunneling to the trap level, and then from there, it
is thermally excited to the conduction band (Figure 2.10). The effect of the TAT
current increases as the quality of the pn junction diode material decreases [2].

Figure 2.10. TAT dark current mechanism (redrawn from ref. [20]).
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The TAT dark current mechanism strongly depends on the energy bandgap and
doping level of the semiconductor material. It is not relatively dependent on the
temperature and varies exponentially with the electric field. Therefore, the TAT
current is generally effective in low bandgap materials (especially LWIR and very
LWIR (VLWIR) bands), and at low temperatures, where diffusion and G-R currents

are suppressed [2].

The TAT current is expressed as follows:

1 1\’
Irar = qN;WA + , 2.53
AT 1w <Vpp1 + vav chc> ( )
where yp and Ntare the hole recombination coefficient and density for the trap center,
w and A are the depletion region width and detector area, wy is the carrier tunneling
probability between the trap center and the valence band, wc is the carrier tunneling
probability between the trap center and the conduction band, and N¢ and Ny are the
effective density of the state of conduction and valence band.

In the case of we Nc <<yp p1 and we Nc ~ wy Ny, the TAT current can be simplified

as,

Itpr = qNeWAwW N, , (2.54)

m?qm*EM? (m*/2)1/2E;/2F(a)
_ — 2.
w:N, R (E, — E) exp [ 2qER , (2.55)
. (Et (T 1/211/2 ( 1 )
a=2 <Eg> 1, F(a) = (2) a(l a ) sna) (2.56)

where E is a uniform electric field (V/cm), M is the matrix element related to trap
potential, w¢Nc is the tunneling rate, which is corresponding to from a neutral trap

center to the conduction band, and m” is the effective mass.
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As it can be seen from the above equations, as effective mass decreases, the
tunneling increases. Therefore, tunneling most probably occurs between the light

hole band and the trap level [2].

2.1.1.5 Band to Band Tunneling (BTBT) Dark Current

BTBT dark current occurs by direct tunneling of the electron through the valence
band to the conduction band along the junction (Figure2.11). In contrast to G-R and
TAT currents, the BTBT dark current is an intrinsic mechanism, since it is not caused
by traps. The BTBT dark current is more effective in the case of reverse biased and

low bandgap pn junction diodes, which are heavily doped on both sides [2], [8].

Figure 2.11. BTBT dark current mechanism (redrawn from ref. [20]).

Assuming that the potential barrier is triangular [2], then:

Igrpr = Alprer = Am e 3qhE ’ (2-57)

qﬁng<mw>”2 [ 4(2m*)2E)
exp |—
Eg

where Vy is the applied bias voltage, m” is the electron effective mass, Eq is the
energy bandgap of semiconductor material (eV) and E is the electric field (V/cm) in

the pn junction, which can be given as:

1/2

2q (E
Ez[q(li%)np] . (2.58)
€0€s \ q n+p
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As can be seen from the above equations, the BTBT dark current strongly depends
on the band-gap of the pn junction diode materials, doping concentrations, and

applied voltage [2].

2.1.1.6  Surface Leakage Dark Current

Another mechanism that affects the performance of IR detectors is the surface
leakage dark current. As previously mentioned, dangling bonds on the surface of the
crystal act as SRH trap states. Moreover, these traps can act as donors or acceptors
and cause Fermi level pinning on the surface of the material regardless of the bulk
doping type. Hence, majority carrier drift, diffusion, tunneling, and G-R dark
currents flow on the surface of the semiconductor device [2], [33]. Therefore, surface

passivation material is applied to stabilize the surface of the semiconductor devices.

2.2 Dark Current Mechanisms of an nBn Detector

An nBn detector epilayer consists of an n-type absorber, an n-type contact layer and
a high bandgap unipolar barrier inserted between them. Since there is no depletion
region and valence band offset in this structure, dark current mechanisms such as G-
R, TAT, BTBT and surface leakage current can be suppressed without degrading the
photocurrent (Figure 2.12). Since the depletion region generated dark current
mechanisms are suppressed, the nBn detector dark current is limited by diffusion
current that is generated in the absorber region, even under elevated trap
concentration conditions [21].

As mentioned above, diffusion dark current based on the minority carrier-lifetime is
determined by the dominant G-R processes in the quasi-neutral region. These
processes comprise SRH, radiative, and Auger mechanisms for narrow-bandgap

semiconductors.

41



n-absorber Barrier n-contact
layer layer

—9/
/

prES—,
—0e0 O ) :

/
- - - - A

o0 —
Diffusion current
(SRH, Radiative, Auger)

Figure 2.12. An nBn detector band structure (redrawn from ref. [34]).

The diffusion current for the nBn detector can be given as [21]:

2
ni Laiy (Labs >
= o 2.59
Iy = qAq4 N, tanh /Ldiff , (2.59)
Labs/ ) ~ (Labs/ )
tanh( Lais Laiss)’ (2.60)
nZL b
I; = qA, —==, (2.61)
¢ ¢ TmcNp

where Lgir is the minority carrier diffusion length, Lgir is the thickness of the

absorbing region, Ndonor is the donor density, and tmc is the minority carrier lifetime.

As seen in Eq. (2.61), the dark current of the nBn detector only changes by ni?, so
the temperature dependence of the nBn detector is stronger than that of the pn
detector. Figure 2.13 shows the dark current responses of the pn and nBn detectors
according to temperature changes [35].
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Figure 2.13. Schematic representation of a dark current Arrhenius plot for pn and

nBn detectors (redrawn from ref. [35]).

As seen in Figure 2.13, at high temperatures, the dark currents of the pn and nBn
detectors change in the same way as the temperature does. This is because the
diffusion current is dominant at high temperatures and varies with T3exp(-Eqo/KT).
As the temperature decreases, the dark current of the nBn detector decreases as well,
while the dark current of the pn detector decreases more slowly because the G-R
current starts to dominate due to the depletion region. Here, the dark current changes
with T*2exp(-Eq/2KT) in the pn detector after a T critical temperature [35]. As is
understood from the figure, the nBn detector can give lower dark current at the same
temperature as the pn detector or give the same performance at higher temperatures
[35].
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2.3 Figures of Merit for Infrared Photon Detectors

The parameters that determine the performance of an IR detector will be mentioned

below.

2.3.1 Responsivity

The ratio of the signal generated by the detector to the power of the incoming

radiation is called responsivity which can be express as:

_ signal output
B E.A ‘
where, the signal output can be output current (ampere) or voltage (volt), E is the

(2.62)

incidence (W/cm?), A is the detector area (cm?).

The spectral responsivity of an ideal detector is given in Figure 2.14, where if the
wavelength of incident light is smaller than the cutoff wavelength, the number of

photons in 1 Watt radiation decreases, so that the responsivity decreases [8].

RA A
(VorA) W
R,
> A
A

Figure 2.14. Ideal infrared detector spectral responsivity (redrawn from ref. [8]).

Spectral responsivity can be calculated utilizing wavelength and quantum efficiency
using Eq. (2.63):
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R=mnx4=. (2.63)

When referring to the responsivity of a detector, blackbody responsivity (BR) and
peak responsivity measurements are given. BR is a responsivity of the detector
exposed to blackbody radiation at a certain temperature, and peak responsivity (Rp)

is the highest responsivity at a certain wavelength.

23.2 Noise

The noise that reduces the performance of the detectors is a random oscillation in the
output signal of the detector. Although it cannot be completely eliminated, it can be
suppressed at a certain level. Johnson noise, 1/f noise, G-R, and shot noise are

important types of noise components for IR detectors [36].

Johnson (Thermal or Nyquist) Noise: In a material, the thermally-assisted motion
of electrons causes a noise which is called Johnson (Thermal or Nyquist) noise [36].

Thermal noise can be expressed in terms of current or voltage:

Un,Johnson = 4kTRAf ) (2-64)

, _ |4kTAf
ln,]ohnson - R ’ (2-65)

where R is the resistance of a resistive material, K is the Boltzmann constant, and Af

is the bandwidth. A bias voltage is not needed for the occurrence of thermal noise.

Shot Noise: Shot noise, which is a minimum noise level for a detector, is driven by
the discrete nature of detected photons. Shot noise appears in the biased PV detector.

Shot noise current is given by this equation:
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in = \/2qIAf (2.66)

where q is electron charge, Af is the frequency bandwidth, and I is the average current

flowing in the device [36].

Generation-Recombination Noise: G-R noise occurs by the random G-R of free
carriers in semiconductor detectors that do not have a potential barrier, such as
photoconductors. G-R noise is expressed by:

in =+/4qlgAf, (2.67)

where q is electron charge, Af is the frequency bandwidth, I is the current flowing in
the device, and g is the gain of the IR detector. G-R noise can be caused by thermal
or optical generation [8], [36].

In very low dark current situations, the performance of the IR detector is limited by
background radiation, and these types of detectors are called background-limited

performance (BLIP) detectors. The G-R noise of a BLIP detector can be expressed

by [8]:
in = /4q1photogAf (2.68)

where the photocurrent is expressed by:

Iphoto = qngd)pA (2.69)

where A is the cross sectional device area, g is the gain and ¢p is the photon flux
density.

1/f (Pink) Noise: Although 1/f noise appears in many semiconductor electronic
systems, its physical mechanism is not yet fully understood [9]. It occurs on potential
barriers such as semiconductor surfaces and in non-ohmic contacts. If PV detectors
are operated in open-circuit voltage mode, 1/f noise can be eliminated in these
detectors [36] .

46



Noise Equivalent Power (NEP): Responsivity is an important parameter for
detectors, but since the noise is not considered, responsivity does not give full
information about performance. Therefore, the S/N ratio, which is the most important

parameter for determining the performance of a detector, must be regarded [36].
NEP is the radiation power received by the detector in the case of S/N = 1.
NEP is given by:

(¢p)received power _ Vnoise _ Inoise

NEP = = ,
S/N R, R

(2.70)
where Vnoise IS the noise voltage, inoise iS the noise current, and Ry and Ri are the
voltage and current responsivity.

Detectivity (D): Detectivity is described 1/NEP:

1 S/N

D == =] .
NEP (d))received power (2'71)

However, since the detectivity depends on the noise measurement bandwidth and
detector area, the performance comparison of the detectors cannot be done correctly.
Therefore, the specific detectivity (D*), which is independent of these parameters, is
defined by [8], [36]:

D*

_ RiJAAf _ R,\JAAf

cmHzY?W =1 (2.72)
lTl le

For BLIP conditions, the specific detectivity is expressed by:

. A |1
Dgrip = She ¢_p- (2.73)
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CHAPTER 3

BARRIER INFRARED DETECTORS

Suppressing the dark current mechanisms is a crucial point for reaching higher
performance and higher operating temperature conditions for IR detectors. Over the
last few decades, barrier-type detectors have been proposed as a way to decrease

dark current mechanisms.

A barrier-type detector was first proposed by A.M. White in 1983 [37]. It was then
realized by the work of S. Maimon and G. Wicks [38]. Basically, the barrier detector
is obtained by placing a high bandgap semiconductor material into the detector
structure, and preventing the flow of the majority charge carriers, but allowing
minority charge carriers to flow. These types of detectors are also called unipolar

barrier IR detectors since they allow only one type of carrier to flow.

(a) (b)

E, E,

Et e e Ssmp s o D Ef'

E, E, —— I
(c) (d)

E. E. | L

Ef ——— - . Ef;= _ _ _

E, B E,

Figure 3.1. Types of unipolar barriers (redrawn from ref. [39]).
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Since the majority carriers for n-type material are electrons, the barrier must be in
the conduction band, as seen in Figure 3.1 (a). Otherwise, the barrier in the valence
band blocks the minority carriers (Figure 3.1 (b)). If the semiconductor material is
p-type, the barrier should be in the valence band (Figure. 3.1 (c)), if not, the
conduction band barrier (Figure 3.1 (d)) blocks the flow of p-type minority carriers.
If the unipolar barrier is properly placed in the pn detector structure (pBn), dark
current mechanisms, such as G-R, TAT, BTBT and surface leakage currents, can be
suppressed without degrading the photocurrent. Moreover, the barrier detector
structure, in which both contact layers are the same type, can be obtained (nBn or
pBp). Theoretically, since this detector structure does not have a depletion region,
dark currents originating from the depletion region, such as G-R, TAT and BTBT
currents, are not generated and the surface leakage current can be prevented without
degrading the photocurrent through the barrier. As mentioned above, since the dark
current components can be effectively suppressed in the unipolar barrier detector,
the cooling requirement is reduced, and the detector can be operated at higher
temperatures, or the detector can give lower dark current than pn detectors at low
temperatures [35], [41]-[70].

3.1  pBn Photodiode Detector

This detector structure is called a barrier photodiode. In this structure, there are two
different configurations according to the location of the unipolar barrier. The first is
the structure in which the barrier layer is located between the n-type layer and the
junction region. The second configuration is achieved by placing the barrier layer
between the p-type layer and the junction region. Since the barrier in both
configurations is only in the conduction band (zero valence band offset), only
electron flow (the majority carrier for n-type material) is blocked. However, the
effect of the barrier on the dark current changes according to its position and height
in the detector. If the barrier is on the n-type material side and if it is sufficiently
high, it can suppress G-R, TAT, BTBT and surface leakage currents (Figure 3.2).
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Figure 3.2. Spatial representation of (a) the pBn (barrier in the n-layer) detector band

diagram (redrawn from ref. [35]) and (b) charge carriers formed in the detector.

In the case where the barrier layer is located in the p-type region (Figure 3.3), G-R,

TAT, and BTBT currents cannot be suppressed, only the leakage current between

the contacts can be suppressed.
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Figure 3.3. Spatial representation of (a) the pBn (barrier in the p-layer) detector band

diagram (redrawn from ref. [35]) and (b) charge carriers formed in the detector.
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3.2 nBn Photodetector

This detector structure basically consists of an n-type absorber layer, a high bandgap
barrier layer, and n-type contact layer. Since there is no depletion region in this
structure, there is no PV effect, like in photoconductor detectors. On the other hand,
the gain is 1, like in PDs, because the flow of the majority carriers is blocked in the
nBn detector (Figure 3.4).
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Figure 3.4. (a) nBn detector band diagram and (redrawn from ref. [35]) (b) spatial

representation of carriers formed in the detector.

Ideally, the biggest difference between the nBn detector structure and the pn detector
is that nBn detector does not have a junction area with a high electric field. In this
case, G-R, TAT and BTBT dark current mechanisms in the detector almost do not
arise, and the surface leakage current is blocked by the barrier layer. Due to these
features, the nBn type detector structure provides a significant advantage in terms of
dark current when compared to the pn detector structure [35]. In addition, the nBn
architecture can be designed as a dual-band detector because minority carriers can

flow, and the majority carries are blocked in both polarity situations.
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3.3 General Configurations for Barrier Detectors

The most common configurations for barrier detectors were expressed by Klipstein

as XBnn and XBpp and are called bariode detectors [62].

C,-B

e

Figure 3.5. Band diagrams of biased barrier detectors for different layer

=1

configurations (redrawn from ref. [57]).

Here, X is the contact layer and it can have different doping types and band-gaps
(Cp, Ch, n, p) from the absorber. In barrier detectors, if the contact layer and absorber
layer have different doping types, the barrier should only prevent the flow of the
majority carriers of the absorber material and allow the minority carriers. Moreover,
the barrier should be in contact with the absorber to prevent the majority carriers
from being produced in the depletion region. If the contact layer has the same doping
type as the absorber layer, the barrier layer should only block the majority carriers,
and allow the minority carriers to flow. Ideally, the barrier layer should have the
same doping type as the absorber. An InAsSb (Ac ~ 4.1 um) detector with an AISbAs
barrier layer can be given as an example for an XBnn, detector, and an InAs/GaSh
T2SL (A ~ 9.5 um) detector with an InAs/AISb staggered T2SL barrier can be given
as an example of an XBpp detector [58].
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3.31 Barrier Detectors Limitations

The barrier detector architecture shows higher performance than the conventional pn
detector architecture. However, the applicability of this architecture is limited since
suitable barrier materials are not easily found for all kinds of detector systems.
Ideally, Fermi levels of barrier and absorber layers are expected to be pre-aligned so
that a charge transfer across the junction and depletion layer formation is prevented
[42], [59] . The barrier should be thick enough to prevent tunneling, and high enough

to prevent thermionic emission.

Moreover, the barrier, absorber and contact layers should be lattice-matched.
However, these conditions are only possible to be applied in ABCS (or 6.1A 1II-V
family materials) [35]. Band offsets between antimony-based alloys (binary, ternary
and guaternary compounds) materials allow for obtaining bulk barrier detectors and

superlattice barrier detectors in various configurations (Figure 3.6) [35], [67], [68].
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Figure 3.6. (a) Energy gap vs. lattice constant for 111-V semiconductors, (b) relative

positions of the band offsets of I11-V semiconductors (redrawn from ref. [69] and

[67]).
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3.4 First Studies for Barrier Infrared Detectors

In the first nBn detector, which was fabricated by S. Maimona and G. W. Wicks [38],
InAs material (3.4 um cutoff) was used for the n-type absorber and contact layer.
The un-doped AlAs1xSbyx (x [10.15) material, which was lattice-matched with InAs,
was used as barrier material (100 nm) to obtain a zero-valence band offset nBn
detector (Figure 3.7). Here, the barrier layer was thick enough to not cause tunneling
and high enough to not cause thermionic emission. In their study, it was shown that
the G-R and surface leakage current were successfully suppressed by using nBn
architecture [38].

G. W. Wicks et al. showed that AlAs1«Shx gave a zero-valence band offset with InAs
when the x mole ratio was in the range of 0.14 < x <0.17 for the barrier material [70].

Contact

=

Contact layer
Barrier layer

Absorber layer

Substrate

Contact

InAs

InAs AlAsSb

Figure 3.7. Schematic representation of InAs nBn detector pixel and band structure

where the barrier material is lattice-matched AIAsSb (redrawn from ref. [70]).

J. B. Rodriguez et al. fabricated the first superlattice base nBn detector [71]. In their
study, a type-11 InAs/GaSb strained layer superlattice material system was used as
the absorber (5.2 um cutoff) and Alo4GaSh alloy was used as the barrier material,
with a barrier thickness of 50 nm (Figure 3.8). The contact layer was also made of
superlattice material as the absorber. Although the superlattice layer was lattice-

matched with the substrate, the barrier layer was not lattice-matched. In their study,
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the valence band offset was not zero. However, it was not high enough to prevent
the flow of holes. All layers of the detector had un-intentionally doping. In this case,
although the carrier concentration of the n layers at room temperature was 101° cm3,

the barrier layer acted as slightly p-type.
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Figure 3.8. Schematic representation of superlattice based nBn detector band

diagram (redrawn from ref. [71]).

Binh-Minh Nguyen et al. obtained an nBpp-type detector by placing a high bandgap
superlattice structure called M-structure in the p-m-n superlattice PD structure to

form a valence band barrier [72].
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Figure 3.9. (a) Pixel structure of the type-l1l M-structured barrier superlattice
detector, and (b) schematic representation of the band diagram (redrawn from ref.

[72]).
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In this structure, the cutoff wavelength of the type-Il InAs/GaSb superlattice
material, which is the absorber layer, is 10.5 um, while the cutoff wavelength of the
M-structure superlattice barrier layer is 6 um. The M-structure superlattice barrier
layer was obtained with the AISb/GaSh/InAs/GaSb/AlSb periodic material system
(Figure 3.9). Since the band alignment of this structure was obtained by inserting
AISb between the GaSb layers in a type-11 InAs/GaSb superlattice structure in a
manner similar to the M shape, it is called M-structured type-I1 superlattice (Figure
3.9 (b)).

The barrier detector with both electron and hole unipolar barrier was first produced
in 2009 by David Z. Ting et al. [63]. The layer structure of this detector, called
complementary barrier IR detector (CBIRD), consists of an InAs/GaSb SL absorber,
InAs/AISb SL hole barrier (hB), InAs/GaSh SL electron barrier (eB) and InAsSb
bottom contact layers, where hB also acts as a top contact layer (Figure 3.10). In this
structure, absorber and eB layers are p-type doped, hB and bottom contact layers are

n-type doped.
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Figure 3.10. Band structure of a CBIRD (redrawn from ref. [63]).

When this detector is operated under zero bias or the upper contact is positive biased,

the photogenerated minority carriers (electrons) formed in the absorber are collected
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in the upper contact (hB) via diffusion/drift. Excess holes are recombined with

electrons injected from the bottom contact (InAsSb).

35 Barrier Detectors without Sb

As seen above, ABCS (or 6.1A III-V family materials) are the most suitable material
system to obtain a barrier detector. In particular, for the barrier detector, due to the
band offset between them, GaSb/AISb, InAs/AlISb, and InAs/GaSh material pairs
provide very important flexibility in obtaining various alloy and superlattice
materials. However, the same conditions do not apply for technologically mature
systems, such as HgCdTe and InGaAs. Since these two detector materials form the
type-1 heterojunction structure with the materials that are lattice-matched, it is not

naturally easy to create an ideal unipolar barrier detector with these materials.

In the Hg:1xCdxTe material system, the bandgap changes as the x mole fraction
changes, but the lattice constant almost does not. Although this situation provides
one of the most important conditions for barrier detectors, simultaneously, the barrier

layer prevents majority and minority carriers flow due to the type-1 band lineup.
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Figure 3.11. Calculated band structures of the MWIR HgCdTe nBn detector (a) at

equilibrium and (b) under reverse bias (redrawn from ref. [73]).
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Computed band diagrams of the nBn type HgCdTe barrier detector, which was
fabricated for the first time by Anne M. Itsuno et al. are shown in Figure 3.11 [73].
While the Cd mole fraction of the absorber material of the detector was x~0.3
(MWIR), the Cd mole fraction of the barrier layer was chosen as x~0.64.

As seen in Figure 3.11 (b), relatively higher bias had to be applied for the holes to

overcome the offset in the valence band [73].

However, the high electric field in the absorber causes band bending. This has
increased the probability of non-ideal effects, such as tunneling in the created
depletion region. If the low Cd mole ratio is used in the barrier layer, the valence
band offset can be reduced, but since the conduction band barrier height also
decreases, the flow of majority carriers will not be prevented, and dark current

increases.

There are also studies of HgCdTe barrier detectors where the valence band-offset
was eliminated by doping p-type. In Figure 3.12, the calculated band diagram results
of the study of M. Kopytko et al. for p-type barrier HgCdTe nBn are given for MWIR
and LWIR bands [49].
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Figure 3.12. Calculated band diagrams for (a) MWIR and (b) LWIR HgCdTe nBn
detectors with n-type and p-type doped barrier layer at equilibrium (redrawn from
ref. [49]).

59



In their study, which was conducted in MWIR and LWIR bands, the valence band
barrier was suppressed via p-type doping. In this way, the flow of the holes into the
contact was ensured. However, since the valence band barrier p-type was doped, the
space charge region was formed in the absorber/barrier interface causing the SRH

thermal generation.

N. D. Akhavan et al. showed numerically that the valence band offset barrier layer

can be removed with simultaneous grading of composition and doping concentration.
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Figure 3.13. (a) Cd mole fraction profile, (b) doping concentration profile and (c)
band diagram of valence band compensated HgCdTe nBn detector (redrawn from
ref. [48]).

As seen in Figure 3.13, in this method, after the n-type absorber layer, the Cd mole
ratio of the n-type Hg1.xCdxTe material was increased linearly with increasing the
thickness, while the n-type doping concentration was reduced and the p-type doping
concentration was increased simultaneously, and the barrier region became p-doped.
In this case, after keeping the barrier thick enough, the Cd mole ratio was decreased,
while this time p-type doping concentration was decreased, n-type concentration was
increased simultaneously, and as a result, a zero-valence band barrier layer was
obtained. However, as can be easily understood, since the barrier was p-type doped
in this structure, a pn junction region was formed between the absorber and barrier
layers [48].

There are also studies where the barrier layer was designed as a superlattice to

remove the valence band-offset for the HgCdTe nBn detectors. In these studies, it
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was theoretically shown that the unipolar barrier layer could be obtained using the
type-111 HgTe/CdTe superlattice (SL) material system (Figure 3.14) [49], [50], [74].
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Figure 3.14. Calculated band diagrams of (a) an alloy barrier nBn detector and (b)
superlattice barrier HJCdTe nBn detector (redrawn from ref. [74]).

The first Sb-free pBn-type InGaAs barrier detector was produced by J. F. Klem et
al. As seen in Figure 3.15, lattice-matched un-doped InAlAs material was used as

the barrier layer [75].
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Figure 3.15. (a) Pixel structure and (b) band structure of a pBn InGaAs barrier
detector (redrawn from ref. [75]).
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In their study, a InAlGaAs lattice-matched graded layer was inserted between the
InGaAs absorber and InAlAs barrier layers. Moreover, n and p delta-doping layers
were placed on both sides of the graded layer to remove the valence band offset.
Although the dark current was sufficiently suppressed, SRH generation would still

occur because this structure contained the depletion region [59], [76].

In this thesis study, the graded layers with delta-dopings used by J. F. Klem to obtain
a pBn detector was used to obtain InGaAs and HgCdTe nBn detector structures with
different cutoffs and configurations. In the next section, this method will be

elaborated.
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CHAPTER 4

THE APPLIED DESIGN AND SIMULATION METHODOLOGY

In this section, first, the method to solve the valence band-offset problem that occurs
in InGaAs and HgCdTe nBn detectors will be mentioned, and then the methodology

of the numerical simulation used in the thesis will be explained.

4.1  Valence Band Suppressing in Graded Barrier Layer for nBn Detectors

As mentioned in the previous chapter, obtaining a unipolar barrier using
heterojunction structures with type-1 band alignment is not as easy as in type-11 band
alignment material systems. However, the valence band offset can be removed using
compositional grading and delta-doping layers in nBn detectors with type-I band
alignment. This method was used for the first time in a study by C. Nguyen at al.
[77]. In their study, the conduction band offset between the base and collector was
removed using linear compositional graded (using a chirped superlattice) and dipole
delta-doping layers for an AlInAs/GalnAs/InP double heterojunction bipolar
transistor (DHBT) (Figure 4.1). In this structure, the conduction band quasi-electric
field resulting from the graded layer was suppressed by inserting a p-type delta-
doping layer on the base side and an n-type delta-doping layer on the collector side.
In this way, the conduction band difference was transferred to the valence band, so

the conduction band barrier was eliminated.
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Figure 4.1. Schematic representation of conduction band suppressing for an
AlInAs/GalnAs/InP (redrawn from ref. [77]).

In this thesis, the method which had been firstly used by C. Nguyen to suppress the
conduction band offset was used to suppress the valence band offset in InGaAs and

HgCdTe nBn detectors with different cutoffs and configurations [77].

The architecture of the graded unipolar barrier nBn detector, in which the valence

band barrier is suppressed using dipole delta-doping layers, will be described below.

411 Compositional Grading

The bandgap of many binary and multiple compound semiconductors depends on
the composition. If the mole fraction ratio of the compound semiconductors is
changed depending on the position, the bandgap will change depending on the
position. The semiconductor layers obtained by this method are called
compositionally graded semiconductors (CGSs), and were first introduced by
Kroemer in 1957 [78].
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Suppose that AxB1x is a binary semiconductor alloy, where A and B are chemically

miscible semiconductor materials. The bandgap of the AxB1-x alloy is expressed by:

EfP = xEf + (1 = x)E] + x(1 — x)E, (4.1)

where Ej and Eg are the bandgap energies of the A and B semiconductors.

Coefficient E}, is called the bowing parameter. This parameter is too small for
compounds like (AlAs)x(GaAs)1x[79] .

The schematic representation of the band diagram of a linearly graded semiconductor
compound is shown in Figure 4.2. Here, A is the low bandgap and B is the high

bandgap semiconductor.

........................................

Semiconductor A Graded region Semiconductor B

e
| : - Ey

Figure 4.2. Schematic representation of the band diagram of a linearly graded

intrinsic semiconductor compound (redrawn from ref. [79]).

As seen in Fig 4.2, the A and B semiconductor conduction and valence band edges
are parallel to each other. However, the conduction and valence band edges of the
compositionally graded region have different slopes and the bandgap changes with

Az thickness. AE., AEy, and AE, depend on the x mole fraction of the AxB1.x alloy.

The band diagram of the semiconductor can be bent with an applied electric field, as

seen in Figure 4.3 (a). As it appears here, since the conduction and valence bands
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edges are parallel, electrons and holes are exposed to electric force in opposite

directions due to the external electric field.
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Figure 4.3. Schematic representation of band diagrams of (a) homogenous intrinsic
semiconductor under electric field and (b) compositional graded intrinsic

semiconductor under zero electric field (redrawn from ref. [78]).

However, the situation is different for an intrinsic CGS. Although no electric field is
applied to an intrinsic CGS, the electrons and the holes move in the same direction
as if they are exposed to different direction electric fields. (Figure 4.3 (b)). In an
electric field applied homogeneous semiconductor, it is not possible for electrons
and holes to move in the same direction. This mechanism, which was noticed by

Kroemer for the first time, was named as the quasi-electric field by himself [78].

The conduction and valence band quasi-electric fields for the graded region shown

in Figure 4.2 can be given by:

|Ecl = AEc/(qAz) (4.2)

|Ev| = AEy /(qAz) (4.3)
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where . and &, are the quasi-electric fields in the conduction and valence bands.

The band structures of p-type and n-type CGSs are given in Figure 4.4.

(a) (b)

i Ef EV .,, - +q£h

Figure 4.4. Schematic representation of band diagrams of (a) p-type doped and (b)

n-type doped compositional graded compounds (redrawn from ref. [80]).

The band structure for a p-type doped graded compound is shown in Figure 4.4 (a).
Due to the flat valence band, there is no quasi-electric field on the holes. However,
conduction band electrons feel more force when compared to the intrinsic case, since
the valence band offset is transferred to the conduction band. In Figure 4.4 (b), the

same effect is illustrated for the n-type doped graded compound.

F. Capasso interpreted the doped graded semiconductor band structure as follows: in
the graded structure with acceptor dopant, the holes accumulate towards the low
bandgap part due to the quasi-electric field in the valence band and the high bandgap
part remains negative due to ionized acceptor atoms [80]. Therefore, an electrostatic
field emerges between the holes in the low bandgap part and the ionized acceptors
in the large bandgap part. The flow of holes continues until the valence band quasi-
electric field is equal to the electrostatic field. When these two fields are equal to
each other, thermodynamic equilibrium is reached, and the valence band is flattened.
(Figure 4.4 (a)). As a result, in the case of thermodynamic equilibrium, there is no

net force on the holes since there is no net electric field on the valence band of the
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p-type doped CGS. However, the same situation is not valid for electrons because
the quasi-electric and the electrostatic field in the conduction band are in the same
direction and the sum of these two causes a higher slope in the conduction band. The
same argument can be applied for n-type graded semiconductor material. Therefore,
the electric fields in the conduction and valence bands for p-type and n-type graded

semiconductors in the thermodynamic equilibrium are expressed as follows:

_ 14k ( type CGS) 4.4
e T iz forp —type , (4.4)
5 —+1dE9( type CGS) 4.5
W = iz forn ype . (4.5)

The existence of the quasi-electric field was experimentally demonstrated by Levine
et al. [81], [82]. In their study, it was observed that the quasi-electric field formed
in the graded layer had the same effect on regular carriers and fit the drift velocity

relation v = uE (E is the quasi-electric field).

4.1.2 Compositional Graded Barrier nBn Detector

As mentioned in the previous section, both types of carrier flow are prevented in the
barrier layers obtained using material systems with type-1 band alignment, since both
bands (conduction and valence) have band-offset. Although a unipolar barrier is
obtained with a uniform doped compositionally graded layer (Figure 4.5), it prevents
photocurrent formation since the barrier prevents minority carrier flow in an nBn

structure.
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Figure 4.5. Schematic representation minority carrier unipolar barrier in (a) n-type
and (b) p-type CGS (redrawn from ref. [39]).

In order to achieve a useful barrier case, the graded layer doping type should be
different from the absorber layer, but it would effectively lead to a pn junction with
a depletion region, and the dark current mechanisms would not be satisfactorily
eliminated [39]. Therefore, additional band diagram engineering methods are

necessary for the desired characteristics.

As mentioned previously, the quasi-electric field formed in compositionally graded
layers can be suppressed with delta-doping layers [75], [77]. In this thesis study, two
graded layers and two pairs (n-type and p-type) of delta-doping layers were used to
obtain valence band free nBn detector architecture. As seen in Figure 4.6, in the nBn
structure obtained with the compositionally graded barrier of the AxB1xC ternary
compound, band offset is formed in both bands. However, since the quasi-electric
field can be suppressed in the desired band with the delta-doping layer assist, using
an un-doped compositionally graded layer in the nBn detector structure is a great

advantage to achieve zero valence band offset.
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Figure 4.6. Schematic representation of a compositionally graded barrier nBn

detector band structure with a valence band offset [83].

As seen in Figure 4.7, when n-type delta-doping is inserted in the low bandgap part
of the un-doped bandgap graded layer, and p-type delta-doping is inserted in the high
bandgap part, the donor and acceptor ions form an electric field that is in the opposite
direction to the quasi-electric field in the valence band. When the magnitude of the
electric field is equal to the quasi-electric field in the valence band, the valence band
flattens, and the conduction band slope increases since the effective electric field in

the conduction band increases.
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Figure 4.7. Schematic band diagram of a valence band compensated CGS using
delta-doping layers [83].
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As shown in Figure 4.8, in order to suppress the minority carrier barrier in an nBn
detector, n-type and p-type delta-doped layers are placed at the sides of both graded
layers. Consequently, the valence band quasi-electric field is canceled, and the
valence band offset is suppressed.
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Figure 4.8. Schematic band diagram of the valence band compensated

compositionally graded barrier nBn detector structure [83].

This structure effectively blocks only majority carriers and allows the flow of
minority carriers. Therefore, dark current suppression is obtained without any
compromise in the photoresponse. Moreover, the barrier thickness, height, and
valence offset are tuned by changing the barrier material thickness, composition, and

delta-doped layer doping concentration [83].
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4.2 Technology Computer-Aided Design (TCAD)-Based Simulation

In this thesis study, numerical calculations of the applied nBn architecture and the
conventional heterojunction architecture were performed using Synopsys TCAD
Sentaurus Device simulator. Sentaurus TCAD simulator is an advanced multi-
dimensional computational tool to simulate electrical, optical, thermal characteristics
and manufacturing process of semiconductor devices. In the device simulator,
voltages, currents and charges are calculated using equations describing the
conduction mechanisms and carrier distribution. The physical properties of the
device are simulated as a uniform discrete grid (mesh) [84]. Sentaurus TCAD
simulator is used in the development of a wide range of semiconductor devices such

as CMOS, analog/RF, memory, power, image sensors, and solar cell devices [85].

Sentaurus TCAD consists of many modules and simulation tools. The complete

simulation flow chart is given in Figure 4.9.

Sentaurus Workbench

Sentaurus Library —

Sentaurus Process

Sentaurus
StruFtu re -—)
Editor

Sentaurus Device

Technology Development

Figure 4.9. The flowchart of a typical device simulation using Sentaurus TCAD [85].
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421 Sentaurus Structure Editor

The Sentaurus Structure Editor is a structure tool, which can be used to simulate two-
dimensional (2D) or three-dimensional (3D) device structures. The geometry of the
structures, doping profiles, and meshing strategies can be defined interactively or
using scripts. Here, the Scheme language is used for the scripting. The Sentaurus
Structure Editor has an interface for configuring and calling the Synopsys meshing
engines. Additionally, it generates the TDR boundary and mesh command input files
for the meshing engines, which generate data file and the TDR grid file for the device
structure [84].

422 Sentaurus Device

The Sentaurus Device (SD) numerically simulates the electrical, thermal and optical
behavior of a single semiconductor or several combined devices in a circuit.
Terminal currents, voltages, and charges are calculated using a set of device
equations that depicts the conduction mechanisms and carrier distribution [84]. The
equations are solved for each discrete point in the grid (mesh). Direct current (DC),
alternative current (AC) and transient simulations can be performed using the SD
module. Additionally, it generates output files containing information about energy
levels, fields, potentials, carrier densities and temperatures within the device at

various time points during the simulation [86].

A typical SD input command file consists of several command sections in which

each section executes a relatively independent function. These sections are:

e File section: In the file section, the input and output files of the simulation
are defined. The structure of the device is defined with input files such as
regions of the device, the mesh, and the doping profiles. Output files contain
the results of the simulations. There are 3 output files: Current, Plot and
Output (output log or protocol file). The Current output file includes
electrical output data such as voltages, currents, and charges at electrodes.

73



The Plot output file includes final spatial solution variables on the structure
mesh. The Output log file includes the redirected standard output about the
simulation [84].

Electrode section: In this file section, all of the contacts used in simulation
are defined together with the initial bias voltages and barrier. Here, the barrier
is the metal-semiconductor work function difference [84].

Physics section: In this file section, physical models to be used in device
simulation are determined. Examples of these physical models are the carrier
generation and recombination model, carrier mobility model, impact
ionization model, bandgap narrowing model, and gate leakage model. Here,
physical models can be determined globally, per region or material, per
interface, or per electrode. Again in this section, mole fractions and trap
specifications can be determined [84].

Math section: In the simulation calculations, a set of partial differential
equations is solved self-consistently, on the discrete mesh, in an iterative
way. For each iteration, an error is calculated and the iteration continues until
a solution with an acceptably small error is obtained [84].

Solve section: In the simulation, user defines a sequence of solutions and
specifies types of simulations, such as transient, quasistationary, small signal,
and harmonic balance [87].

Plot section: In this file section, solution variables that are saved in the output
plot files (.tdr) are determined. Some variables include electron and hole
quasi Fermi levels, space-charge, potential, electron and hole densities,
doping concentrations, carrier concentrations, current densities, electric field

distributions, and electron temperature [84], [87].
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In the numerical calculations, the drift-diffusion model is used for the simulation of
carrier transport in the virtual device. Drift-diffusion is the most suitable model for
low-power density devices with long active regions, low electric field and low carrier

density, which were studied in this work.

In this model, the Poisson’s and continuity equations for the electrons and holes are
calculated self-consistently using an approximate Newton method with Gaussian

elimination [24].

The analytical expression, Poisson’s equation, electron continuity and hole

continuity equations are given by:

eV = —CI(p —n+ Np— NA) — Ptrap » (4-6)
_ on

V.o = qRper + q a_' (4'7)
t
— dp

_v-]p = qRpet + QE' (4.8)

where ¢ is the electrostatic potential (V), € is the electrical permittivity (F/m), n and
p are the electron and hole carrier concentrations (cm3), Np and Na are the ionized
donor and acceptor concentrations (cm=), puap is the trap density, J, and Jp are the
electron and hole current density (A/cm?) and Rne is the net carrier recombination

rate.
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Electron and hole current densities are expressed by:
]—r: = _qn.unv)q)n (4.9)

Jp = —qnu,Vd, (4.10)

where pin and pp are the electron and hole mobility (cm?/V.s), and ®, and @, are the

electron and hole quasi-Fermi potential (V).

In the SD, the partial differential equations (PDES) are discretized based on the box
discretization method. In this model, the PDEs are integrated over a test volume,

such as that given in Figure 4.9.

element e

Figure 4.10. Schematic representation of a triangular box discretization mesh in 2

dimensions (redrawn from ref. [84]).

Each PDE is discretized from:

V.J+R=0 (4.11)

in to:

J#i

where the xijj and (i) parameters are below listed below for all 3 dimensions.
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Table 4.1 xij and p(Qi) Parameters

Dimension K;j u(Qy)
1D /15 Box length
2D dij/l;j Box area
3D Dij/l;j Box volume

Table 4.2 Discretized Equations

Equations jii I

Poisson e(ui—uj) —pi

Electron continuity u" (niB(ui— uj) — niB(uj— ui)) Ri—Gi+ -
dt

Hole continuity uP (piB(uj— ui) — piB(ui—u;)) Ri—Gi+2% Di
dt

Here, the jij and ri physical parameters are above listed for the Poisson’s, electron
continuity, hole continuity and temperature equations (B (x) = x/(e*— 1), Bernoulli
function). Table 4.2 gives the discretized form of the Poisson’, electron continuity

and hole continuity equations [84].
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4.2.3 Material Parameters Used in the Simulations

The material parameters used in the simulation were taken from the library of
Sentaurus TCAD [84] in accordance with the literature. They have also been entered

manually when necessary. The material parameters manually used in the simulations

are given in Table 4.3 and Table 4.4 for InGaAs and HgCdTe respectively.

Table 4.3 Ing53Gan.47As Material Parameters

Parameter Value Reference
Absorption coefficient at
7000 cm™! [2]
1.55 pum (at 300 K).
Surface recombination
_ 4.5x10* cm/s [88]
velocity
SRH lifetime 4.74x107°s [89]
Calculated surface trap 6x10* cm2 for InGaAs [90]
density for pn detector 6x10* cm™2 for InP
4.7x10' cm™2 for n-InGaAs Absorber
4,710 cm for Delta doping layers
Calculated surface trap )
_ 9.2x108 cm™2 for InGaAs Barrier [90]
density for nBn detector )
1x10° cm~2 for Grading Layers
5.64x10'! cm2 for n-InGaAs Contact
Capture cross-section
values for electrons and 1074 cm? [27]

holes
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Table 4.4 HgCdTe Material Parameters

Parameter Value Reference
SRH Lifetime for the 3x107% s for SWIR band

alternative substrate 1x107° s for MWIR band [91]
detectors 1x1078 s for LWIR band

SRH Lifetime for 10x10°® s for MWIR band

CdZnTe substrate [91]
detectors 10x107% s for LWIR band

0.25Eg eV for SWIR band
Trap energy levels 0.25Eg eV for MWIR band [46]
0.25Eg eV for LWIR band
10 cm for SWIR band
Concentration 10" ¢cm for MWIR band [46]
10* cm for LWIR band

424 Limitations in the Sentaurus TCAD

To obtain robust simulation results with Sentaurus TCAD, understanding the physics
of the device and adjust the proper meshing accordingly is crucial. Furthermore, by
understanding the device physics, it is possible to select more realistic models from
the broad model library of Sentaurus TCAD so that more realistic models lead to
better convergence of the simulation since some of the divergence issues are related
to contradictory models. Additionally, parameter files of the materials that are going

to be used in the device should be well-defined.

However, even if everything about grid sizes, physical models, and material
parameters is well adjusted, some convergence problems might still occur. This is
generally related with problems due to the numeric challenges during performance

of floating-point operations with extremely small and extremely large numbers. For
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example intrinsic carrier concentration of a wide-bandgap semiconductor at

cryogenic temperatures is an example of extremely low number.

In addition, the drift-diffusion model may not give correct results in submicron
devices and high electric field regimes, but these situations are outside this thesis
study area, and also the electric field in the simulated devices here is too low to cause

velocity-saturation of the carriers [92].
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CHAPTER 5

InGaAs SHORT WAVE INFRARED (SWIR) PHOTODETECTORS

Short Wavelength Infrared (SWIR) detector technology, which has very important
applications in military and civilian fields, produces images accustomed to the
human eye by working with the principle of reflecting visible light from objects.
Moreover, SWIR detectors are able to receive high-resolution images under
nighttime conditions, even when there is no moonlight, due to a radiation source
called the night glow. Since the operating temperature of SWIR detectors is much
higher than that of thermal detectors, SWIR detectors can operate at room
temperature or, if necessary, can be cooled with thermoelectric coolers (TEC). The
fact that glass lenses can be used in the IR cameras operating in the SWIR band is
also a cost-reducing factor. Therefore, SWIR detector technology is quite different
from other IR technologies in terms of cost and system portability, and thanks to
these differences, its applications (especially in the civil area) are increasing day-by-
day. For example, due to their low cost and ability to take images even in fog, these
SWIR detector cameras can be used to provide a much safer driving in cars. In
addition, due to the LIDAR application in the SWIR band, unmanned aerial vehicles
(UAV) and autonomous vehicles can determine the route without the need for GPS
3D mapping. Quality analysis of materials or foodstuffs produced in industrial area
by SWIR imaging, inspection of vegetation coverings, monitoring of agricultural and
forest areas, sub-surface imaging, and reading of deleted or tarnished documents are
among the other applications that are not possible with thermal area (MWIR and
LWIR) cameras.

Material technologies used for detectors operating in SWIR band are InGaAs,
HgCdTe, and type-II superlattice. Among different material determinants, InGaAs
is the most common material system due to its high quantum efficiency and relatively

low-cost advantages. HgCdTe detectors use quite expensive CdZnTe material as the
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substrate, and the alternative base HgCdTe detectors are still in the development
stage. Type-1I superlattice technology is not fully matured and has not reached the
level of InGaAs in terms of production and process technologies and quantum
efficiency.

5.1  Application Areas of Short Wave Infrared (SWIR) Detectors

SWIR covers 1 to 3 um of the EM spectrum. A comparison of an image taken with
a SWIR camera and an image taken with a thermal camera is given in Figure 5.1. As
mentioned above, the SWIR images are similar to the image that the human eye is

familiar with.

Figure 5.1. Comparison of LWIR (left) [10] and SWIR camera (right) [93] images.

The essential features of SWIR can be listed as follows;

e lower scattering than short wavelengths,

e contain spectroscopic information,

e active lighting using an invisible light source (active by laser or passive by
nightglow)

e objects with a temperature above 150 degrees also radiate at this wavelength.

In many studies, InP lattice-matched InGaAs (operating between 0.9 um and 1.7 um)
has been shown to be the most suitable material for imaging in the SWIR band
(Figure 5.2) [94].
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Figure 5.2. IR radiation spectrum with InGaAs detectors quantum efficiency

(redrawn from ref.[95]).

Since some overtones of molecular vibrations of moister, proteins, esters, lipids, and
other chemicals with C-H, N-H and O-H molecules are in the SWIR band range,
spectroscopic information can be obtained by detection in the SWIR band in such
substances. O-H molecules in the upper layers of the atmosphere radiate during the
night, causing an illumination called nightglow. Since nightglow emission overlaps
with the SWIR band, this band enables night viewing in the open air [94].
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Figure 5.3. Lattice-matched InGaAs IR detector quantum efficiency and night glow

radiance (redrawn from ref. [94]).
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Figure 5.3 also shows that there are areas where the lattice-matched InGaAs SWIR

detector quantum efficiency and night glow radiance spectrums overlap [94].

The radiance spectrum of the nightglow emission for different conditions is given in
Figure 5.4.
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Figure 5.4. Spectral radiance of night glow under various conditions (redrawn from
ref. [95]).

The ability to see behind the haze is a very important advantage of SWIR cameras.
Due to Rayleigh scattering, the probability of scattering in the atmosphere decreases
as the wavelength increases, so a better view is obtained with the SWIR camera in
hazy weather than the visible camera.

SWIR imaging has important application areas in medicine. The optical coherence
tomography (OCT) technique is used for 2D or 3D imaging of opaque or semi-
transparent biological tissues. In this technique, using the SWIR wavelength, it can

capture a deeper image due to Rayleigh scattering [94].

Another medical practice with SWIR detectors is that the veins on the arms and legs
can be displayed by external illumination. This method can especially be applied to

the elderly and infants whose veins are difficult to locate [94].

84



SWIR imaging has many applications in industry. For example, SWIR cameras can
be used to determine the filling levels of bottles with liquids, water concentrations in

liquids), and to see if food is fresh.
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Figure 5.5. Spectral reflectance of some materials on the ground (redrawn from ref.

[96]).

Another application area of the SWIR band is hyperspectral imaging. Hyperspectral
imaging is created by obtaining data in adjacent wavelengths. This method, also
called chemical imaging, is used in areas such as geosciences, agriculture,
biomedical imaging, molecular biology, astronomy, physics, and surveillance. In this
method, materials containing O-H, N-H and C-H molecules can be detected using
the SWIR band. In addition, as seen in Figure 5.5, in the SWIR band range, the
materials have different reflectance at different wavelengths. In this way, the

materials are identified and distinguished.

5.2 InGaAs Material Properties

InxGai-xAs is a variable bandgap semiconductor alloy. It is used extensively in
electronic and optoelectronic technologies such as MOSFETs, HBTs, HEMTS,

photodetectors and lasers due to its superior electrical and optical properties.
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InxGaixAs is composed of indium arsenide (InAs) and gallium arsenide (GaAs)
semiconductor compounds. The crystal structure of InyGai-xAs is zinc-blende

because InAs and GaAs compounds are perfectly miscible and both are zinc-blende.

The bandgap of InxGaixAs varies with the x mole fraction and it is given with an
empirical formula, shown in Eq. (5.1), depending on the temperature [17]. For the
300 K bandgap of InxGai-xAs changes from 1.435 eV (x=0, GaAs) to 0.35 eV (x=1,
InAS).

E;(x,T) = 0.42 + 0.625 (1 — x)

( 5.8 4.19

4 104T2(1 —
T + 300 T+271) 0T " x) (5.1)

0.000419

Y _ 2
o 1+ 04751 - x)

Here, T (K) is the temperature.

The bandgap energy and cutoff wavelength value of InxGai-xAs material for the
different In mole fraction (x) at 300 K are shown in Figure 5.6. In InyGai-xAs material
system, Inos3Gao.47As material with an In mole fraction x = 0.53 is InP a lattice-
matched. This material, which has a bandgap of 0.74 eV at room temperature, has
features such as high electron mobility, high electron velocity, and a large intervalley
separation, making it a very useful material in electronic and optical fields. In
particular, the wavelength range (SWIR band) corresponding to the bandgap of the

Ino.s3Gao.47As material is subjected to very little loss and dispersion in the optic fiber.

These properties make InGaAs and its hetero structures a very suitable material for
optoelectronic integrated circuit devices (OICD). Heterostructures with InP lattice-
matched can be given as follows: Inos3Gao.47As/INP, Inos53Gag.a7AS/INg.52Al0.48AS,
INo.53Ga0.47As/IN1xGaxAsyP1.y, and Ing.s3Gao.47As/InxGayAl1xyAs [97].
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Figure 5.6. Variation of the band-gap of InxGai.xAs ternary semiconductor with In
mole fraction (x) (redrawn from ref. [17]).

InxGai-xAs materials with In mole ratio other than x = 0.53 are lattice mismatch with

InP substrates.

Two different lattice mismatch structures are obtained as relaxed, or strained-
relieved and pseudomorphic using different In mole fractions. In this way,
heterostructures obtained by changing the x mole fraction in InyGaixAs material
system enable the development of quantum devices, high performance electronic and
optoelectronic devices [97].

53 InGaAs Shortwave Infrared Detectors

As mentioned previously, InxGai-xAs is in many ways the most suitable material
system for SWIR detection. Lattice-matched Inos3Gao.47As material with a 1.7 um
cutoff wavelength from at room temperature does not cover the entire SWIR band,
although it is used very intensively. However, since the atmosphere is still permeable

in this region where wavelengths greater than 1.7 pm in the SWIR band are not
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detected with a lattice-matched InGaAs, many applications need detection. For this,
by increasing the In mole ratio, detectors with a larger cutoff of up to 3.6 um can be
obtained. In these structures, called extended wavelength SWIR InGaAs detector,
since there is no substrate suitable for the absorber lattice constant, the absorber is
grown as a lattice-mismatch on InP; however, this degrades the performance of the
detector. This is because dislocations behave like G-R centers in mid-gap, thus
increasing the dark current due to the G-R current. In this thesis, it has been shown
that with the applied nBn structure, the dark current caused by dislocations can be
reduced efficiently. In Figure 5.7, the quantum efficiency responses of InGaAs

detectors with wavelengths of 1.7 um, 2.2 um, and 2.5 um are given.
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Figure 5.7. Quantum efficiency spectrum of InyGai-xAs with wavelengths of 1,7 um,

2.2 um, and 2.5 pm (redrawn from ref. [2]).

5.31 InGaAs Shortwave Infrared Detector Structure

Two different detector structures are used: PD and avalanche photodiode (APD) for

SWIR detection using InGaAs material. Although APDs can detect more precisely
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than PDs, they are less preferred for SWIR imaging due to reasons such as avalanche

noise, higher bias voltage, and higher dark current.

As it is known, PD detectors are obtained by a metallurgical junction (homojunction
or heterojunction) of n- and p-type semiconductor materials. Pin (p-type, intrinsic,
n-type) is a commonly used diode structure for InGaAs SWIR detectors (Figure 5.8).
This structure is designed by placing an un-doped (or lightly doped) intrinsic layer
between layers of highly doped n- and p-type material.
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Figure 5.8. Pin diode detector structure (redrawn from ref. [2]).

The absorber layer in the pin detector structure is intrinsic or lightly doped. The

constant electric field created by fix charges in the region, where the intrinsic
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absorber layer contacts with the p- and n- layers, sweeps the photo-generated carriers
with saturation velocity to the contacts, and therefore the absorber layer remains
completely depleted. Due to the high electric field in the absorber region, this
detector structure has higher quantum efficiency and higher speed than the basic pn
junction [2], [17].

As mentioned below, in terms of pixel fabrication, there are two different structures:

planar and mesa.

5.3.2 Planar Pixel Structure

In a planner pixel fabrication, the p-type doped region in the pixel structure is created
by diffusion after the epilayer growth (Figure 5.9). This method contains fewer steps
when compared to the mesa structure in terms of fabrication, and since there are no
sidewalls of the pixels in this structure, surface recombination and surface leakage
current are not generated. Therefore, the dark current in this structure is very low.
However, since there is no physical gap separating the pixels, the crosstalk
mechanism reduces the image quality and prevents the production of FPA with a
small pitch size. In addition, planar architecture is not a suitable pixel structure for

dual or multi-band detectors [17].
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Figure 5.9. Planar pixel structure (redrawn from ref. [17]).
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5.3.3 Mesa Pixel Structure

In this structure, the p-type and n-type layers are obtained epitaxially during crystal
growth. Pixel structures are created via lithography and etching; however, due to the
etching process, dangling bonds that appear on the sidewalls of the pixel cause
recombination and surface leakage currents (Figure 5.10). Dielectric passivation is
applied to suppress the surface dark current. The crosstalk effect is suppressed
because isolation between the pixels is achieved in this structure. Thus, better quality
images, smaller pitch size FPAs and dual-band detectors can be obtained with the
mesa pixel structure. In this thesis, it has been shown that surface leakage current
can be suppressed, and a dual-band detector structure can be achieved with the

applied nBn structure.

| Dielectric Passivation
| Ohmic Contacts |

i-InGaAs
Absorber

Figure 5.10. Mesa pixel structure (redrawn from ref. [17]).
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5.4 InGaAs Unipolar Barrier Infrared Detectors

54.1 All InGaAs Unipolar Barrier Infrared Detectors

In this study, Al/Sb free all InGaAs unipolar barrier nBn detectors have been
numerically designed by using the graded layers with delta-dopings. Comparison
with conventional heterojunction detectors results that there is at least one order of
magnitude improvement in dark current without compromising any photoresponse
performance. Detailed simulation characterization studies, including sensitivity
analysis with respect to the design parameters, verify the robustness of these

structures.

5411 Method

The main purpose here is to construct an Al/Sb free nBn structure via changing the
mole fractions in the InxGai—xAs material system and obtain superior characteristics
compared to the traditional pn junction. Figure 5.11 (a) and (b) show the
conventional pn heterojunction schematic and epilayer structure where InxGa;—xAs
is lattice-matched to InP substrates at x = 0.53 and p layer is InP in order to take
advantage of high bandgap material [98]. As mentioned above, even though this
structure is commonly used, the passivation of depleted InGaAs is a big challenge

[99] and a structure with no depletion region will be highly desired.
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Figure 5.11. (a) and (b) Schematic representation and epilayer structure of
InGaAs/InP heterojunction detector design. (c) and (d) Schematic representation and

epilayer structure of hypothetical all InGaAs nBn detector design.

Furthermore, Figure 5.11 (c) and (d) illustrate the hypothetical band diagram and the
corresponding epilayers for an nBn design. Since there is almost no depletion region,
the G-R rate will be low and surface leakage for the majority carriers will be
prevented due to the barrier in the conduction band. Therefore, dark current can be
minimized and high signal-to-noise and detectivity values can be obtained. Design
in Figure 5.11 (c) and (d) is indeed ideal; however, it is not practical due to the fact
that inserting a wide bandgap InGaAs barrier immediately after the absorber layer is
practically not possible. There will be lattice mismatch between the absorber/contact
InGaAs and the barrier InGaAs. In addition, an un-doped barrier will not be placed
directly on the conduction band and will exist in the valence band as well, which will
lead to minority carrier blocking and affect the responsivity of the detector severely.
The solution for these issues is discussed below with the help of numerical

calculations performed by using Synopsys Sentaurus TCAD device simulator [84].
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54.1.2 Device Structure

In order to minimize the effects of lattice mismatch introduced by the high bandgap
barrier, InGaAs grading layers need to be inserted for a smoother transition, as shown
in Figure 5.12 (a). This method is quite a common way to extend the cutoff
wavelengths of SWIR detectors [100]. The band diagram for the structure in
Figure 5.12 (a) is presented in Figure 5.12 (b) where the mole fraction is varied

without any extra adjustment.
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Figure 5.12. (a) and (b) epilayer structure and band diagram of a graded barrier
InGaAs nBn structure with valence band barrier. (c) and (d) epilayer structure and
band diagram of InGaAs nBn structure with additional delta-doped layers for fixing

the valence band offset.

The resulting structure is not useful in this form, as it will block both majority and

minority carriers simultaneously due to the barriers in both conduction and the
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valence bands. If the graded layers are n-type doped, a unipolar barrier layer can be
constructed by only varying the bandgap of the material. However, this barrier layer
will block minority carriers [39]. In addition, the p-type barrier does not produce a
complete solution, as explained above. As an alternative, the same method that was
used for the elimination of conduction band offset in a double heterojunction bipolar
transistor study [77] can be utilized. In particular, two pairs of opposite delta-doped
layers which form electric fields suppressing the quasi-electric field generated from
the bandgap variation can be placed together with the graded layers so that the
valence band discontinuity is removed. This method was also used in a pn junction
with a barrier structure by using InAlGaAs graded layer and proved to be successful
in decreasing the dark current [75]. However, the depletion region still exists in that
structure and generation—recombination mechanisms are active. Moreover,
maintaining Al source and quaternary structures for the growth can be challenging,
similar to the case mention above [51]. Therefore, an nBn design consisting of all

InGaAs layers can lead to further improvement.

The AIl/Sb free InGaAs nBn detector pixel structure and the corresponding band
diagram are shown in Figure 5.12 (c) and (d) [101]. As can be seen, there is almost
no depletion region and band bending. The design mainly includes InP lattice-
matched absorber (Ng = 5x10® cm™), contact (Ng = 6x10%® cm™), high bandgap
barrier (un-doped), linearly compositional graded (un-doped), and dipole delta-
doped (Ng = Na = 5x10% cm™3) layers. The quasi-electric field that emerged from the
compositional grading is balanced with ionized impurities of delta doping layers in
order to remove the valence band discontinuity [75], [77], [80].

In terms of the practical considerations, the barrier and compositionally graded layers
can be assumed to be lightly doped with a particular background doping
concentration. In that case, the delta-doping concentrations can be adjusted such that
valence band discontinuity is again eliminated, which indicates the flexibility of this

method.
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Figure 5.13. The reverse-biased band diagram for both the valence band suppressed
nBn design and the traditional pn heterojunction structures.

As seen in Figure 5.13, reverse-biased InGaAs nBn only has conduction band barrier
and valence band offset was eliminated by properly inserting delta-doped layers in
graded region. On the contrary to InP/InGaAs detector, InGaAs nBn detector has
minimal depletion region, which is crucial for suppressing generation—

recombination currents.

54.1.3 Results and Discussions

As the main purpose of the nBn unipolar barrier detectors are to reduce the dark
current density without disrupting the photogenerated carriers, both the designed
InGaAs nBn detector composing of only InGaAs material and the conventional
InP/InGaAs pn heterojunction were simulated under the same conditions. In terms
of the dark current components, Auger, SRH, and surface recombination

mechanisms were taken into consideration for both configurations.

The tunneling current is not included since it is negligible at low doping and low bias
voltages in lattice-matched InGaAs pn detectors [102]. Surface leakage current was
modeled by surface recombination velocity, which specifies the recombination rate
at the surface of the structure.
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Typically, the surface recombination velocity is less than 10% cm/s in Ing.s3Gag.47As
[88]. Here, both the valence band suppressed nBn structure and the conventional pn
heterojunction are analyzed under various surface velocity values in order to observe
the dark current characteristics of the devices under different surface conditions.
Furthermore, photocurrent analysis is crucial in order to make sure there is no
deterioration in the responsivity of nBn detector compared to the heterojunction
detector. The absorption coefficient of Inos3Gao.4zAs at 1.55 pm is known as
7000 cm™t [2]. The optical simulations were mainly performed at 1.55 pm under
0.01 W/cm? optical power per unit area in the parallel direction to the epitaxial
structure normal. Then, wavelength sweep has also been applied in order to compare

the spectral responsivity of the devices.

5.4.1.3.1 Space Charge, Electric Field, and SRH Rate Comparison

Figure 5.14 (a) and (b) show the schematics of the devices compared and in
Figure 5.14 (c) and (d), numerical simulation for space-charge regions in reverse
biased nBn and pn detectors are presented. At the interfaces between graded regions
and n-type layers, a depleted space-charge region is formed due to the depletion of
the n-dopants in the un-doped graded region at the interface. As the doping levels

are similar, charge densities for both structures are on the same order as expected.
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Figure 5.14. Schematic representations of band structure of (a) InGaAs nBn and (b)
InP/InGaAs pn. Space-charge density distribution of (c) InGaAs nBn and (d)
InP/InGaAs pn.

Furthermore, Figure 5.15 (a) and (b) illustrate the calculation of electric field

distribution of reverse biased nBn and pn detectors.

The electric field in the simulated devices here is too low to cause velocity-saturation

of the carriers [92]. This result shows that the drift-diffusion model is suitable for

this study.
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Figure 5.15. Electric field distribution of (a) InGaAs nBn and (b) InP/InGaAs pn.
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The electric field for the pn junction is much higher than for the nBn detector due to
the nature of the reverse-biased diode and these results in higher rates of SRH
thermal generation. Consequently, a higher dark current is expected to be

experienced.

When SRH generation and recombination rates for nBn and pn heterojunction
photodiode are analyzed (Figure 5.16 (a) and (b)), SRH rate in the nBn detector is
much smaller than SRH rate of conventional InP/InGaAs pn detector. These results
suggest that the applied nBn design can provide smaller dark current and has an

important potential to improve the noise characteristics of the SRH limited detectors.
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Figure 5.16. SRH rate distribution of (a) InGaAs nBn and (b) InP/InGaAs pn. There
is more than one order of magnitude difference between the two designs indicating

the importance of avoiding the depletion layer.

5.4.1.3.2 Dark Current Characterization

In Figure 5.17 (a), total dark current values with respect to changes in surface
recombination velocity up to 10 cm/s with 10 us SRH lifetime are presented for
both structures with 25x25 pm? detector size under —0.1 V bias voltage. As can be
seen, even though the total dark current is approximately the same under 10 cm/s
surface velocity (no surface current), increasing surface velocity increases the dark

current in pn heterojunction structure significantly due to the high electric field.
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However, the barrier located at the conduction band for the nBn detector does not
easily allow the electrons created at the surface to reach the contact. Hence, only the
holes flowing through the surface contribute to the dark current, which yields around
two order of magnitude less dark current compare to the pn heterojunction case.
Surface velocity values here are chosen from the variety of studies in [88] and results

clearly indicate the elimination of the need for surface passivation.

Furthermore, in Figure 5.17 (b), the result of the surface velocity scan calculations
under 1 ns SRH lifetime is presented and the substantial dark current suppression for
the nBn case is again observed. For the pn heterojunction, the dark current values are
more than one order of magnitude higher. The major difference between the two
structures this time comes from the generation-recombination components until the
surface velocity reaches to 10° cm/s. This considerable decrease in the dark current
is due to the minimal depletion region and the lower magnitude of the electric field

for the nBn structure.
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Figure 5.17. (a) and (b) Calculation of total dark current with respect to the change

in surface recombination velocity at tsm = 1x107%s and tsm = 1x107°s for both nBn

and pn structures.

As a result of the analysis in Figure 5.17 (a) and (b), the applied nBn structure is

expected to provide superior results compared to the traditional pn heterojunction
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detectors except for the very high-quality material and extremely good passivation

in which case, they have the same performance.
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Figure 5.18. (a) Dark current versus un-doped InGaAs barrier thickness at 0.1 V. (b)
I-V characteristics of the nBn detector at difference un-doped InGaAs barrier

thickness.

Moreover, the variation in total dark current at —0.1 V coming from the barrier
thickness has been summarized in Figure 5.18 (a) with SRH lifetime and surface
velocity values taken from previous studies (tsm = 4.74x10°s [89] and so = 4.5% 10*
cm/s [88] ). As a result, the dark current is decreasing with the increasing thickness
of the barrier as expected. When the same analysis has been performed for increasing
reverse bias voltages, the results in Figure 5.18 (b) have been observed. Higher bias
voltages increase dark current, especially for smaller barrier thickness. Barrier
thickness may be the most critical layer in the material growth and based on these

results, 0.5 pm barrier thickness seems to be a good value for —0.1 V operating point.

5.4.1.3.3 Dark Versus Photocurrent 1-V

In Figure 5.19 (a) and (b), total dark current and photocurrent of nBn and pn type
detectors were presented. Calculated dark current for the conventional pn
heterojunction is similar to the recently reported experimental values for the mesa-
type detectors [103].
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Comparison in Figure 5.19 (a) shows that nBn detector provides 21 times lower dark
current at the target bias point of —0.1 V. As explained above, this improvement is
due to the superior performance nBn on suppressing surface currents and almost

nonexistence of inherent G-R current.
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Figure 5.19. Dark (a) and photocurrent (b) comparison of nBn and pn detectors at

500 nm barrier thickness and so = 4. 5x10% cm/s, T = 4. 74x107°s.

As an alternative way to model the surface leakage current, the surface trap
characteristics of each layer has been defined instead of surface velocity values as
well. In this method, by following the experimental studies, InGaAs surfaces were
treated to have As vacancies which behave like acceptor-like trap states and tend to
be occupied with electrons (charged negatively) [27], [104]-[106]. Trap densities at
the material surfaces have been obtained using the space-charge densities at the
interfaces by following the methodology used for conventional pn junctions [90],
[107] and assuming that background doping concentration of un-doped regions will
be 10 cm™3. Capture cross-sectional values for electrons and holes are chosen as
107 cm? for both InP and InGaAs [105]. The surface Fermi level is generally pinned
to the midgap in InP [108] whereas it is pinned at around 0.5 eV above from the
valence band for n-InGaAs material with high In mole fractions (absorber here) and
at midgap with low mole In fractions (barrier here), [27], [105], [106]. As a result of

the calculations with these parameters, both types of detectors (the applied nBn
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design here and conventional pn heterojunction) showed an increase in the total dark
current by ~ 1.5 times resulting in a total dark current suppression of 25 times in the
advantage of the all InGaAs nBn detector. In the next section, Fermi level pinning
will be covered more comprehensively for InGaAs nBn and InP/InGaAs pn

structures.

As dark current suppression alone is not enough for better overall performance
without making sure that the photoresponse is not degraded, responsivity and
quantum efficiency of the detectors are also compared. The light source here has

0.01 W/cm? radiation at 1.55 pm wavelength with 7000 cm ™ absorption coefficient
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Figure 5.20. (a) Responsivity of nBn and pn detectors. (b) Quantum efficiency of
nBn and pn detectors at —0.1 V.

Results are presented in Figure 5.20 where both structures have almost the same
photocurrent. From the calculated photocurrent values in Figure 5.20 (a), the
qguantum efficiency is calculated to be more than 80% for both structures.
Furthermore, spectral responsivities are also simulated by varying the input source
wavelength and the obtained results are still quite similar, as seen from
Figure 5.20 (b). Finally, the same photocurrent analysis has been performed at very
low optical powers imitating the nighttime imaging conditions (around

4x10~" W/cm? radiance [109] ) as well. In the analysis where the operating point for
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the detectors has been cooled down in order to suppress the dark current completely
for both cases and isolate the photocurrent, the calculated photocurrents were still

almost the same.

5.4.1.4  Fermi Level Pining Effect Calculations

Generally, InGaAs surface has been reported to have As vacancies which behave as
acceptor-like trap centers [27], [105]. Acceptor-like states tend to be occupied with
electron and charged negatively [104], [106]. Therefore, negative surface charges
are accumulated at InGaAs surfaces, which indicates the n-type inversion of the
surfaces. In the initial calculations, it was used as a mathematical model included in
the Synopsys Sentaurus TCAD software that directly formulizes the surface SRH
recombination rate as the following equation and does not take traps’ behavior into

consideration.

RSRH surf __ np — nlz
met - (n+ny) (» + 1)
/SO + /SO

(5.1)

this equation, So is the surface recombination velocity, n and p represent the carrier
concentrations and n; and p; are taken equal to intrinsic carrier distribution, which
means the energy trap level is in the middle of the bandgap. Thus, in these
simulations, it was assumed that there occurs a channel allowing the flow of carriers
at the surfaces, and modelled the surface current by using the equation above.
Various surface leakage current levels were obtained by directly inserting the surface
recombination velocity value into the formula, which is actually the product of the
density of traps (cm™2), thermal velocity (cm/s) and capture-cross section (cm?).
However, this method does not model the behavior of the surface traps physically,

and the surface generation-recombination rate is linked to the traps implicitly.

Alternatively, Synopsys Sentaurus TCAD software also allows to model the surface
traps instead of defining a surface recombination velocity and it was implemented

this modelling as well for further investigation. In this method, it can be
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characterized the surface traps in terms of trap type (donor-like or acceptor-like
behavior), trap energy level position in the bandgap (eV), trap density (cm2), hole
and electron capture cross sections (cm2). As stated in [106] and [104], donor-like
traps are positively charged when unoccupied and they become neutral by capturing
an electron, and acceptor-like traps are neutral when unoccupied and they are
negatively charged when filled with an electron. Table 5.1 summarizes the interface
trap behaviors that are found to exist in InGaAs and InP materials experimentally
[27].

Table 5.1 Missing Atoms at InGaAs and InP Surfaces

Deficiency Trap Behavior
Inin InGaAs Donor-like
Ga in InGaAs Donor-like
As in InGaAs Acceptor-like

Inin InP Donor-like
Pin InP Acceptor-like

Trap density at the material surface depends on the donor or acceptor density in the
depletion width, as stated in [27], [90]. By making use of the surface trap density
vs. doping concentration plot and calculation procedure in [90], it was calculated the
surface trap density of both pn and nBn detectors by determining the depletion width
in each device from the space charge density distribution graph provided in
Figure 5.14 (c)-(d) and assuming that background doping concentration of un-doped
regions will be 10 cm™. The resulting surface trap densities are provided in
Table 5.2.
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Table 5.2 Calculated Surface Trap Density of each Layer of each Device

pn Surface Trap nBn Detector Surface Trap
Heterojunction Density (cm ™) Density (cm ™)
Detector
n-InGaAs 6x10%! n-InGaAs 4,7x101
Absorber Absorber
p-InP 6x10%! Delta Doped 4.7x101
Layers
- - InGaAs Barrier 9.2x108
- - Grading Layers 1x10°

- - n-InGaAs Contact 5.64x10%"

Also, capture cross-section values for electrons and holes are chosen as 107 cm?
for both InP and InGaAs [27] . The surface Fermi level is generally pinned to the
mid of the bandgap in InP, as reported in [107]. In experimental observations about
the pinned Fermi level position of InGaAs, it is almost a common finding that the
Fermi level pinning occurs due to As vacancy, and trap energy level is located at
around 0.5 eV above from the valence band [107]. In addition, a recent study also
shares experimental results that report the located trap energy level as 4.8+0.1 eV
from the vacuum level and depict the pinning energy level with respect to the mole
fraction of gallium as in Figure 5.21 [107].
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Figure 5.21. Fermi Level Pinning of n type In1xGaxAs Surfaces (redrawn from ref.
[107]).

Figure 5.21 states that for n-Ings3Gao.47As surfaces, surface energy level is pinned
around 0.5 eV above from the valence band, and for n-GaAs surfaces, Fermi level
pinning starts to occur at the midpoint of the bandgap as the In mole fraction

decreases, which almost corresponds to barrier surface considering our case.

According to the mentioned trap parameters above, it was re-simulated both
InP/InGaAs pn and InGaAs nBn detectors by defining the trap behavior acceptor-
like (As vacancy). The energy band diagrams at the surfaces of InGaAs layers in nBn
detector are plotted in Figure 5.22 for the illustration of surface Fermi level pinning.
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Figure 5.22. Surface Fermi Level Pinning Observation at InGaAs Surfaces of nBn

detector.
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Figure 5.23 summarizes the dark current values obtained by using the applied surface
trap model in comparison with the surface recombination velocity model used in
Figure 5.19 (so=4.5x10* cm/s and tsrr = 4.74x107° s). In both detectors, a little bit
of increase in dark current was observed at the target bias point of —0.1 V. However,
the reduction coefficient in dark current (21 times with surface recombination
model) did not really change and it reached to 25 with surface trap density modelling.
Furthermore, it was swept the energy trap levels in grading layers from —0.6 eV to
+0.6 eV around the mid-gap since the linear variation of mole fraction in these layers
prevents us from defining certain energy trap levels. It is observed no difference in
dark current with the energy trap level sweep in grading layers as the surface current

dominated by the absorber layer due to the high doping concentration (Figure 5.23).

[ — : : : : :
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un-doped barrier Surface Trap level was scaled to
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Figure 5.23. pn and nBn Detector Dark Current Level Comparison for both Surface

Recombination Velocity Model and Surface Trap Model.

In summary, it has been concluded that modelling of the surface pinning does not

materially change the results as it would be expected from an nBn design.
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54.2 InGaAs nBn SWIR Detector Design with Lattice-matched InAIGaAs

Barrier

In this work, InGaAs nBn detector design has been realized by utilizing lattice-
matched un-doped InAlGaAs grading layers with delta-dopings. Here, un-doped
InAlGaAs grading layers are used in constructing the barrier and dipole delta-doped
layers are placed in both sides of the graded layers for eliminating valence band
offset. As a result, the high bandgap barrier layer blocks the majority carriers and
allows minority carrier flow while minimizing various dark current components, as
expected from an nBn detector. Substantial improvement has been shown in the dark
current level without compromising any photoresponse compared to the
conventional pn junction and all InGaAs nBn type photodetector which was shown

in section 5.4.1.

5421 Method

In order to construct a high bandgap barrier layer, InixyAlxGayAs quaternary
compound graded from InGaAs to InAlAs is utilized while maintaining x+y=0.47 to
preserve the lattice constant [110]. Figure 5.24 represents the band diagram of this
structure with no additional adjustment where there are both conduction and valence
band barriers leading to a minority barrier in addition to the desired majority carrier

barrier.

Q-Efield o sAlhs InAIGaAs InAIGaAs
—9 undoped undoped
.______--;—-——-——"""- grading grading
In,..AlLGa, ., As : S
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Iny55Gag.,AS InAlAs In,5:Ga, ,,As
Iny 5;Ga, 4,As — @ undoped barrier Atr;st:)ll)reber

n-type
Contact Layer
Q-Efield
\_/AO

Figure 5.24. Schematic band diagram of the valence band for uncompensated graded
InAIGaAs barrier InGaAs nBn detector.
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In order to fix the minority carrier barrier, n-type and p-type delta-doped layers are
placed at the sides of the graded layers. Consequently, the valence band quasi-
electric field has been canceled and the valence band offset is suppressed, resulting
in an almost ideal nBn detector profile, as shown in Figure 5.25.

INg 52Aly 2sAS
- ., , p-delta doping
Q-Efield+ 6-dop. I-Efield
—O: - p-delta p-delta
/ - doping layer doping layer
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> x=01t00.48 - undoped | _ . undoped
: undoped : grading R grading
- n-delta - - n-delta
% . . doping layer doping layer
Q-Efield- 8-dop.|-Efield ¢ - - P
‘:. - -
) E-field=0 + . .t
Iana“,Asf INy:Ga,;AS + Inalas + IN,53Gag.,AS
n-delta doping n-type undoped Barrier n-type
Contact Layer + = - : Absorber

RE—

Figure 5.25. Schematic band diagram of the valence band for uncompensated graded
InAlGaAs barrier InGaAs nBn detector.

5422 Device Structure

This methodology is the same as that for section 5.4.1. However, as illustrated in
Figure 5.26, having lattice-matched layers will result in better quality material with
a shorter material growth time by removing the need for relatively longer grading

layers that are necessary to minimize the effects from lattice-mismatch.

As shown in Figures 5.26 (a) and 5.26 (b), the regular pn junction has a depletion
region and various dark current mechanisms are maximized at the depletion region.
Figures 5.26 (c) and 5.26 (d) represents the all InGaAs nBn structure where relatively
thicker grading structures are required due to the lattice-mismatch coming from the
InGaAs compositional grading. However, a similar barrier structure can be achieved
without introducing lattice-mismatch in the case of InAlAs barrier layer and
InAlGaAs grading layers, as seen in Figures 5.26 (e) and 5.26 (f).
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Figure 5.26. Pixel structure and calculated band diagram for ((a), (b)) a pn junction,
((c), (d)) nBn detector with all InGaAs epilayers [110], and ((e), (f)) nBn detectors
with lattice-matched graded and delta-doping layers. Absorber layers are 3 um and

detector size is 25%x25 pum? for all cases.

Barrier layers are 500 nm and delta-dopings are 5 nm for both nBn structures.

Grading layer is around 800 nm for the lattice-mismatched case and 50 nm for the
lattice-matched case.

111



Reverse biased band diagram characteristics for the structures shown in Figure 5.26
are presented in Figure 5.27, where Figure 5.27 (a) shows the pn junction
(Ng = 5x10% cm™, N2 = 5x10% cm™) and Figures 5.27 (b) and 5.27 (c) illustrate the
nBn structures discussed above. The nBn designs both include an InGaAs lattice-
matched absorber (Ng = 5x10% cm™), contact layer (Ng = 6x10'® cm™), high
bandgap barrier (un-doped), and linearly compositional graded (un-doped) and
dipole delta-doped (Ng = Na = 1.1x10' cm™3) layers where the valence band offset
is removed with the help of delta-dopings [59], [79], [77], [101], [112]. Doping levels
are chosen considering the case where absorber doping up to low 10" cm™ levels

has been shown to lower the dark current [113].
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Figure 5.27. Reverse biased band diagrams for the structures shown in Figure 5.26
with a reverse bias of 0.3 V: (a) pn heterojunction, (b) all InGaAs nBn structure, (c)

lattice-matched nBn structure.

5423 Results and Discussions

Next, dark and photocurrent calculations, including sensitivity analysis with respect
to different delta-doping concentrations and various barrier heights adjusted by Al-
Ga mole fraction ratio, are discussed for the designed nBn detector. In the
simulations, optical calculations were done at 1.55 pm under 0.01 W/cm? optical
power per unit area in the normal direction to the epitaxial structure from the
substrate side (back-illuminated) while the absorption coefficient of Ings3Gao.47As at
1.55 um was considered as 7000 cm™ [2], [59].
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5.4.2.3.1 Effects of Different Delta-Doping Layer Doping Concentrations

Figure 5.28 (a) shows the dark and photocurrent densities versus delta-doping layer
concentrations and Figure 5.28 (b) illustrates the adjustable valence and conduction
band offsets with delta-doping layer doping concentrations. At the lower delta-
doping concentrations, the valence band barrier blocks the minority carriers;
therefore, the detector exhibits lower photocurrent and the dark current is higher
since the electrons can flow over the barrier to the absorber with the thermionic
emission. When the doping concentrations are increased, the flow of minority
carriers is getting easier (photocurrent density increases) due to lowered valence
band offset. Simultaneously, the dark current density decreases because of the more
efficient blocking of the majority carriers (Figure 5.28 (b)). When delta-doping
concentrations are increased to 1.1x10' cm™3, valence band offset is almost
completely eliminated and conduction band offset becomes high enough to block
majority carrier electrons effectively, leading to the optimum nBn performance
characteristics. Furthermore, if the delta-doping concentrations are increased even
more, the high electric field causes higher thermal SRH generation and increases the
dark current (Figure 5.28 (a)).
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Figure 5.28. Effects of different delta-doping layer doping concentration on (a)

photocurrent and dark current densities and (b) band diagram of the nBn detector.
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5.4.2.3.2 Effects of The Barrier Height

Figure 5.29 (a) shows the effects of the barrier height coming from the Al-Ga mole
fraction ratio change on the dark and photocurrent density characteristics of the
designed nBn detectors. Here, the barrier layer is constructed by the compositional
grading of InAlGaAs material from InGaAs to various Al-Ga ratios together with the
optimized delta-doping concentrations, providing zero valence band offset for each
barrier height (Figure 5.29 (b)). At the lower barrier heights (low Al-Ga ratios),
majority carriers can overcome the barrier by thermionic emission, so that the dark
current becomes higher and the photocurrent is suppressed by the high dark current.
When the Al-Ga ratio of the barrier increases, the barrier height increases and the

majority carriers are consequently blocked, resulting in a reduced dark current

density.
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Figure 5.29. Effects of different barrier heights with optimized delta-doping
concentrations on (a) photocurrent and dark current densities and (b) band diagram

of the nBn detector. AV (AC) represents the valence (conduction) band offsets.

5.4.2.3.3 Dark Versus Photocurrent I-V

Moreover, in order to visualize the relative performance of the nBn structure, total

dark and photocurrent densities of the two nBn designs and the pn heterojunctions
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are comparatively analyzed. Results are summarized in Figure 5.30, where
Figure 5.30 (a) shows the dark current density comparison and the photoresponse
characteristics are seen in Figures 5.30 (b) and 5.30 (c). The bandgap engineered
lattice-matched InGaAs nBn detector clearly and conclusively exhibits lower dark
current without photocurrent degradation, as expected from an ideal nBn detector.
The calculated dark current density for the conventional pn heterojunction is similar

to the recently reported experimental values for the mesa type detectors [103].

As aresult, around 50 and 2.5 times improvement has been shown in the dark current
density level compared to the conventional pn junction and all InGaAs nBn type

photodetector, respectively.
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Figure 5.30. Dark and photocurrent density results together with the quantum
efficiency values at —0.2 V of lattice-matched barrier InGaAs nBn detector in
comparison with conventional InGaAs pn heterojunction detector and lattice-

mismatched barrier nBn structure.

The same carrier lifetime and surface recombination velocity values have been used
for all structures in the comparison in Figure 5.30 and the calculated dark current
density of lattice-matched barrier InGaAs nBn detector structure is getting closer to
the record values reported for planar type detectors [114], [115]. Considering the
effects of lattice-mismatch on the carrier lifetime, the improvement for the all lattice-

matched case compared to the lattice-mismatched case would be even stronger.
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5.4.3 InGaAs Shortwave Infrared Dual-Band nBn Detector

The nBn detector architecture can also be designed as dual-band detectors in
a variety of different band ranges by utilizing the graded layers with delta-dopings.
A schematic representation for an nBn type of barrier detector structure operating in
a dual-band configuration is shown in Figure 5.31. When the absorber layer with the
cutoff wavelength of A1 is positively biased (Figure 5.31 (a)), both the photoelectrons
and photo-holes generated in this layer are able to reach contacts and form the
photocurrent [11], [61], [116].
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Figure 5.31. Schematic representation of band diagrams of a dual-band nBn detector
where () the first absorber (A1) is under positive bias and (b) the second absorber

(A2) is under positive bias.

Moreover, if the A> cutoff wavelength absorber layer is positively biased, electrons
and holes generated in the A> cutoff wavelength absorber layer contribute to the
photocurrent (Figure 5.31 (b)). Therefore, this structure can be used as a dual-band
detector in a polarity switchable bias configuration, and the absence of the depletion
region may make this dual-band nBn design more advantageous in terms of dark
current suppression when compared to the previously demonstrated dual-band
structures [117]-[126].
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5431 Method

The barrier layer of the SWIR dual-band nBn detector is obtained by grading from
the low bandgap (Inos3Gaos7As) to the high bandgap (Inos3Gaos7As) of the
Ino.s3(GaAl)o.47As material in accordance with InGaAs (Figure 5.32). One of the n-
type absorber layers will be InP lattice match Inos3Gao47As (cutoff wavelength of
1.7 um) material and the other n-type absorber layer will be used Ings3Gao.17AS

material with a cutoff wavelength of 2.5 um.
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Figure 5.32. The InGaAs dual-band SWIR nBn detector; (a) pixel and (b) schematic

band structure.

As seen in Figure 5.32, the Ino.g3Gao.17As absorber layer is obtained by grading the
In mol ratio of the InGaAs material from 0.53 to 0.83 immediately after the barrier.
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5.4.3.2 Results and Discussions
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Figure 5.33. eSWIR InGaAs (a) pn and (b) dual-band nBn detector band structures.

The band structures under reverse biased conventional eSWIR InGaAs pn detector
and SWIR dual-band nBn detectors are given in Figure 5.33. As can be understood
from the band structure of the nBn detector, only the electrons and holes generated
in the absorber layer of Inoss Gao.17As are contributed to the current. The detector
will only detect at the eSWIR wavelength under this bias, as the electron flow in the
Ino.53Gao.47As absorber layer will be blocked by the barrier. Since the bandgap of the
Ino.s3Gao.17As material is lower, eSWIR detectors are usually operated around 200 K.
Because the temperature is lowered, the diffusion dark current of both detectors is
suppressed, but in this case, the G-R dark current and tunnel currents that change
less with the temperature will limit the performance of the detector. As seen in
Figure 5.34, since the nBn detector suppresses G-R and tunneling currents, it gives
25 times less dark current than the pn detector.
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Figure 5.34. eSWIR (cutoff wavelength of 2.5um) InGaAs (a) pn and (b) dual-band

nBn detector dark current and photocurrent graphics.
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Figure 5.35. (a) InGaAs dual-band SWIR (cutoff wavelength of 1.7um) band
diagram under reverse biased nBn detector and (b) InGaAs dual-band SWIR nBn
detector reverse biased (cutoff wavelength of 1.7um) dark and photocurrent graph

under polarity.

In Figure 5.35, the band diagram of the SWIR dual-band nBn detector is kept in
reverse polarity bias according to the previous situation. In this case, only the
electrons and holes formed in Inos3Gao.47As absorber layer contribute to the flow.
Since the electrons formed in the Ino.s3Gao.17As absorber layer will be blocked by the
barrier, the electrons and holes produced here do not contribute to the current.
Therefore, in this bias situation, the detector will only detect in the SWIR band. In

Figure 5.35 (b), the current-voltage curves at the SWIR wavelength of the detector
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at 200 K are given. The dark current at 107° levels indicates that if the detector is in
reverse polarity when compared to the previous case, only the electrons and holes

formed in the absorber layer of Ino.s3Gao.47As contribute to the current.
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CHAPTER 6

HgCdTe (MCT) INFRARED PHOTODETECTORS

Mercury cadmium telluride (MCT, Hg1xCdxTe) is a material system that has been
studied for more than 50 years and its alternative has not yet been developed due to
its superior material properties for detector technology. MCT is a direct bandgap
material that is a mixture of HgTe and CdTe compounds and has a crystal structure
in zinc-blende. In this material system, by changing the Cd mole fraction, MCT
material with bandgap can be obtained from minimum —0.2608 eV (HgTe) at 77 K
and maximum 1.6088 eV (CdTe) values [127].

The factors that make the MCT material system the most preferred material in the
IR detector area in the spectrum range from SWIR to VLWIR (1-30um) are;

e little change of the lattice constant as the Cd mole rate changes,
e direct bandgap property,

e wide range of the bandgap tune,

e high quantum efficiency and

e reasonable inherent recombination mechanisms.
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Figure 6.1. Comparison of the 111-V and 11-VI semiconductor compounds in terms

of the energy bandgap, the lattice constant and cutoff wavelength (redrawn from ref.

[69]).
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As seen in Figure 6.1, compared with group I11-V material systems, Hg1.xCdxTe is a
highly advantageous material system in terms of the lattice constant and cutoff

wavelength.
The energy bandgap equation for Hg:1xCdxTe is given as [127]:

E; = —0.302 + 1.93x — 0.18x? + 0.832x + 5.35x107*(1
(7.1)

—2x)(—1882 + T3)/(255.2 + T?)
where Egq is the energy bandgap (eV), x is Cd mole fraction, and T is the temperature
(K).

The relationship between the Cd mole fraction, energy bandgap, cutoff wavelength
and lattice constant for Hg:1xCdxTe at 300 K and 77 K is given in more detail in

Figure 6.2.

Lattice constant at 300 K (A)
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Figure 6.2. Bandgap energy, cutoff wavelength and lattice constant for HgCdTe for

each Cd mole fraction (redrawn from ref. [2]).
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Due to the very small change in the lattice constant, each composition of the Hg-
xCdxTe material system can be grown on CdZnTe substrate without lattice mismatch.

In this way, hetero and superlattice structures can be obtained.

The relationship between the lattice constant (a) and Cd mole fraction (x) for MCT

IS given as [127]:

a = 6.4614 + 0.0084x + 0.01168x2 — 0.0057x3. (6.2)

The absorption coefficient corresponding to some Cd mole fractions for the different

energy photons at room temperature is given in Figure 6.3. A high absorption
coefficient indicates that most of the incoming light can be absorbed in a short
distance in the absorber material. This enables the thickness of the detector to be

short (~10 um for the LWIR band) while reducing cost, noise and excess thermal
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Figure 6.3. Absorption coefficient for Hg1«CdxTe corresponding to some Cd mole

fractions at room temperature (redrawn from ref. [69]).
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In the HgCdTe detector, while the minority carrier lifetime is limited by the SRH
mechanism under conditions of low carrier concentration (~ <10*® cm™3), the Auger1l
mechanism limits the minority carrier lifetime for high-quality n-type material under
the high carrier concentration (~ > 10 cm3) [10].

Since the electron effective mass of MCT material is small (~ 0.01mo), electron
mobility is high (10%-10° cm?V-s?). Electron mobility is mostly determined by
mechanisms such as optical phonon scattering and alloy scattering [10]. The hole
mobility is about two orders smaller than the electron mobility. Likewise, this is

determined by the hole effective mass (~ 0.55 mo) [10].

6.1  HgCdTe Photodetector Structures

The schematic representation of homo (n+-on-p) and heterojunction (p-on-n) band
diagrams of commonly used MCT detectors is given in Figure 6.4. To reduce the

tunneling current, the absorber doping amount is kept below 10'® cm™3.
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Figure 6.4. Homo (n +-on-p) and heterojunction (p-on-n) of band diagrams of

commonly used MCT detectors (redrawn from ref. [2]).
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Since In is very suitable for MCT in terms of solubility and diffusivity, it is used as
n-type dopant material. Arsenic (As) atom has been shown to be the most suitable
material for MCT material as a p-type dopant, due to its properties, such as low
diffusivity, low activation energy, stability in the lattice, and concentration
controllability [2]. However, As doping is not sufficient to obtain p-type MCT. Since
As is an amphoteric (double acting) in MCT, MCT material must be annealed for the

activation of As atoms. This topic will be discussed later in this section.

Figure 6.5 shows an IR detector FPA with a schematic representation of the hybrid
version of the readout circuit (ROIC). Basically, FPA is a version of isolated pn
junction diodes in a 2D pixel array. In this structure, one contact of each detector is

common, and the other contacts are integrated with the silicon ROIC array.
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\\> Contact
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chi

Figure 6.5. Schematic of hybridized FPA and ROIC (redrawn from ref. [7]).

Many pixel structures are used for HQCdTe FPA fabrication. Here, double-layer
heterojunction (DLHJ), two-color triple-layer heterojunction, and via-hole

(loophole) detector technologies are mentioned.
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Double Layer Heterojunction (DLHJ): As can be seen in Figure 6.6, in this
structure, a high bandgap p-contact layer is connected to the ROIC with an In bump.
The n-layer is designed as an absorber material. Since the absorber layer is n-type,
low carrier concentration can be obtained and it has fewer SRH centers than a p-type

absorber. Moreover, the passivation of the n-type layer is easier than the p-type layer.

In many studies, the Roa value of detectors with a DLHJ structure has been shown
to be higher than in via-hole or planar detectors. Crosstalk is minimized since there

is electrical isolation between the pixels.

e

reflection
coating

CdZnTe
substrate

n-type
/ absorber

<«—— Widergap P*

«—— Indium
bump

Figure 6.6. Pixel structure of DLHJ detector technology (redrawn from ref. [128]).

Two-color Triple Layer Heterojunction (TLHJ): This detector structure,
developed by Raytheon Vision Systems (RVS), can work in dual-band mode by
performing polarity switching due to its back-to-back diode structure. In this
structure (Figure 6.7), n-type absorberl (MWIR), p-type cap, and n-type absorber2
(LWIR) epilayers are grown on CdZnTe substrate using MBE method. The sidewalls
of the pixels, isolated from each other by the etching method, are passivated with
CdTe. Indium bumps are deposited on top of the pixels for hybridization with ROIC
[129].
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Figure 6.7. Pixel structure of the TLHJ (redrawn from ref. [129]).

Via-hole (loophole): In this architecture, also called high-density vertically
integrated photodetector (HDVIP), a via-hole is drilled along the ROIC to the pixel
structures (Figure 6.8). A cylindrical n-region is created around this via using the ion
implantation method. This method makes it possible to produce FPA with dual-band
and small pitch pixels (5 um).

p-type

Top View HgCdTe

/
. . . . n-type
/ HgCdTe

HDVIP® via
Cross Section

Figure 6.8. Pixel structure of the HDVIP architecture (redrawn from ref. [130]).
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6.2  HgCdTe Unipolar Barrier Infrared Detectors

6.2.1 Barrier Engineering for HgCdTe Unipolar Detectors on Alternative
Substrates

In this study, the graded layers with delta-dopings has been utilized to get valence
band free nBn configurations for the HgCdTe material system in all the short-wave
(SWIR), medium-wave (MWIR) and long-wave (LWIR) infrared bands. Shockley
Read Hall (SRH), trap-assisted tunneling (TAT), Auger and radiative recombination
mechanisms have been included in the analyses and strong suppression of G-R and
TAT currents have been demonstrated with the designed structures. This
methodology is especially useful when the carrier lifetime is limited due to
alternative substrate usage, such as Si, GaAs and GaSh. No degradation in photo-
response has been observed as adjusting the valence band offset is quite flexible with
the delta-doped nano-layers and the valence band barrier can be completely removed.
Calculations have been performed for 1-3 ps lifetime targeting the alternative
substrate applications and up to 60 degrees of increase in the operation has been
shown to be possible.

Mercury cadmium telluride (HgCdTe) infrared detectors shows one of the highest
performance among all the infrared detector technologies due to the excellent optical
and electrical properties [2]. However, economic and technical reasons limit the use
of the conventional CdZnTe substrate for HgCdTe detectors in a wide range of
applications [132]-[134]. As a solution, developing processes with alternative
substrates for HgCdTe detectors is one of the preliminary research topics today.
However, all the studies so far have a sizable lattice mismatch with HgCdTe layers
affecting the performance of the detectors. The extra cooling requirement to
compensate this performance drop may result in an increase in the system cost
defeating the purpose of the alternative substrate technologies unless epilayer
structure optimization methods are applied [135]-[138]. One of these methods is

utilizing unipolar detector architectures that have emerged relatively recently as an
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alternative to the conventional pn structures and provide performance improvements
for various measures [39], [41]-[70], [139].

Here, nBn type HgCdTe detectors in the short-wave (SWIR), medium-wave
(MWIR) and long-wave (LWIR) bands are designed by a relatively simple method
that removes the valence band offset with the help of delta-doped layers and
compositional grading [59], [101]. Calculation results show that designed detectors
give considerably lower dark current compared to conventional pn heterojunction
structures, leading to a higher operation temperature possibility, especially for the
detectors with an alternative substrate that usually suffers from shorter SRH

lifetimes.

6.2.1.1 Method

Current-voltage characteristics (I-V) comparison for both dark and illuminated
environments is the main method to evaluate different designs in addition to the band
diagrams, which are used for the explanation of the results. Shockley Read Hall
(SRH) based on Schrafetter recombination model, trap-assisted tunneling (TAT)
with Hurkx model that shortens the carrier lifetime and Auger and radiative
recombination mechanisms have been included in the numerical simulations in terms
of the various dark current mechanisms [84]. Since almost nonexistent depletion
region is one of the most important benefits for the nBn structures, designed
structures here are targeted more to the cases where the SRH lifetime is limited as in
the case of HgCdTe detectors fabricated with alternative substrates. For these
detectors, as the carrier lifetime can be as low as 50 ns [91], moderate values between
1 and 3 us are chosen here. For all the nBn designs here, there is also a conventional
pn heterojunction detector prepared with the same parameters in order to save the
results from including experimental differences and focus the comparison on purely
epilayer structures. Nonetheless, the reference pn structures here provide the same

dark current levels with the previously reported experimental studies with alternative
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substrates [140]. The SRH lifetimes and trap parameters [46] that are used in the

simulations are shown in Table 6.1.

Table 6.1 SRH Lifetime and Trap parameters

Trap Parameters SWIR MWIR LWIR
SRH lifetime (s) 3us Lus lus
Energy level (eV) 0.25Eg 0.25Eg 0.25Eg
Concentration (cm™) 108 108 108

Capture Cross S. on, op (cm?) 1015, 1016 10%5, 1016 10%°, 106

Since there is no built-in voltage in the nBn structures, bias requirements are different
for these detector types. In particular, nBn designs need a bias voltage to be able to
collect the photo-generated carriers; however, pn heterojunction starts suffering from
tunneling currents quickly with increasing bias, especially as the bandgap gets
narrower. Therefore, the dark and photo-current characteristics of these structures
are calculated at different bias points. A reverse bias voltage of 0.2 VV where the
photo-current saturates has been chosen for the nBn structures and a smaller value

(0.1 V) for the conventional pn heterojunctions is used.

6.2.1.2  Device Design

The barrier in the designs here is obtained by compositional grading of un-doped
HgCdTe material from low bandgap to high bandgap with the help of the almost
unvarying lattice constant for different mole fractions in the HgCdTe material system
as shown in Figure 6.9 (a). If the barrier is inserted into this structure with no
additional bandgap engineering, a valence band offset forms, as can be seen in the
calculated band diagram shown in Figure 6.9 (b). This will obviously block minority

carriers and the responsivity of the detector will be severely affected.

130



(a) (b)
n type HgCdTe 14,

EEetEemeel) e
CdTe ( barrier) E 0.7} By
---------------------- >
HgCdTe ( grading ) g
______________________ o
n type HgCdTe w 0.0
Substrate —\_/ ,
0 2 4 6 8 10
(c) (d) Thickness(um)
n type HgCdTe 16F
HgCdTe( grading ) . . —E
p P 3 —Fy
CdTe ( barrier) o 0.8
P p 2
HgCdTe( grading ) o
n n w00
n type HgCdTe

Substrate 0 2 4 6 8 10
Thickness(um)
Figure 6.9. HgQCdTe nBn detector with and without removed valence band offset; (a)

and (c) pixel structures and (b) and (d) band diagrams.

As a solution, and the main topic in this work, a couple of thin n- and p-type delta
doping layers can be placed on both sides of the graded layers in such a way that the
quasi-electric fields generated by the graded layers will be suppressed similarly to
the other material systems [59], [79], [77], [101]. Inserting delta-doped layers for
adjusting the valence band barrier can indeed be extremely useful for HgCdTe
detectors as obtaining an adjustable barrier material without a lattice mismatch issue
is quite easy. In the barrier region, p-type delta doping nano-layers are placed on the
edge of the high bandgap of the graded layers and n-type delta doping nano-layers
on the edge of the low bandgap edge (Figure 6.9 (c)). The electric field generated by
the charges of p and n layers will suppress the quasi-electric field generated by the
graded layers resulting in a zero valence band offset, as demonstrated in
Figure 6.9 (d).
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The presented designs here do not take into account the effects of extended traps,
which potentially can shortcut the barrier and may degrade the operational
temperature [141] due to the complexity it will bring to the calculations. In addition,
as a solution for the propagation of these defects into the epilayers from the substrate,

an interfacial layer has been proposed to be utilized [111].

6.2.1.3 Results and Discussions

6.2.1.3.1 Comparison of nBn and pn Detectors in SWIR Band

The need for high-format FPAs and the possibility of producing the detectors at a
lower cost, increase the interest for HgCdTe detectors on the alternative substrates
in the SWIR region. However, due to the lattice constant difference between the
substrate and the epilayers, the G-R and TAT current will increase in the detectors.
Since the nBn detector architecture can suppress dark-current components originated
from the depletion region, the method, which was the first time applied for obtaining
InGaAs nBn detector [59], [101], can be applied to low-cost HgCdTe detectors in
SWIR band. Therefore, in this section, HgCdTe nBn and pn detector structure are
compared using the same the SRH and trap parameters. General pixel structures and
band diagrams at operating bias of pn and nBn detector for the SWIR band are shown
in Figure 6.10 (a)-(d). Structural and electrical parameters such as Cd mole ratio,
layer thicknesses and the optimized doping concentrations for obtaining zero valence
band offset used for these configurations are given in Table 6.2. Barrier thickness is
chosen to be thick enough to avoid tunneling current and Cd mole fraction in the
barrier is selected to be 1 to prevent the thermionic emission as much as possible.
Figure 6.11 (a)-(b) shows the 1-V curve calculations for both dark and illuminated
(under 1.5 pm radiation) cases at two different (300-240 K) temperatures and the
dark currents components in these I-V curves are shown in Figure 6.11 (c)-(h) for a

25x25 um? detector area.
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Figure 6.10. General pixel structures and band diagrams of pn and nBn detector for
HgCdTe SWIR detectors

Table 6.2 SWIR nBn and pn Detector Pixel Layers Properties

SWIR nBn pn
Absorber Cd 0.605 0.605
Nd 1.1x10% cm 1.1x10% cm®
L 2.5 um 2.5 um
Contact Cd 0.605 0.8
Nd/Na 1.1x10% cm® 2x10Y cm
L 1.2 pm 1.92 um
Barrier Cd 1.0
Nd/Na un-doped
L 0.5 ym ---
D. Doping Cd 0.605 and 1.0
Nd/Na 1.5x10Y
L 5nm
Grading Cd 0.605t0 1.0
Nd/Na un-doped
L 385 nm
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Figure 6.11. Comparisons of dark current results at two different temperatures (a)
and (b) and separated dark current component (c)-(h) of nBn and pn detectors at
240 K in SWIR band. (Not: The photocurrent curves calculated for two different

temperatures are overlap.)
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When Figure 6.11 (a) and Figure 6.11 (b) are compared, there is more than one order
of magnitude dark current difference at 300 K (7.19x107** A at —0.2 V vs.
2.53x10712A at —0.1 V) between nBn and pn detectors whereas there is almost no
difference in terms of the photo-current. In order to get the same dark current levels
from these structures, the pn heterojunction detector needs to be cooled down to
240 K clearly indicating the cost reduction potential for the nBn structure. Moreover,
if the nBn design is also cooled down to 240 K, the dark current difference between
the structures increases even further (> 2500 times) due to the fact that TAT
contribution which is suppressed by the nBn design is more dominant at lower

temperatures as seen in Figure 6.11 (e).

In Figure 6.11 (c)-(h), the dark current components (G-R, TAT, Auger) of the nBn
and pn detectors for SWIR band were examined individually at 240 K. Although
TAT current is more dominant in this temperature for the pn structure, the effect of
the G-R current is still observed (Figure 6.11 (d)), where these components are
successfully suppressed in the nBn design (Figure 6.11 (c) and Figure 6.11 (e)). In
addition, the Auger mechanism (Figure 6.11 (g)-(h)) and radiative recombination is
not effective for this band. At higher bias values, the effectiveness of the barrier starts

to decrease as the bandgap for the SWIR region is relatively thicker.

6.2.1.3.2 Comparison of nBn and pn detector in MWIR band

The need for cooling the photon detectors to cryogenic temperatures for suppressing
the dark current limits the application opportunities of the detectors and increases
their cost for the lower bandgap regions. The applied nBn design can also solve the
valence band discontinuity problem for MWIR region with its flexibility. The
calculated band diagrams for nBn and pn structures are shown in Figure 6.12 (a)-(b),
respectively, where the parameters used for both designs are listed in Table 6.3.
Compositional gradings are again adjusted so that the barrier is composed of un-
doped CdTe with a 500 nm thickness. The SRH lifetime for the MWIR case is chosen

to be 1 ps, the illumination wavelength is 4 um and the detector size is again
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25x25 ym?. Results comparing the applied nBn design with conventional pn
heterojunction are summarized in Figure 6.13 where radiative recombination is not

effective in neither of the cases.
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Figure 6.12. Band diagrams of (a) pn and (b) nBn detector for HgCdTe MWIR
detectors.

Table 6.3 MWIR nBn and pn Detector Pixel Layers Properties

MWIR nBn pn
Absorber Cd 0.3 0.3
Nd 1x10% cm3 1x10% cm
L 3 um 3 um
Contact Cd 0.3 0.5
Nd/Na 1x10% cm3 2x10Y cm®
L 0.63 pm 1.85 um
Barrier Cd 1.0
Nd/Na un-doped
L 0.5 pm ---
D. Doping Cd 0.3and 1.0
Nd/Na 1.2x10Y
L 5nm
Grading Cd 0.3t01.0
Nd/Na un-doped
L 385 nm
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As shown in Figure 6.13 (a)-(b), at 100 K, the dark current of the nBn design is
1.52x1071 A at the operating point of —0.2 V, whereas it is 4.29x10722A at —0.1 V
for the pn case. There is more than three orders of magnitude difference at 100 K
and the dark current level obtained for the pn structure at this temperature occurs at
140 K for the nBn configuration. In Figure 6.13 (c)-(h), the dark current components
of the nBn and pn structures for the MWIR band are examined at 100 K. At this
temperature, TAT is the most effective mechanism (Figure 6.13 (f)) in terms of the
dark current characteristics for the pn case as the G-R current component has been
effectively reduced at this temperature (Figure 6.13 (d)). On the other hand, the TAT
mechanism can be effectively suppressed in the nBn detector structure, as shown in
Figure 6.13 (e). Therefore, unlike the pn detector, the dark current continues to drop
as the temperature decreases. As shown in Figure 6.13 (g), the effect of the Auger
dark current component is observable since the nBn detector gives very low dark
current at 100 K. Calculated Auger 1 constant and lifetime values are
3.69x107% cmPst, 2.71x107" s, respectively, which are consistent with the values
obtained from the previous studies [24], [142], [143].

6.2.1.3.3 Comparison of nBn and pn detector in LWIR band

In this section, the valence band suppressed nBn structure, which gives a lower dark
current than the pn detector, was applied to the LWIR band in order to demonstrate
its applicability. Figure 6.14 (a)-(b) shows the nBn and pn band diagrams in the
LWIR band and the parameters used for each detector type are given in Table 6.4. In
these calculations, the SRH lifetime used is again 1 ps and the absorption wavelength

is 10 um for the pixel area of 25x25 um?.
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Figure 6.14. Band diagrams of (a) pn and (b) nBn detector for HQCdTe LWIR

detectors.

Table 6.4 LWIR nBn and pn Detectors Pixel Layers Properties

LWIR nBn pn
Absorber Cd 0.22 0.22
Nd 5x10% cm3 5x10% cm3
L 8 um 8 um
Contact Cd 0.22 0.25
Nd/Na 5x10% cm3 1x10Y" cm
L 0.63 um 1.92 um
Barrier Cd 1.0
Nd/Na un-doped
L 0.5 pm -
D. Doping Cd 0.22 and 1.0
Nd/Na 1.2x10%
L 5nm
Grading Cd 0.22t0 1.0
Nd/Na un-doped
L 385 nm
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Figure 6.15. Comparisons of dark current results at two different temperatures (a)
and (b) and separated dark current component (c)-(h) of nBn and pn detectors at 77 K
in LWIR band. (Not: The photocurrent curves calculated for two different

temperatures are overlap.)
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Figure 6.15 (a)-(b) shows comparison between nBn and pn designs in the LWIR
band at 77 K and 90 K where the dark current of nBn design is 1.58x107° A at a
reverse bias of 0.2 V and pn heterojunction dark current level is 1.37x10°A at—0.1
V at 77 K. The dark current level for the nBn structure at 90 K is nearly the same
with pn heterojunction at 77 K. The dark current difference between nBn and pn
detector increases quickly for higher reverse bias values mainly because of the TAT
component [135], [137]. There is again an effective suppression of the TAT current
for the nBn structure and TAT is the most dominant dark current mechanism for the
conventional pn heterojunction (Figure 6.15 (f)) for LWIR band [144]. The effect of
the G-R current is never seen because of the low temperature. As shown in Figure
6.15 (h), similar to the MWIR case, the effect of Auger dark current is dominant at
this temperature for the nBn configuration due to the suppressed TAT component.
Auger constant value is calculated to be 4.4x107%° cm® st and the Auger 1 lifetime
is obtained as 0.9x107" s in parallel with the earlier work [24], [142], [143].
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Figure 6.16. Quantum efficiency graphs of SWIR, MWIR, and LWIR band pn (at
—0.1V) and nBn (at —0.4V) detectors.

Quantum efficiency graphs for pn and nBn detectors operating in SWIR, MWIR and
LWIR bands are given in Figure 6.16. There are tolerable differences in the quantum

efficiencies of nBn and pn detectors.
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6.2.2 A Dual-Band HgCdTe nBn Infrared Detector Design

In this study, a dual-band nBn HgCdTe detector structure utilizing the graded layers
with delta-dopings has been designed numerically and the results have been
compared with a conventional pn detector for each band. Almost nonvarying lattice
constant with respect to bandgap variation of the HgCdTe material makes this design
plausible. Thus, Cd molar ratios of the n-type absorber layers have been selected to
correspond to LWIR and MWIR bands and the barrier layer consists of an un-doped
CdTe material. In addition, it is important to note that considering the dark current
performances of the state of the art HgCdTe detectors fabricated with the traditional
CdZnTe substrates, suppressing the dark current components associated with the
depletion region, the major benefit of the nBn structure, may not seem to be
necessary for this material system. However, there are many studies focusing on
HgCdTe layers grown on the alternative substrates (usually with much shorter SRH
lifetime values) and these devices may substantially benefit from the utilized method

here.

6.2.2.1 Method and Device Design

One of the most critical points in designing nBn type detectors is the insertion of the
barrier layer where there must be a high barrier for the majority carriers and no
barrier should exist for the minority carriers in the electronic band structure.
Therefore, if the absorber layer is n-type, as in our case, the barrier should only be
in the conduction band. Moreover, the height of the barrier must be high enough to
block thermionic emission and thick enough not to allow tunneling [42]. Despite the
promise for better dark current characteristics, these restrictions make this type of
barrier structures challenging to be applied to a variety of detector material systems
such as InGaAs and HgCdTe due to the lack of suitable barrier material. As a result,
additional band diagram engineering becomes necessary. Here, a few nm thick p and

n delta-doped layers together with un-doped compositionally graded layers have
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been utilized in both sides of the high bandgap layer (Figure 6.17) in order to remove

the valence band discontinuity similar to the previous studies [59], [79], [83], [101],

[139], [145].

n-type HgCdTe, Cd:0.22

HgCdTe ( grading )

CdTe

S T T S

HgCdTe ( grading )

S T T S

n-type HgCdTe, Cd:0.3

Figure 6.17. Pixel structure of LWIR/MWIR dual-band HgCdTe nBn.

Numerical calculations were made with the commercial software Sentaurus Device
[84] using the parameter values in Table 6.5, Table 6.6 and Table 6.7 for the nBn

structure, reference pn structure and the traps in the materials, respectively.

Table 6.5 Material Parameters for LWIR/MWIR Dual-Band HgCdTe nBn

Dual-band Absorber Barrier Delta-doping Grading
HgCdTe nBn
Cd Nd L |Cd Nd L Cd | Nd/Na | L Cd Nd L
LWIR 0.22 | 1x10 | 8 | 1.0 un- 05 ] 0.22 | 1x107 | 5 | 0.22 un- 385
(absorber_1) cm? | um doped | pm | and cm?® | nm | to doped | nm
1.0 1.0
MWIR 0.3 | 1x10% | 3 | 1.0 un- 05| 1.0 | 1x107 | 5 1.0 un- 385
(absorber_2) cm3 | um dope um | and cm3 | nm | to dope! nm
0.3 0.3
Table 6.6 Material Parameters for HgCdTe pn
HgCdTe pn LWIR MWIR
pn pn
Cd 0.22 0.3
Absorber Nd 1el6 1el6
L 8 um 3 um
Cd 05 05
Contact Na lel7 2e17
layer L 1.92 ym 1.85 um
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Table 6.7 Trap Parameters

MWIR LWIR
SRH lifetime (s) 10 ps 10 ps
Energy level (eV) 0.25 Eg 0.25 Eg
Concentration (cm™) 108 108
Capture cross s. on, 6p (cm?) | 10, 101° 10%°, 10%

6.2.2.2 Results and Discussions

Figure 6.18 shows the numerically calculated band diagram of the unbiased
LWIR/MWIR dual-band HgCdTe nBn detector. The electric field generated by the
depleted n and p delta layer has successfully suppressed the electric field formed by
the graded layers and as shown in the figure, there is no valence band offset that

might prevent the minority carrier flow.
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Figure 6.18. Calculated energy band diagram of LWIR/MWIR dual-band HgCdTe

nBn detector at zero bias.

Figure 6.19 shows the band structure of the designed LWIR/MWIR dual-band
HgCdTe nBn detector, where the LWIR band is under positive bias. Since the
electrons formed in the MWIR absorber layer will be blocked by the barrier, the

designed detector will only collect the photo-carriers generated in the LWIR band.
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Figure 6.19. Calculated energy band diagram of LWIR/MWIR dual-band HgCdTe

nBn detector while LWIR absorber is under positive bias.

Furthermore, Figure 6.20 shows the LWIR band photocurrent and dark current
characteristics at 77 K of the designed nBn structure and the reference heterojunction
pn detector. While both of the simulated structures have almost the same
photocurrent levels, nBn design indicates superior characteristics in terms of the total
dark current level and the voltage dependency of the dark current.

(a) (b)

— ' — 10° g .
! ——pn @77K |] E E
10° —nBn @77K | 1 :
o " | i

< -~ j

10 : ik 3
" 1 E [—mn @77k ;
j L | —nBn @77K 1
. | : 4b | _ | 3

10 05 00 L T o5 30

Bias (V) Bias (V)

Figure 6.20. (a) Dark current characteristics of the nBn type dual-band HgCdTe
detector design in LWIR band in comparison with conventional pn heterojunction
(b) Photocurrent comparison between the designed nBn and pn structures in LWIR
band.
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As clearly seen in Figure 6.20 (a), as the reverse bias increases, the dark current of
the pn detector increases with increasing reverse bias while the dark current of the
nBn dual-band detector does not show a major reverse bias dependency mainly due
to the fact that the nBn detector does not have a depletion region and can suppress
the TAT current [139].

Figure 6.21 and Figure 6.22 show the simulation results for MWIR band in the same
representation followed in Figure 6.19 and Figure 6.20 for the LWIR band where the
polarity of the applied bias has been switched in order to collect the photo-generated
carriers in the MWIR band.

Energy (eV)

1 " 1 1 " 1 i 1 " 1

8 6 4 =2 0 2 4 6
Thickness (um)

Figure 6.21. Calculated energy band diagram of LWIR/MWIR dual-band HgCdTe
nBn detector while MWIR absorber is under positive bias.
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Figure 6.22. (a) Dark current characteristics of the nBn type dual-band HgCdTe
detector design in MWIR band in comparison with conventional pn heterojunction
(b) Photocurrent comparison between the designed nBn and pn structures in MWIR
band. (Not: The photocurrent curves calculated for two structures (pn and nBn) are

overlap.)
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CHAPTER 7

CONCLUSION AND FUTURE WORK

In this thesis work, it has been numerically demonstrated that some of the material
restrictions in barrier detector architecture can be eliminated in the conventional
photodetector technology via bandgap engineering techniques. Synopsys Sentaurus
TCAD commercial device simulator was used to conduct simulations and analyses
by calculating the Poisson, continuity, and current equations with high precision.
In this study, compositionally graded and delta-doped layers were utilized to attain
InGaAs and HgCdTe nBn type barrier detector configurations with zero valence
band offset.

For SWIR band InGaAs nBn detectors, lattice-mismatched InGaAs and lattice-
matched InAlAs were used for the barrier material. At least 20 and 40 times
improvement, respectively, was shown in the dark current level, without
compromising any photoresponse, when compared to a conventional InGaAs pn
junction via the suppression of the surface leakage and G-R current mechanisms.
Moreover, the same method was used to obtain an e-SWIR /SWIR InGaAs dual-

band nBn detector structure.

In the case of HgCdTe material systems, strong suppression of the G-R and TAT
currents was demonstrated with the nBn designed structures in SWIR, MWIR and
LWIR bands for the alternative substrate HgCdTe technology. The HgCdTe dual-
band nBn detector configuration was also examined numerically in the

MWIR/LWIR bands using compositionally graded and delta-doped layers.

Due to the flexibility of this method, the length and thickness of the barrier can be
adjusted while at the same time zero valence band offset can be achieved for the

compositionally bandgap adjustable materials.
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Further works can be listed as follows:

In the light of the simulations, the pixel structure of the InGaAs nBn detector
will be grown and the detector fabrication will be conducted within the scope
of the TUBITAK 118E771 project using METU-KANAL equipment. In this
project, crystal growth is planned to be made with METU-KANAL IlI-V
Riber Epinat MBE reactor. According to the results of the XRD study after
crystal growth, infrared detector fabrication processes will begin. First,
grown wafer will be cut into slices, then with the help of the lithography
method, etching, surface passivation coating, and ohmic contact creation will
be performed, and finally, wire bonding will be made. For detector
characterization, current-voltage and photoresponse measurements will be
made.

The reduction of Auger recombination will be numerically investigated in
nBn HgCdTe detectors.

The performance of the nBn detector structure in optical communication field

will be numerically investigated.
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