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ABSTRACT

Bandgap-Engineered HgCdTe Infrared Detector Structures for Reduced Cooling
Requirements

by

Anne M. Itsuno

Chair: Jamie D. Phillips

State-of-the-art mercury cadmium telluride (HgCdTe) high performance infrared (IR)
p-n heterojunction technology remains limited by intrinsic, thermal Auger generation-
recombination (G-R) mechanisms which necessitate strict cooling requirements, and
challenges related to processing technology, particularly those associated with achiev-
ing stable, controllable in situ p-type doping in molecular beam epitaxy (MBE) grown
HgCdTe. These limitations motivate the need to firstly, increase device operating tem-
peratures, and secondly, address material processing issues. This work investigates
three alternative HgCdTe IR device architectures as proposed solutions: 1) the high
operating temperature (HOT) detector, 2) the nBn detector, and 3) the NBuvN de-
tector. The HOT detector is designed to suppress Auger processes, in turn, reducing
the detector noise and cryogenic cooling requirements. A simulation study comparing
the device behavior and performance metrics of the Auger-suppressed HOT structure
to those obtained for the conventional double layer planar heterostructure (DLPH)
device predicts the HOT detector can provide a significant advantage over conven-

tional detectors with an increased operating temperature of ~40-50 K for devices



with cutoff wavelengths in the range of 5-12 ym. In a related study, a series of ex-
periments is conducted to examine arsenic (As) deep diffusion in HgCdTe with the
goal of achieving controllable low p-type doping in the HOT absorber layer to reduce
Auger G-R processes by increasing minority carrier lifetimes. Furthermore, a unipo-
lar, barrier-integrated nBn detector structure is proposed to address the challenges
associated with p-type doping in MBE grown HgCdTe. Numerically simulated perfor-
mance characteristics of the HgCdTe nBn device predict values similar to comparable
DLPH structures for a range of temperatures, motivating the experimental demon-
stration of mid- and long-wave IR HgCdTe nBn detectors. Fabricated nBn detectors
successfully exhibit barrier-influenced current-voltage and photoresponse characteris-
tics, but are limited by perimeter leakage currents which must be resolved in future
work. Finally, this work culminates with the simulation study of the novel, hybrid
NBvN structure which addresses both technology limitations by combining the ad-
vantages and designs of the Auger-suppressed HOT and unipolar nBn detectors in a

single configuration.

xxi



CHAPTER I

Introduction

1.1 Overview of IR Technology

Infrared (IR) detectors are devices that respond to incident photons with wave-
lengths in the infrared spectrum (~1 pm - 1000 pm). Traditionally, infrared detector
technology was developed primarily to fulfill military sensing needs for night vision
and surveillance, tank sight systems, and anti-air missile seekers. More recently, the
detector market has expanded rapidly to include a wide array of science, medical, and
industrial applications such as manufacturing heat distribution monitoring, medical
diagnostic imaging, meteorology and astronomy, short range communication, chem-
ical detection, and spectroscopy. Some familiar examples of system-integrated IR
detectors are shown in Figure 1.1.

The IR range within the electromagnetic spectrum is illustrated in Figure 1.2.
For many IR applications, sensing requires data transmission by air. The presence
of large suspended particles such as water droplets, particulates, and aerosols in the
environment results in signal attenuation due to wavelength scattering caused by the
absorption and re-radiation of photon energy. Figure 1.3 shows a plot of atmospheric
transmission through air at sea level over a range of infrared wavelengths where dis-
tinct transmission windows are observed. Thus, detector development focuses on de-

vices which operate within these windows, referred to as the short-wavelength infrared
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Figure 1.1: System-integrated infrared detector applications [1].

(SWIR, 1 pm-3 pm), mid-wavelength infrared (MWIR, 3 pm-5 pm), long-wavelength
infrared (LWIR, 8 pym-14 pm), and very long-wavelength infrared (VLWIR, >14 pm,
not shown in Figure 1.3) spectral ranges.

A wide variety of IR detectors have been developed comprising different materials
and device architectures. Most commercially available detectors can be classified as

one of the following [1]:

e photon detectors (photodetectors)

— intrinsic detectors

extrinsic detectors

— photoemissive detectors

— quantum well and quantum dot detectors

e thermal detectors
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Figure 1.3: Atmospheric transmission as a function of wavelength for 6000 ft. hor-

izontal path containing water precipitates, carbon dioxide, and oxygen
molecules. Modified schematic adapted from Ref. [1].

— bolometers
— pyroelectric detectors
— thermopiles

— thermocouples

e radiation field detectors

Radiation field detector applications in the far-IR are beyond the scope of this study,
and these devices will not be further discussed in this work.

The distinction between infrared photon and thermal detectors is given by the
difference in their operating mechanisms. Photon detectors are based on semiconduc-

tor materials that absorb incident IR photon radiation. The absorbed energy results
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Figure 1.4: Generic (a) photon and (b) thermal detector spectral response based on
Ref. [2].

in optical excitation, generating electron-hole pairs and changing the overall charge

carrier distribution within the semiconductor. The rapid photon-carrier interaction is

observed in an electrical output signal typically measured by the collected device cur-

rent. Because the incident photon energy influences absorption, the photon detector

response is wavelength dependent as illustrated in Figure 1.4a.

Photon detectors can be subdivided into several categories including intrinsic de-
tectors, extrinsic detectors, photoemissive detectors, quantum wells, and quantum
dots. Intrinsic detectors consist of direct bandgap semiconductors of I1I-V (InGaAs,
InAs, InSb, InAsSb), IV-VI (PbS, PbSe, PbSnTe), and II-VI (HgCdTe) material sys-
tems where photon-induced optical transitions primarily occur between the valence
and conduction bands. Extrinsic detectors consist of indirect bandgap semiconduc-
tors such as Si doped with Ga or As (Si:Ga, Si:As) or Ge doped with Cu or Hg
(Ge:Cu, Ge:Hg) to facilitate photon absorption from the impurity band within the
forbidden gap to the conduction band. Photoemissive detectors are typically metal

silicide Schottky barrier devices made of PtSi, PtySi, or IrSi. Quantum well and



quantum dot IR photodetectors (QWIP, QDIP) consist of superlattice structures and
heterojunction configurations of type-I (GaAs/AlGaAs, InGaAs/AlGaAs) or type-1I
(InAs/InGaSb, InAs/InAsSb) materials. Depending on the design, materials, and ap-
plication, these devices can be operated in photoconductive (PC), photovoltaic (PV),
photoelectromagnetic, or photoemissive modes.

Photon detectors are generally characterized as having fast response and high
signal-to-noise ratio. However, narrow bandgap semiconductors used for longer wave-
length (>3 um) applications are susceptible to thermal transitions which contribute
to noise, and conventional photodetectors often require cryogenic cooling to reduce
thermal generation of charge carriers. Thus, high performance IR photodetectors
face a well-known trade-off with sensitivity and size, power, and cost requirements
for complex cooling systems such as Joule-Thompson cryostats and Stirling-cycle
coolers.

IR thermal detectors are employed in various forms, most of which are commonly
identified as bolometers, pyroelectric detectors, and thermopiles and thermocouples.
When subjected to incident photons, the detector material is heated by the IR radi-
ation resulting in a change in temperature. A temperature-dependent property such
as resistance, pyroelectric voltage, or thermoelectric voltage is then used to generate
an electrical signal. The detector response time is limited by the heating and cooling
time of the detector element. Furthermore, the thermal detector spectral response
is broad and generally wavelength independent as shown in Figure 1.4b, relying on
the incident power rather than the energy of the incoming photons. Unlike photon
detectors, thermal detectors are usually operated at room temperature and typically
found in low cost, low sensitivity applications [2, 3].

Photodetectors remain the preferred technology for high performance IR sensing
applications. A major objective of photon detector development is to increase the op-

erating temperature of IR imaging systems without sacrificing performance. Current
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Figure 1.5: Basic photoconductor model based on Ref. [1].

efforts are aimed at developing IR devices, particularly those sensing in the MWIR-
VLWIR spectral ranges, with operating temperatures that can be achieved and main-
tained using single- or multi-stage thermoelectric (TE) cooling systems which are
simpler, smaller, lighter, and less expensive in terms of cost and power requirements
compared to cryogenic systems. TE coolers can reach temperatures from 250 K (one-
stage, TE1) down to 190 K (four-stage, TE4) [1].

Among the variety of photon detectors developed, PC and PV devices are the most
widely used. The PC device can be described as a photo-sensitive resistor, as shown
in Figure 1.5. The operation of a photoconductor device is based on the change
in conductivity of the material due to the generation of optically excited carriers
when the detector material is exposed to incident photons with energy E,, = hv
greater than its bandgap F,. With photovoltaic devices, such as the p-n junction
photodiode illustrated in Figure 1.6, the optically excited excess carriers are injected
into regions near the built-in potential barriers. The photogenerated electron and
hole charges are then swept out by the built-in electric field (Ey;.q) near the barriers,
and the carriers are collected at the contacts. Other PV structures which rely on

this operating mechanism include, but are not limited to, heterojunction detectors,
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Figure 1.6: Basic photovoltaic detector (p-n homojunction photodiode) model and
energy band diagram based on Ref. [1].
photocapacitors, and Schottky barrier photodiodes.

Recent trends in research have seen more advancements in PV p-n junction pho-
todiode technology over photoconductors. This shift is attributed to the increased
interest in using 2-D silicon hybrid focal plane arrays (FPAs) for detection in the
MWIR and LWIR spectral ranges for defense and space applications. Furthermore,
FPA based systems tend to be lighter and smaller, consuming less power and re-
ducing associated costs, while providing higher performance than first-generation lin-
ear array photoconductor based systems. Photodiodes generally have relatively high
impedance, matching that of Si read-out integrated circuits (ROICs), and low power
dissipation compared to conventional photoconductors. Moreover, the strong built-in
field present in the depletion region near the p-n interface facilitates rapid collection of
the photogenerated carriers, resulting in faster detector response. Most importantly,
photodiode architecture is conducive to the 2-D megapixel array assembly favorable
for high spatial resolution while PC detectors are limited by their inability to be easily

integrated on the focal plane. By these virtues, PV photodiodes have taken the lead



as the state-of-the-art second-generation IR detector technology [1].

1.2 Performance Figures

The conventional parameters used to characterize general IR detector performance
are introduced in this section. These figures of merit will be used frequently to

evaluate and analyze the devices discussed in this work and should be noted.

1.2.1 RyA Product

The RyA product (Q-cm?) is a commonly used performance parameter for photo-

diodes. In many applications, photodiodes are operated at zero bias such that

5Ida7"k:) -
Ro = ( , (1.1)
5V |‘/bias:0
and thus,
041 = .
6‘/ |‘/bias:0

where Jyq,¢ is the dark current density (A/cm?) given by Juark = Laark/A, where Igqp
is the dark current (A) and A is the device junction area (cm?). High performance
IR detectors typically exhibit low Jg,x and high RgA, where Jy,,x and RyA values
correlate to detector noise. It is noted that photodiodes may be operated at any point
along the current-voltage (I-V) curve for radiation detection. For high frequency ap-
plications such as IR imaging, photodiodes are typically operated at a slight reverse
bias to reduce carrier transit time by increasing the width of the depletion region
and strength of the Ey;.q. Other situations where biases are applied include detector
configurations requiring non-equilibrium carrier concentrations or voltage-controlled
bandedge alignment for operation. In such devices, the dynamic resistance-area prod-

uct RgA (Q-cm?) at the given bias is used instead to calculate parameters such as



detector noise. It is noted that for non-conventional photodiodes, the RyA metric

may not necessarily be considered an accurate performance evaluation figure.

1.2.2 Spectral Response

The spectral response of the detector can be characterized by responsivity R and
external quantum efficiency (QE or 7). Responsivity (A/W or V/W) characterizes
how well a photodetector detector responds to IR photon illumination and is calcu-
lated from the photocurrent density J,;, (A/cm?) and the incident radiation power

density ¢ (W /cm?) [4],

R=2 (1.3)

The external quantum efficiency represents how effectively a detector converts inci-
dent photons of a particular wavelength A (um) into photocurrent. The normalized

n value for a given wavelength is defined by [4]

Jphe _ ,1.24

=~ (1.4)

where ¢ is the electronic charge (C), h is Planck’s constant (J-s), and ¢ is the speed
of light (cm/s).
1.2.3 Noise Current

Standard p-n photodiodes may operate at 0 V or under a slight reverse bias
to enhance photocurrent collection. The noise current i, (A/Hz%5) in an ideal p-n

photodiode can be expressed as [4]

i (0) = \/ (42’?} + 2q<Jscene)) A (1.5)

at zero bias, or



4kpT,
’in(‘/l)ias) = \/( RjAd + ZQ(Jdark + Jscene)) A (16)

under reverse bias Vs (V) where kp is Boltzmann’s constant (eV/K), Ty is the
detector temperature (K), and Jgeene is the background scene induced photocurrent
density (A/cm?).

The expression for 7, includes contributions from thermal, electrical, and optical
shot noise. The first term in equation 1.6 is the Johnson-Nyquist noise, which is
electrical noise generated by thermal agitation of charge carriers regardless of ap-
plied voltage. The second term in the equation reflects the bias-dependent electrical
shot noise due to random fluctuations of discrete electron charges, which can be of
significance when dealing with extremely low dark current values. The final term
characterizes shot noise caused by photons generated by the background scene with
temperature T;. The background scene is typically modeled as a 300 K blackbody
for earth applications and ignored or modeled as <300 K for space applications. The

scene-induced photocurrent is defined as [4]

Aco
q 2mc 1 1
T / - _ d n(Ndx  (LT)
1+4f3 J Al (emp(TSZBA) —1 eiUP(TdZBA) - 1)

where )., is the cutoff wavelength and fy is the f-number corresponding to the field-of-
view (FOV). A\, (also noted as Acyory) is typically defined as the wavelength at which
the detector spectral response drops to 50% of its peak value. It should be noted that
the electrical shot noise is typically dominated by Johnson-Nyquist thermal noise for
detectors operating at or near zero bias, while the reverse case is true for devices
operated under larger biases. i, is expressed as the quadrature sum of all of noise

current components.
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1.2.4 Detectivity

The detectivity D* (cm Hz%®/W) is the primary figure used to evaluate detector
performance and corresponds to the normalized signal-to-noise ratio of the device.

The detectivity is defined as [4]

Ry\WA

in

D* =

(1.8)

where R) is the responsivity (A/W). In this study, the peak D* is used for perfor-

mance evaluation, in which case, Ry is R) the peak responsivity. Detectivity can

peak ?
be improved by increasing the detector responsivity and reducing the noise current,
although this proves to be a non-trivial task for high performance devices operating
near the theoretical limit. Detectors achieve the highest possible D* values under

background limited performance (BLIP) conditions, that is, where the detector per-

formance is limited by the background photon noise.

1.3 Current Status of HgCdTe IR Detector Technology

The spectral detectivities for commercially available detectors are shown in Fig-
ure 1.7. Most commercial IR detectors achieve D* values around 10'® emHz"5 /W or
higher in all spectral ranges spanning SWIR to VLWIR. A close look shows ideal PV
detectors outperform both PC and thermal detectors. More notably, cryogenically
cooled II-VI compound mercury cadmium telluride (HgCdTe, MCT) PV detectors
achieve D* values near the theoretical limit in both MWIR and LWIR spectral ranges,
surpassing numerous detectors based on other materials (GaAs, InAs, InGaAs, InSb,
Ge:Hg,Cu, PbS, PbSe, PtSi, Si:As). These performance characteristics strongly mo-
tivate the pursuit of next-generation HgCdTe photovoltaic IR devices, laying the

foundation for this study.

11
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photoconductor, and thermal detectors [2].
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Figure 1.8: Schematic of structure and energy band diagram of a HgCdTe p-n homo-
junction photodetector device at zero-bias (inset) and under reverse bias
and illumination.

1.3.1 HgCdTe p-n Junction Photodiode

The photovoltaic p-n junction photodiode is representative of high performance
HgCdTe IR detector technology. Figure 1.8 illustrates the basic operation of a simple,
p-n homojunction detector under illuminated zero-bias and reverse bias conditions.
Incident photons with energy greater than the material bandgap (E,, > E,) gener-
ate electron-hole pairs in the material on either side of the p-n junction. Carriers
generated within a diffusion length of the space-charge region diffuse to the electrical
junction and are separated by the strong electric field (Figure 1.6). The electron and

hole minority carrier diffusion lengths L,, and L, (cm) are given by [5]

L,=+/D,m, (1.9)

13



L, = /D, (1.10)

where 7,, and 7, are the electron and hole minority carrier recombination lifetimes
(s), and D,, and D, are the electron and hole minority carrier diffusion coefficients

(cm?s™1) defined by the Einstein relation [5]

D, = HnkeT (1.11)
q
kT

D, = H B (1.12)
q

where 1, and j1, are the minority carrier mobilities (cm?/V-s) for electrons and holes,
respectively. The optically excited minority carriers that are injected into the oppo-
site side of the junction by the Ef;q become majority carriers. By this process, a
photocurrent density J,, is generated by the incident radiation, increasing the dark
saturation current value as illustrated in Figure 1.9. The total current density Jioa

(A/cm?) in the p-n junction photodiode is given by [6]

Jtotal(‘/bias) - Jdark(‘/bias) - Jph(q)) (113)
where Jgqr depends on Vies, and Jp, depends on the incident photon flux density
® (ph/cm?s). In a simple photovoltaic detector with no gain, the photocurrent is
equivalent to [6]

Iph = JphA = ﬁqq)A (114)

Most commonly used photovoltaic HgCdTe photodiodes are fabricated in a ho-
mojunction configuration with a highly doped n* cap layer in contact with a lightly

doped, narrow bandgap p-type (7) absorber (base) layer, or in a heterojunction con-

14
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Figure 1.9: Schematic representation of current-voltage characteristics of photodiode
under dark and illuminated conditions. Based on Ref. [1]

figuration with wide bandgap (denoted by capitalized letter) P* cap layer in contact
with a lightly doped, narrow bandgap n-type (v) absorber layer, as shown in Fig-
ure 1.10. In these structures, the absorber layer determines the dark current and
photocurrent of the device. The base layer doping in both structures must be below
10'® ¢m™3 to avoid tunneling current contribution, and the doping values used are
typically ~5x10% ecm ™ and ~5x 10 cm ™3 for p-type and n-type layers, respectively
[1]. Neither the heavily doped n™ region nor the wide bandgap P region contribute
to the dark current due to suppression of thermal and optical generation mechanisms
as a result of the bandgap-widening Burstein-Moss effect in the case of the former and
the large transition energy required in the case of the latter. Furthermore, internal
electric fields at the junction interface serve to block minority carriers and reduce the
influence of surface recombination [1].

Double layer heterojunction (DLHJ) architectures, illustrated in Figure 1.11, have

been developed and widely adapted [8-10] for high performance LWIR detectors due

15
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Figure 1.11: HgCdTe DLHJ structure on Si substrate for FPA integration [10].

to low thermal leakage currents [11]. More recently, the double layer planar het-
erostructure (DLPH) design was introduced to eliminate issues with sidewall leakage
observed in etched mesa devices and to reduce contributions of surface defects [12, 13].
These state-of-the-art heterojunction devices exhibit extremely low Jy,,, correspond-
ing to high RyA values approaching the theoretical limit [14-16]. Throughout this
work, the HgCdTe DLPH device operating under a slight bias, as shown in Figure 1.12,
is used as the representative p-n junction technology to which the alternative device

structures examined are compared.

1.3.1.1 Current Contribution Mechanisms

The diffusion current 4 ¢r (A) is the main current mechanism in an ideal, diffusion-

limited p-n junction photodiode and is described by the basic diode equation,

Vias
where
n ODTL pnOD
Jy=q | £ 1.16
q( L, I, ) ) (1.16)
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and n,o and p,o are the equilibrium electron and hole concentrations (cm™3) on the
p- and n- sides of the junction, respectively. Realistically, additional mechanisms
contribute to the dark current density in the photodiode and should be included for
a better approximation of the actual device current. These mechanisms, several of

which are illustrated in Figure 1.13, include

e generation-recombination (G-R) in the depletion region,
e band-to-band (BTB) tunneling,
e trap-assisted tunneling (TAT), and

e surface recombination.

The total dark current can be expressed as the sum of all contributions

Lgark = laigy + Iog—r + IprB + IrAT + Losrf- (1.17)

G-R current is caused by the generation of electron-hole pairs in the semiconductor
material [17, 18] and can be facilitated by the presence of extrinsic, process-induced
Shockley—Read—Hall (SRH) trap centers or by intrinsic thermal Auger and radiative
processes. Under reverse bias, the generation rate due to SRH centers in the depletion
region of the device can be considerably greater than in the bulk and should not be
neglected. Moreover, materials with narrow bandgaps such as those used in high per-
formance HgCdTe IR detectors are especially susceptible to thermal G-R processes
that dominate the dark current at high temperatures. These G-R mechanisms are
described in further detail in Chapter II and should be included for a realistic rep-
resentation of the photodiode current. The expression for G-R current contribution

Ig_r (A) is given by [2]

IG—R = quep‘/dep (118)
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where Gy, is the generation rate (cm_33_1) and V., is the volume of the depletion

region (cm?).

Band-to-band tunneling occurs when electrons at a given energy level tunnel across
the bandgap from the valence band on one side of a junction to the conduction band
on the other to fill an unoccupied state at the same energy level. Band-to-band
tunneling exhibits a strong dependence on FE, and Ey;qq, where the field strength
depends on Vj;,s and the doping concentration of the junction. The band-to-band

tunneling current Igrp (A) is given by [6]

]BTB = AJBTB =

V2TEG EficiaVoias 4/ 2mE By
Med Zficld Ty exp _SVEAMeRg ) Y (1.19)
4wh?\/E, 3qhEficia

assuming a carrier of constant effective mass m? incident on a potential barrier [19].

Trap-assisted tunneling is caused by carriers tunneling within the depletion region

20



via intermediate trap states created by impurities or defects. The tunneling occurs in
a two-step process involving one thermal transition from the valence band to the trap
state and a second transition from the trap state to the conduction band. Because
the required transition energies are smaller, trap-assisted tunneling occurs at lower
fields than band-to-band tunneling. The mechanism is heavily dependent on defect
density N; (cm™?) and the trap level Ej.,, (eV) within the material bandgap.
Rogalski et al. summarize the trap-assisted tunneling process by separating the
mechanism into three distinct components and their transition rates to be accounted

for when determining the trap-assisted tunneling current [2]:

1. thermal transition of a carrier from the valence band to a trap state Ej.qp
in the bandgap with rate v,p;, where v, is the hole recombination coefficient
for defect density N, and p, = Nyexp (—Eyap/kpT) (cm™2), where N, is the
effective density of states in the valence band (thermal transition of a carrier
from the conduction band to FEi.,, can be ignored due to the low density of

states attributed to the small conduction band electron mass),

2. tunneling of a carrier from the valence band to Ey.,, with rate w,N, (cm™3s™1),

where w, represents the carrier tunneling probability from FEj,,, to the valence

band, and

3. tunneling of a carrier from E,,), to the conduction band with rate w./N, (em™3s71),
where N, (cm™3) is the effective density of states in the conduction band, and w,

represents the carrier tunneling probability from Fj,.,, to the conduction band.

Incorporating each of these rates, the total trap-assisted current can be expressed as

(6]

1 1\
I =AJ = qN Wy, A 1.20
TAT TAT = Vi Wqep (prt o, + chc> ( )
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where wyge, is the depletion width (cm). The expression can be further simplified as

ITAT = AJTAT = thchcwdepA (121)

assuming v,p; > wy,N, and w,N, =~ w,N.. Then, assuming a uniform Ej;;q and
parabolic barrier, the tunneling rate w.N. [20] from Ej,.,, to the conduction band is

given by [2]

(1.22)

Wele =

72qm} EpiciaM? (m:/2)V*Ey*F(a)
exr —
W3 (E, — Epap) F 2Eh

where

a(t)
F(a) = (g) —a(l—a!?)? - <#@))

and M is the matrix element associated with the trap potential.

Surface current contributions are also important because device processing can
create defects or trap states that affect detector performance. Dangling bonds at
the material surface can result in a large density of interface states that generate
current via the SRH mechanism. Moreover, the presence of a net surface charge
may invert or accumulate the bandedges near the surface creating current channels
or affect the position of the junction depletion regions which intersect the surface,
facilitating tunneling or field-induced G-R currents [2]. Wide bandgap insulators are
ideal for surface passivation and are typically used to neutralize the material surface

and reduce the density of surface states.
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1.3.1.2 Limitations of HgCdTe p-n Junction Technology and Proposed

Solutions

While high performance HgCdTe p-n junction detectors exhibit near theoretical
Ry A products and D* values in the MWIR to VLWIR spectral ranges, the technology
faces several key challenges which must be addressed for the development of next-
generation HgCdTe devices.

As described earlier in this chapter, cryogenic cooling requirements for high per-
formance IR imaging systems remain a major limitation. Thermal G-R processes,
namely intrinsic Auger generation described in the next chapter, dominate the dark
current density in narrow bandgap materials, fundamentally limiting the detector
performance at higher temperatures. Thus, high performance detectors are typically
operated at cryogenic temperatures (77 K or lower) and require the use of complex
cooling systems such as cryogenic liquid nitrogen (LNj) dewars, Joule-Thompson
cryostats, and Stirling cycle coolers [1]. These cooling systems are extremely bulky,
require high input power, and are prohibitively costly to implement. Reducing the
size, weight, power, and cost of imaging systems is therefore a critical aspect of ad-
vancing IR detector technology. Increasing the detector operating temperature to a
range where the cooling requirements can be met by TE coolers (193 K-253 K) is
advantageous as these systems are smaller, simpler, and less expensive to integrate
[1].

At the processing level, achieving stable, well-controlled, extrinsic p-type doping
required for p-n junction PV structures by ex situ ion implantation [21-25] or in situ
doping [26-29] via molecular beam epitaxy (MBE) poses a significant challenge for
HgCdTe detector technology. Ez situ doping techniques (implantation, in-diffusion)
cannot easily provide the level of control over doping profiles necessary for abrupt
junction, multi-layer structures and can introduce material damage, reducing the

carrier mobilities and minority carrier lifetimes. Furthermore, extrinsic p-type doping
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requires high temperature anneals to mitigate material damage incurred during ex
situ processes and/or facilitate in-diffusion, and activate dopants. These additional
high temperature steps can lead to potentially unwanted diffusion effects and also
limit the advantages of low temperature growth by MBE.

The issues which currently limit HgCdTe p-n junction technology can potentially
be addressed by exploring alternative device architectures. This collective study fo-
cuses on the design, development, and performance improvements of novel, bandgap-
engineered HgCdTe detectors for high temperature operation using theoretical and
experimental investigation techniques. The three architectures examined in this work
are the (1) Auger-suppressed non-equilibrium high operating temperature (HOT) de-
vice, the (2) unipolar nBn detector, and the (3) hybrid NBuvN detector.

The HOT detector is proposed to reduce intrinsic Auger G-R processes in MWIR
and LWIR HgCdTe detectors, leading to higher temperature BLIP compared to con-
ventional p-n junction photodiodes. The nBn detector is a simplified, all n-type
structure which employs an optimized, wide bandgap barrier layer to suppress SRH
generation and surface leakage mechanisms that dominate dark current density. Fi-
nally, the proposed NBvN detector is a combination of the HOT and nBn structure,
exploiting the advantages of both devices in an all n-type configuration for high tem-
perature operation. Figure 1.14 summarizes the solutions provided by each of the

designs discussed in this work.

1.4 Next-Generation HgCdTe IR Detectors

The basic operation of the proposed HOT, nBn, and NBvN detectors are briefly
explained in the following subsections. More detailed explanations can be found in

the subsequent chapters.
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Figure 1.14: Limitations of HgCdTe p-n junction (DLPH) technology and solutions

proposed using alternative detector designs.
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1.4.1 High Operating Temperature (HOT) Detector

Because thermal generation of carriers in IR detectors contributes to noise current
that can overwhelm the signal response, low operating temperatures are required to
achieve high performance. To reduce stringent cooling requirements and increase the
operating temperature, a device operating in non-equilibrium mode was first pro-
posed by Ashley and Elliott [30] in the mid-1980s. The concept of the high operating
temperature (HOT) structure is based on the suppression of Auger G-R processes by
reducing the thermal carrier concentration in the absorber layer below its equilibrium
value. The device consists of a near intrinsic (lightly doped n-type (v) or p-type
(7)), narrow bandgap absorber layer contacted on opposite sides by either 1) two
wide bandgap /heavily doped P™ and Nt layers as shown in Figure 1.15, or 2) a wide
bandgap and a separate heavily doped layer. The PT-v or N-7 interface serves as
the extraction junction which, when operated in a slight reverse bias, removes mi-
nority carriers from the absorber layer. The unipolar interface (v-N7* or 7-N7T), also
called the exclusion junction, prevents minority carriers from the highly doped/wide
bandgap region from being injected into the absorber to replace the diminished carrier
concentration. Under applied bias, the minority carriers are rapidly removed from
the absorber faster than they can be replenished, and the majority carrier concen-
tration in the absorber is partially depleted below equilibrium to a value near its net
doping concentration to maintain charge neutrality. The reduction in minority and
majority carriers in the absorber suppresses the Auger thermal processes which would

otherwise dominate the dark current at higher temperatures.

1.4.2 Unipolar nBn Detector

The unipolar nBn device is a concept recently proposed by Maimon et al. [31]
and demonstrated in I1I-V compound, type-II heterojunction materials [31-33]. The

basic structure shown in Figure 1.16 consists of three n-type layers: a thin, narrow
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Figure 1.15: Schematic of structure and energy band diagram of a HgCdTe HOT
photodetector under reverse bias and illumination.
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Figure 1.16: Band diagram of a unipolar InAs-based nBn structure at flatband (inset)
and biased operating conditions [31].
bandgap contact (n), an undoped, wide bandgap electron barrier (B) with conduction
band offset AE, (where AE, ~0 V), and a thick, narrow bandgap absorber (n). The
device is designed such that the depletion region falls mostly within the undoped bar-
rier layer. The nBn detector operates as a minority carrier device, selectively blocking
electrons in the contact layer while conducting holes from the absorber. Optically
generated carriers in the absorber are collected at opposing contacts, where the collec-
tion efficiency can be improved when the device is operated under a slight bias. The
barrier layer provides several notable functions, suppressing SRH mechanisms that
are typically activated in the depletion region and pronounced in narrow bandgap ma-
terials, and eliminating the need for surface passivation by reducing surface leakage

currents.

1.4.3 Hybrid NBrvN Detector

The multi-layer NBvN detector shown in Figure 1.17 combines the unipolarity
of the nBn device and the operation of the HOT structure and is proposed for high

temperature operation by exploiting the advantages of both devices. The barrier layer
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Figure 1.17: Schematic of structure and energy band diagram of a hybrid HgCdTe
NBvN device under reverse bias and illumination.
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(B) with conduction band offset AE, blocks the flow of majority carrier (electron)
current from the N, cap region to the absorber v while simultaneously facilitating the
flow and collection of thermally and optically generated holes from the absorber to the
N cap region. Like the HOT structure, the NBvN device consists of an extraction
and exclusion junction formed at the interfaces of the N;" cap, B, and absorber (v)
layers and the interface of the v and N, layers, respectively. The presence of these
junctions facilitate Auger suppression, which is necessary to reduce the dark current

density in the detector for high temperature operation.

1.5 Research Direction

This extended study investigates several alternative device solutions using theo-
retical and experimental means. Figure 1.18 illustrates the organization of this work.
The fundamental properties of HgCdTe are provided in Chapter II to familiarize the
reader with the important material parameters, characteristics, and mechanisms nec-
essary for understanding their influence on device behavior. The simulation method-
ology used for theoretical device modeling is described in Chapter III. Chapter IV
discusses the performance benefits of a non-equilibrium, Auger-suppressed HOT de-
tector designed to decrease thermally generated dark current contributions and in-
crease the device sensitivity. The simulation study compares the HOT structure
to the current, state-of-the-art p-n junction technology. Chapter V expands upon
the HOT device with an experimental investigation of arsenic diffusion behavior in
HgCdTe to achieve an optimal P /m/N™ structure using controllable implantation
and deep diffusion techniques. In Chapter VI, an alternative, unipolar HgCdTe nBn
structure is proposed based on the III-V barrier-integrated device concept developed
by Maimon et al. [31]. The calculated performance characteristics of the nBn device
are compared to those of the high performance DLPH detector. The HgCdTe nBn

technology shows potential benefits associated with the simplified fabrication process,
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eliminating the need for p-type doping, without compromising device performance.
Single element MWIR and LWIR HgCdTe nBn devices are experimentally demon-
strated in Chapter VII. Finally, Chapter VIII examines a novel NBvN architecture
proposed for high temperature operation by combining the structures of the HOT and
nBn devices, and the calculated performance values are compared to those of DLPH
and nBn detector designs. The research findings from this work are summarized in
Chapter IX.

The objective of this thesis is to provide the theoretical and experimental founda-
tion for alternative HOT, nBn, and NBrN detectors as potential solutions to the lim-
itations of current high performance IR p-n junction technology. The primary contri-
butions of this work are the comprehensive numerical simulation studies investigating
performance improvements and device behavior of the proposed bandgap-engineered
HgCdTe detector architectures for reduced cooling requirements, the HOT detector
dopant diffusion study, and the first-reported demonstration of the single element

HgCdTe nBn detector.
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CHAPTER II

HgCdTe Material Properties

2.1 Overview of HgCdTe

HgCdTe is the most widely used semiconductor for high-performance IR pho-
todetectors due to its favorable optical and material properties for SWIR to VLWIR
applications. Over the years, IR technology has seen the emergence of competing
detectors made with other semiconductor materials such as InSb, InAs, AlGaAs,
PbSe, and SiGe, and alternative structures such as heterojunctions, Schottky barri-
ers, compound strained layer superlattices, and multiple quantum wells. Although
these devices are potentially manufacturable and/or more cost-effective, they fail to
outperform HgCdTe IR detectors. Overall, they are limited by their fundamental
properties, which cannot match those of HgCdTe. To that end, HgCdTe remains
the front-runner for high-performance IR FPAs, motivating further efforts to push
the boundaries of the technology. This chapter introduces the fundamental proper-
ties of the HgCdTe material, the relevant carrier mechanisms, and the MBE growth

technique used to achieve high quality epilayers for device applications.
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2.2 Fundamental Properties of HgCdTe

2.2.1 Band Structure

Hg; ,Cd,Te is a direct bandgap, zinc-blende, pseudobinary alloy semiconductor
of CdTe and HgTe. Due to its semimetallic nature, HgCdTe has a highly tunable
bandgap adjustable by the Cd composition x, making it an extremely versatile ma-
terial for applications over a wide IR range spanning SWIR to VLWIR, as shown in
Figures 2.1 and 2.2. The metallic qualities of Hg'Te characterize HgCdTe with a neg-
ative bandgap for z = 0; thus, small values of Cd fraction x allow HgCdTe to achieve
bandgaps corresponding to cutoff wavelengths in the LWIR and VLWIR spectral re-
gions. Furthermore, HgCdTe exhibits a nominal change in lattice constant over the
entire range of x. This attribute is especially beneficial for achieving near-perfect
lattice matching of HgCdTe to CdZnTe substrates. The bandgap for Hg; ,.Cd,Te is
given by several expressions, the most widely used being that derived by Hansen et

al. [35],

E, = —0.302 + 1.93z — 0.812% + 0.8322° + 5.35 x 107*(1 — 22)T (2.1)

where the bandgap F, is calculated in units of eV, and the temperature 7" specified
in K.

2.2.2 Electron Affinity

The expression for HgCdTe electron affinity y (eV) is can be approximated by the

following expression [36]

x(z,T) = 4.23 — 0.813 [E,(z,T) — 0.083] . (2.2)
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2.2.3 Intrinsic Carrier Concentration and Effective Mass

The intrinsic carrier concentration n; (cm™2) of HgCdTe is given by the well-

established expression by Hansen and Schmit [37]

E
n; = (5.585 — 3.82x +0.001753T — 0.0013642T) x 10" E¥*T%?exp (— o gT) (2.3)
B

where E, (eV) is calculated from Equation 2.1.
The effective electron and light-hole masses, m. and my;,, respectively, of HgCdTe
are close in value and can be calculated using the expression established by Weiler

[38] based on the Kane band model,

E 2
g4 — = (2.4)
m} 3 Eg—f—m

where £, =19eV, A =1¢eV, and F' = -0.8. An approximation of this relationship is
also given by m?’/mg ~0.071 E, for E, in eV. Due to the asymmetric bandstructure
of HgCdTe as shown in Figure 2.2, the heavy-hole to electron effective mass ratio
is high. Commonly, the heavy-hole effective mass value is approximated as mj, =

0.55my for IR detector modeling. In general, mj, values can range from 0.3-0.7my.

2.2.4 Carrier Mobility

The high electron carrier mobility of HgCdTe is attributed to the small electron
effective mass, on the order of 10%-105 cm?/Vs. Conversely, heavy-hole mobilities are
several orders of magnitude lower. Studies have found that the electron contribution
tends to dominate over holes in transport measurements even in p-type HgCdTe
materials due to high mobility. The large difference in electron and hole mobilities
is exploited in HgCdTe detector applications which rely on the speed and influence
of G-R mechanisms on carriers such as avalanche photodiodes. The expression for

minority carrier electron mobility (cm?/Vs) based on HgCdTe Hall data [39] is given
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by [40]

9% 10%

/“’LC er (25)
where

s = (0.2/z)™°

r o= (0.2/z)"°

for compositions in the range of 0.2< x <0.6 and temperatures 7' >50 K, where Z=T.

For T' <50 K,

B 1.18 x 10°
2600 — |T — 35|207°

Z (2.6)

Hole mobility at 77 K is given by the empirical expression [41]

o7 —1/4
p
L+ (W) ] (2.7)

where p is the acceptor concentration (cm™3) and po = 440 cm?/Vs. The hole mo-

Hhh = Mo

bilities measured around 300 K are found to be weakly dependent on temperature
variation and, on the whole, approximately an order of magnitude lower than found
for 77 K. For the purposes of detector modeling, the electron-to-hole mobility ratio b =
te/ i = 100 is commonly assumed to calculate the hole mobility. These expressions
and approximations give a general idea of the carrier mobilities with dependence on
Cd composition and temperature. However, it is important to note that the electric
field, doping concentration, and presence of impurities and material defects in the

HgCdTe material can influence the actual mobility values.

37



Hg;_,;Cd,;Te Material Properties at 77 K
Properties z =02 z = 0.3 z =04
Bandgap E4 (eV) 0.083 0.243 0.421
Electron affinity x (eV) 4.23 4.099 0.3971
Intrinsic carrier concentration n; (cm™3) | 9.93x10'3 | 1.18x10° | 9.96x103
Electron effective mass me/mo 0.0063 0.0177 0.0282
Hole effective mass mpp/mo 0.55 0.55 0.55
Electron mobility e (cm?/Vs) 1.52x10°% | 4.74x10* | 1.61x10%
Hole mobility ppp (cm?/Vs) 1.52x103 474 161
Static dielectric constant €g 17.6 16.3 15.2
High frequency dielectric constant €~ 12.4 11.3 10.3

Table 2.1: Calculated Hg;_,Cd,Te material parameters at 77 K.

Hg;_,Cd,Te Material Properties at 300 K
Properties z = 0.2 z = 0.3 z =04
Bandgap E4 (eV) 0.155 0.291 0.426
Electron affinity x (eV) 4.172 4.061 0.3951
Intrinsic carrier concentration n; (cm™3) | 3.39x10'6 | 3.60x10%® | 3.21x10%*
Electron effective mass me/mo 0.0114 0.0209 0.0298
Hole effective mass mpp/mo 0.55 0.55 0.55
Electron mobility e (cm?/Vs) 1.0x10%* 5.61x10% | 2.68x103
Hole mobility ppp (cm?/Vs) 100 56.1 26.8
Static dielectric constant eg 17.6 16.3 15.2
High frequency dielectric constant eso 12.4 11.3 10.3

Table 2.2: Calculated Hg;_,Cd,Te material parameters at 300 K.

2.2.5 Calculated Material Properties

A summary of the HgCdTe material properties at 77 K and 300 K calculated using
the analytical and empirical expression described in the previous sections are listed

in Tables 2.1 and 2.2.

2.2.6 Optical Properties

The optical properties of HgCdTe are very attractive for optoelectronic applica-
tions. However, the absorption coefficients of HgCdTe has been the subject of some

debate due to disagreement in the reported results. This discrepancy is attributed
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to differences in material quality, such as impurities and native defects, composition
and doping nonuniformity, and other growth and processing inconsistencies across
the conducted studies. Nevertheless, several models [42, 43] for the absorption coeffi-
cient have been derived based on semiconductors with similar bandstructure to that
of HgCdTe and include the Moss-Burstein shift effect due to doping influences. Mea-
surements of the absorption coefficient performed on high quality short wavelength
samples were found to correspond to the Kane model; however, long wavelength sam-
ples exhibited some discrepancies due to the appearance of an absorption tail for
energies corresponding to those below the material bandgap. A widely used expres-
sion for the HgCdTe absorption tail coefficient incorporating a modified Urbach’s rule
was established by Finkman and Schacham [44] and further described by Hougen [45]
for B, < Ey:

a(E,,) = agexp (%ﬁ) (2.8)

in units of cm™,where T is temperature in K, E,, is specified in eV, and

ap = exp(h3.61x — 18.88)

Ey = —0.3424 + 1.838x + 0.1482>

and the fitting parameters are given as Tp=81.9 K and 0=3.267x10%(1+x) K/eV. For
photon energies greater than the bandgap (E,, > E,), a simplified Kane absorption

model is used, and the absorption coefficient can be expressed as

o Epn) = BBy — Ey)"? (2.9)
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where

ar

T B - E,y)'/?

ar = 100 + 5000x

To+ T
Ep =" + In (%) + Ey
o (7))

0.5

E,=Ep —

To+T
and E, is approximated from the Urbach tail energy [11].

The direct bandgap nature of HgCdTe results in sharp absorption coefficient curves
for given photon energies as shown in Figure 2.3. High absorption coefficients allow
HgCdTe detectors to absorb a large percentage of the incoming photons without the
need for a thick active layer. This is beneficial for reducing thermal generation and
noise caused by excess carriers.

The high frequency dielectric constant €., and the static dielectric constant ¢y are

given by [47]

€00 = 15.2 — 15.62 + 8.22° (2.10)

and

€0 = 20.5 — 15.62 + 5.72°. (2.11)

HgCdTe exhibits a moderate dielectric constant which makes the material suitable

for integration with circuit elements without increasing the RC time constant, thus
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Figure 2.3: Optical absorption coefficient for Hg;_,Cd,Te for varying & composition
as a function of photon energy at room temperature [46].

maintaining short detector response time.

2.2.7 Generation and Recombination Processes

There are three important G-R bulk processes that must be noted because their ef-
fects are significant in narrow bandgap semiconductors such as HgCdTe. These are the
Shockley—Read—Hall, radiative, and Auger generation processes, shown in Figure 2.4.

Carrier generation dominates in the reverse bias mode typical for photodetectors and
can significantly influence detector performance by affecting the photon generated
signal-to-noise ratio. In order to the address issues related to carrier generation, it
is critical to understand the physics behind these mechanisms. The minority carrier
lifetimes of the electron-hole pairs resulting from these processes are needed to find

the G-R rates, which are then used to calculate the dark current contributions of

these mechanisms.
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Figure 2.4: Dominant generation mechanisms in narrow bandgap semiconductors: (a)
SRH, (b) radiative, and (c) Auger generation.

2.2.7.1 Shockley—Read—Hall Processes

The SRH mechanism illustrated in Figure 2.4a is an extrinsic process; the gener-
ation and recombination of electron-hole pairs occurs via intermediate trap states in
the forbidden bandgap of a semiconductor material. The trap levels, or SRH centers,
can vary in energy and range in position from anywhere near the valence band to
near the conduction band. SRH centers are typically introduced by lattice defects or
foreign impurities, often a result of processing techniques and material quality and
purity. The SRH recombination rate (cm3s7!) can be determined by accounting for

the electron and hole capture cross-sections o, and o, (cm?), respectively, yielding

(6]

RSRH _ O-napvth(nop(] - np)Ntrap
net on(n+n1) + o,(p +p1)

(2.12)

where the carrier concentrations n; and p; (cm_3) for the Fermi level coincident in

the trap level are given by
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ny = N.exp {—%] (2.13)

and

(Ey — Etmp)}

2.14
T (2.14)

p1 = Nyexp {—

where N, is the trap density (cm ™), Ej.qp is the trap level relative to the conduction
band (eV), and vy, is the carrier thermal velocity (cm/s). The carrier concentrations
ny and p; can also be calculated for the Fermi level at Ey,.,, referenced from the

valence band by assuming Boltzmann statistics and a parabolic valence band:

2
ny = % (2.15)
where
T 3/2 —E,,
p1 = 2.51 x 10" <%) exp ( kBtTp> : (2.16)

The trap-limited minority carrier lifetime of a hole in n-type material is given by

Tpo = (UpvthNt)_l (217)

while the minority carrier lifetime of an electron in p-type material can be given by

Tno = (O-nvthNt)_l . (218)

Then, the minority carrier SRH lifetime [48] is expressed as

Tn + + Tpo(no + 1
Tonn = o(po + p1) + 70(n0 1) (2.19)
Po + Mo

where 7,0 and 7, are the electron and hole minority carrier lifetimes (s) in bulk
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material, and ng and py are the electron and hole equilibrium carrier concentrations
(cm™3), respectively.
In the device model described in the next chapter, the net SRH recombination

rate (cm™3s71) is calculated by [49]

_n2

RyGH = Al (2.20)
Tao(n +n1) 4 70(p + p1)
with

Era
ny = n;exp <ﬁ) (2.21)

ET‘(I
p1 = nexp (——é;) (2.22)

where 7,0 and 7, are the user-defined electron and hole SRH minority carrier lifetimes,

respectively, and Ey,.q, is the the trap energy relative to the intrinsic Fermi level.

2.2.7.2 Radiative Processes

Radiative generation and recombination are intrinsic mechanisms that depend on
the bandstructure of the material; direct bandgap semiconductors exhibit radiative
processes due to the high probability of carriers transitioning from the conduction
to valence band, or vice versa, without violating the conservation of momentum.
Radiative recombination occurs when an electron and hole recombine, resulting in
the emission of a photon due to the excess energy. Conversely, radiative generation
takes place in the reverse fashion, that is, the absorption of a photon with energy
greater than or equal to the material bandgap creates an electron-hole pair as shown
in Figure 2.4b.

The radiative lifetime due to external photon absorption and emission can be

expressed as
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Trad = —— 2.23
I Boy(no + po) ( )

where the radiative generation-recombination coefficient By (cm?s™!) for is given by

[50]

3/2 3/2
B= 510 e () (1 e ) (S0

Me + Mpp Me Mhh (2.24)
(E? + 3kgTE, + 3.75(kgT)?).
The radiative recombination rate (cm™3s™!)is expressed as
R = By(np — n?). (2.25)

By is based on the theoretical expression for the absorption coefficient as a function
of photon energy, and the bandgap F, is specified in units of eV. Typically, pho-
tons which are emitted in the material as a result of radiative decay are immediately
reabsorbed. As a result, the radiative carrier lifetime, measured by the number of
escaped photons, often increases depending on the geometry of the structure and
material quality. Furthermore, the detector may absorb photons emitted by other
devices or passive components of the associated device structure. IR detector per-
formance is fundamentally limited when the radiative generation is primarily due to

scene-induced photons.

2.2.7.3 Auger Processes

Intrinsic Auger processes are an important G-R mechanism, especially in narrow
bandgap materials where their contributions are more pronounced. Ten types of
Auger processes have been identified for semiconductors with the typical arrangement

of three energy bands: the conduction band, and the heavy- and light-hole valence
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bands [1]. The two most notable mechanisms are Auger 1 and Auger 7, shown in
Figure 2.5, due to their small threshold energy and large density of states conducive
to more carrier-to-carrier interaction [2].

Auger 1, also called the CHCC mechanism, occurs via interaction of two electrons
and a heavy-hole. In the case of carrier recombination, the elimination of a heavy-
hole-electron pair transfers kinetic energy such that an electron in the conduction
band is excited to a higher state. In the reverse case (generation), an electron in
the conduction band loses energy via impact ionization, exciting an electron from the
heavy-hole band to the conduction band and creating a minority carrier hole in the
process. The Auger 1 mechanism is well established to be dominant in n-type HgCdTe
materials, especially at high temperatures. Interestingly, the Auger 1 process exhibits
unique behavior for degenerately doped n-type materials. With degenerate doping,
the Fermi level shifts high into the conduction band due to the low density of states,
reducing the concentration of minority carrier holes. This results in an increase in the
threshold energy and suppresses Auger 1 processes in highly doped n-type HgCdTe.

The Auger 1 recombination lifetime (s), assuming m./my;, <<1, is given by

1

Tal = 2.26
A (no + po)(Bing + Bapo) (2.26)

where the generation-recombination coefficient By (cm®s™?) is

1
B = — 2.27
: 20T 227)
and the Auger 1 intrinsic recombination time 74, (s) is defined as [51]
: 3.8 x 107182 /1 142 1+2 E
T = X ESVARN Uy mexp Ty Dy (2.28)
1+ % ]{ZBT

3/2
e |y Fy|? (’“§—T>

where Fy I is the overlap matrix integral ranging in value between 0.1-0.3 [1]. Here,
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Figure 2.5: Auger 1 and Auger 7 generation processes. Arrows indicate carrier tran-
sition; filled and empty circles indicate occupied and unoccupied states,
respectively.
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1 is the carrier mass ratio

p= e (2.29)
Mhh

and the second Auger generation-recombination coefficient By (cm®s™!) is

V(L +2p) 1—p\ E,
B =t = — | — By = B, B;. 2.
2(A1) 24 1 erp 1+ ) kT 1 AD1 (2.30)

However, the B4 term, which refers to hole-hole collisions, is usually neglected.

The Auger 7 process, known as the CHLH mechanism, is dominant in p-type
HgCdTe and involves a heavy-hole, a light-hole, and an electron. In the Auger 7
recombination process, an electron in the conduction band eliminates a heavy-hole,
and the transferred kinetic energy excites a heavy-hole to the light-hole valence band.
In the case of generation, a light-hole transitions to the heavy-hole valence band, and
the excess energy creates a heavy-hole-electron pair. Unlike Auger 1, Auger 7 is not
affected by degenerate p-type doping due to the high density of states. Auger 7 is
strongly dependent on temperature and bandgap energy, exhibiting heat-stimulated
transitions at higher temperatures and in narrow bandgap materials. The lifetime
for Auger 7 processes is calculated in a similar manner to Auger 1; however, to

incorporate the Auger 7 mechanism, B, is modified to

1
Byary = (BA + ) By (2.31)
Ymult”
where
; 1 _ 5ksT
Ta7 ' 4B,
y===7 —=7 |- (2.32)

b

~’ is approximately 6 based on Kane’s nonparabolic band approximation, and the

intrinsic Auger lifetime ratio 7 is reported within the range of 3-60 [52-54]. The
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value of the Auger lifetime ratio has been long debated, thus the parameter 7,,.;; can
be used to adjust the value appropriately in device modeling.

The net Auger recombination rate (cm™3s™!) [55] can be expressed as

Rfeutg = (Bin + Byp)(np — n3). (2.33)

2.2.7.4 Carrier Lifetimes

The total carrier lifetime 7;,; can be calculated from the independent lifetimes
attributed to each recombination mechanism using Matthiessen’s rule. The sum of
all contributions is given by

1 1 1 1 1

= +——+— (2.34)
Ttot TSRH Trad TA1 TA7

Figure 2.6 illustrates theoretical and experimental lifetimes data for an n-type
(Np=6.6x10 cm=3) MOCVD Hgg 773Cdg 227 Te sample as a function of tempera-
ture. The net carrier lifetime in the LWIR material follows an Auger 1 dependence
for temperatures above 200 K, while SRH mechanisms dominate at lower tempera-
tures. Figure 2.7 similarly illustrates the experimentally obtained carrier lifetimes in
LWIR HgCdTe dominated by intrinsic Auger mechanisms at higher temperatures and
extrinsic SRH mechanisms at lower temperatures. As shown in both studies, radia-
tive recombination lifetimes are relatively high, and materials for high performance
IR applications should ideally be limited by intrinsic radiative G-R rather than by

Auger or SRH processes.

2.3 MBE Growth of HgCdTe Epilayers

Recently, HgCdTe growth using epitaxial techniques such as liquid phase epitaxy
(LPE), metalorganic chemical vapor deposition (MOCVD), and MBE has been of
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Figure 2.6: Carrier lifetimes in  n-type (Np=6.6x10"" cm™3) MOCVD
Hgg.773Cdg.207Te grown on GaAs as a function of temperature. Adapted
from Ref. [56].
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Figure 2.8: Temperature ranges for HgCdTe growth using bulk and epitaxial growth
techniques [2].

increasing interest for second- and third-generation detectors [2]. Compared to bulk
growth techniques, epitaxial methods offer a number of advantages including the pos-
sibility to grow large-area (<30 cm?) layers and well-controlled layer structures with
good lateral homogeneity and abrupt and complex composition and doping profiles.
Furthermore, epitaxial growth is performed at low temperatures, making it possible to
reduce the native defect density and prevent interdiffusion in the epilayers. Figure 2.8
illustrates the growth temperature ranges for bulk and epitaxial techniques.

The IR industry requires rapid cycle time, low-volume production, and flexible
manufacturing of affordable, high performance IR FPAs. Many of the FPA appli-
cations impose strict dimensional requirements which can only be met by exercising
precise control over growth parameters such as the layer thickness, composition and
doping profiles, and doping uniformity.

MBE technology is particularly suited to meet the needs of high performance
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IR applications, as it employs low temperature HgCdTe growth under an ultra-high
vacuum environment, offers the capabilities for in situ n-type and p-type doping, and
allows excellent control over compositional, doping, and interfacial profiles. MBE is
one of the most common techniques used to grow epitaxial HgCdTe layers in the

United States.

2.3.1 HgCdTe by MBE Growth

MBE growth is performed in an ultra-high vacuum chamber to minimize contam-
ination. The beams of atoms and molecules of the source materials travel in nearly
collision-free paths until they arrive at the substrate. MBE is characterized by a slow
deposition rate around 1-3 monolayers/s which allows layers to grow epitaxially. The
epilayer growth is strongly moderated by surface kinetics and chemistry. The inci-
dent atoms become weakly chemically bonded or physically adsorbed to the substrate
surface, migrating along the surface with sufficient energy. The temperature of the
substrate is held moderately high to provide thermal energy to the atoms for surface
propagation. The atom beams can also be turned ‘on’ or ‘off” within a fraction of
a second by shuttering the sources, allowing nearly atomically abrupt transitions of
the compositional flux within the growth of a monolayer [11]. This capability is espe-
cially useful for achieving complex, multi-layer heterostructure devices which require
careful control over structural parameters.

MBE HgCdTe epilayers are grown from material sources, or effusion cells, indi-
vidually containing Hg, Tey, and CdTe, which are heated independently to achieve
a target material flux. The optimal temperature range for MBE HgCdTe growth is
185-190°C. The growth window for HgCdTe is very small because the Hg sticking
coefficient is much lower than those of Cd and Te. Typically, the growth temperature
should be controlled within +3°C and the Hg flux within +5%. The Cd composition

must be controlled within +0.002 to obtain the target cutoff wavelength within +6%
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[11]. Tt is therefore critical to monitor the the layers in situ during growth. More-
over, the growth temperature at the surface of the epilayers influences the presence
of extended defects. Surface temperatures which are below the optimal growth con-
dition (<185°C) can result in the accumulation of excess Hg at the surface as the
sticking coefficient of the Hg increases with reduced temperatures, causing microtwin
defects. The presence of microtwin defects can degrade the electrical properties of the
layers and the associated devices. Etch pit density (EPD) values of such materials

are typically in the 10%-107 cm ™2

range. On the other hand, growth temperatures
above 190°C can result in out-diffusion of Hg at the surface, creating Hg vacancies
and facilitating the formation of void defects. Under optimized growth conditions,

the lowest void concentration observed in HgCdTe epilayers is around 100 cm~2. The

EPD values of high quality, low defect layers is on the order of 10%-105 cm~2 [2].

2.3.2 Native Defects

In HgCdTe, the dominant native defect is the double-ionized acceptor related to
the metal lattice vacancies. Undoped as-grown HgCdTe materials exhibit p-type con-
ductivity with the hole concentration related to the number of Hg vacancies which
is associated with the Cd composition, growth temperature, and Hg partial pressure
P(Hg). The hole concentration as a function of the Hg partial pressure is shown in
Figure 2.9 and exhibits a 1/P(Hg) dependence of the native acceptor concentration.
This demonstrates that annealing the HgCdTe material under a Hg overpressure re-
duces the hole concentration by filling the vacancies. Samples that are annealed at
low temperatures and high P(Hg) should exhibit low hole concentrations. Native
defects can affect diffusion behavior as they have very high mobilities at low temper-
atures which correspond to diffusion constants on the order of 107 ecm™2/s. Vacancy

diffusion is further enhanced in the presence of dislocations in the HgCdTe material

11].
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Figure 2.9: 77 K hole concentration of HgysCdgoTe as a function Hg partial pressure
P(Hg) and annealing temperature for bulk (400 to 655°C) and epilayer
(150 to 400°C) samples. Solid curves calculated based on defect model,
arrows indicate region of material existence [58].

In the presence of impurities, low temperature (<300°C) annealing of HgCdTe
under Hg overpressure can reveal the background concentration of defects. Samples
with high residual donor concentrations will exhibit n-type conductivity.

During the cooling from high preparation temperatures to room temperature, Te
precipitates can form in HgCdTe due to the inability of the material to incorpo-
rate the large excess in deviation from stoichiometry. Annealing HgCdTe at higher
temperatures in a Hg rich ambient can reduce these precipitates and prevent the
multiplication of dislocations. Te precipitates are typically formed during cooling af-
ter high temperature processes in Hg deficient environments and may arise in MBE
grown materials because of the presence of Te in CdTe and CdZnTe. Precipitates are
believed to contribute to G-R trap centers and may also assist in tunneling, resulting

in higher dark currents in photodiodes [2].
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2.3.3 Dopants

Well controlled, stable in situ n-type extrinsic doping of MBE grown HgCdTe
is easily achieved for concentrations in the range of 104-10' cm 3. Indium is most
commonly used for n-type doping of HgCdTe due to its high solubility and mod-
erately high diffusion coefficient. While low temperature, post-growth anneals are
useful for enhancing the electronic properties of doped epilayers, they are not neces-
sary for the activation of In dopants. For concentrations up to 10'” cm ™3, near 100%
donor efficiency has been reported for epitaxial layers grown by MBE [2]. However,
if the In doping concentration is lower than the native defect (Hg vacancy) density,
the p-type Hg vacancies can compensate the n-type dopant concentration and signifi-
cantly reduce the carrier mobility and control of doping. This issue can be addressed
by annealing the HgCdTe material at low temperatures (<300°C) [2, 11] under Hg
overpressure to eliminate the Hg vacancies.

Acceptor doping is particularly challenging in MBE grown HgCdTe. Intrinsic
doping via Hg vacancies is not ideal for several reasons. Firstly, the Hg vacancy
concentration profile cannot be well-controlled as the vacancies are not stable against
diffusion. Moreover, the native defects can also degrade carrier mobilities. Finally,
Hg vacancies can act as SRH trap centers, reducing carrier lifetimes. Thus, p-type
doping must be achieved using extrinsic dopants. Elements from both group I and
group V can act as acceptors sitting in the cation (Hg, Cd) or anion (Te) lattice sites,
respectively. Early studies report that while group I atoms exhibit near 100% dopant
activation, as well as excellent transport properties and recombination times, they
diffuse out of the doped region during further MBE growth or post-growth annealing.
Such behavior is unacceptable for the stable doping and abrupt junction profiles
required for IR detectors and negates the usefulness of group I elements as acceptor
dopants [2].

On the other hand, in situ and ex situ doping using group V elements poses its
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own set of challenges. Ion implantation methods have been shown to cause mate-
rial defects [21-24] which can reduce minority carrier lifetimes and carrier mobilities.
Furthermore, achieving well-controlled, abrupt junction profiles required for certain
detector architectures can be difficult with implantation and in-diffusion techniques.
Because HgCdTe MBE growth is performed under Te rich conditions, HgCdTe ma-
terials are dominated by Hg vacancies, and group V dopants are more likely to sit
on the cation (Hg) sublattice, acting as donors rather than acceptors. The dopants
must therefore be activated by a standard high temperature anneal (~425°C, 10 min),
followed by a lower temperature (250°C, 24 h) Hg vacancy annihilation anneal to fill
the Hg cation sites [11].

Arsenic (As) is the preferred p-type dopant in HgCdTe due to its large atom
size and low diffusion coefficient which allows for stable, better controlled junction
formation. During the activation anneal, the high temperature evaporates the Te
atoms from the epilayers, allowing the As dopants to transfer to the anion lattice
sites. This process typically results in near complete activation for As dopant con-
centrations up to greater than 10'® cm™. However, the activation anneal negates
many of the advantages of low temperature HgCdTe MBE growth. Some efforts have
been made to achieve p-type doping in as-grown HgCdTe materials by controlling the
flow and alternating the shutter pattern of the As, Hg, CdTe, and Te source fluxes
during growth [59]. Full p-type As activation in as-grown HgCdTe [59] or after low

temperature (<300 °C) anneals [60, 61] have been reported using this method.

2.4 Summary

As discussed, HgCdTe is an important material for high performance IR photode-
tectors and continues to outperform competing materials, achieving near theoretical
performance limits. Properties such as the high absorption coefficient, high carrier

mobility, and lattice matched bandgap tunability make HgCdTe an especially at-
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tractive option for IR detector applications. However, extrinsic and intrinsic G-R
processes such as SRH, radiative, and Auger mechanisms are major factors which
affect detector performance in narrow bandgap materials and must be taken into
account. The analytical and empirical expressions of the fundamental HgCdTe prop-
erties presented in this chapter are used in the HgCdTe device modeling described
in Chapter III. While there are alternative expressions available for certain material
properties, those detailed in this chapter reflect what is widely used in the field.
Furthermore, MBE is quickly becoming the preferred technology for achieving
advanced detector architectures for HgCdTe IR FPA applications. HgCdTe epilayers
grown by MBE can be precisely controlled to produce complex heterostructures made
of high quality material. HgCdTe MBE technology has developed to the extent where
the quality of the HgCdTe epilayers grown on lattice-matched bulk CdZnTe substrates
now depend on the substrate itself. One of the remaining challenges of MBE grown

HgCdTe is achieving high quality, well-controlled, stable p-type doping.
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CHAPTER III

HgCdTe Device Model

3.1 Overview of Device Modeling

A significant portion of this work relies on numerical device modeling to predict
and analyze the performance characteristics of various alternative detector structures.
Numerical modeling is preferred over analytical modeling for simulating multi-layer
structures because it provides a more realistic account of device behavior by incor-
porating variations in geometric and material parameters. This is especially useful
for designing new detector architectures for which analytical models have not been
developed.

In this study, device design and optimization calculations were performed using
the commercial software Sentaurus Device, a package within the Synopsys TCAD tool
suite. Sentaurus Device is an advanced, general purpose device simulator that numer-
ically models the electrical behavior of a single semiconductor device by discretizing
the physical properties of the material into a non-uniform mesh of nodes [49]. The
classical drift-diffusion transport model is implemented to simulate devices based on
the Hg;_,Cd,Te compound semiconductor. Empirical expressions of HgCdTe ma-
terial parameters, as well as recombination mechanisms and rates described in the

previous chapter, are incorporated into the device model to improve accuracy.
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3.2 Simulation Methodology

3.2.1 Transport Model

The carrier transport in the semiconductor is simulated by implementing the
widely used drift-diffusion model defined by the governing Poisson and current con-

tinuity equations. The Poisson equation is given by

V'EQSZ_q(p_n_‘_ND_NA)_ptT’ap (31)

where € is the electrical permittivity (F/m), ¢ is the electrostatic potential (V), ¢ is
the elementary electronic charge (C), p and n are the hole and electron concentrations
(cm™3), respectively, Np is the ionized donor concentration (cm=3), N4 is the ionized
acceptor concentration (cm™?), and py.qp is the charge density attributed to traps
and fixed charges (cm™2). The electron and hole continuity equations represent the

conservation of particles and are expressed as

VT = qRo + g0 (3.2)
ot
0

where 7n and 7p are the electron and hole current densities (A/cm?), respectively,
and R, is the net electron-hole recombination rate (cm_3s_1). In HgCdTe, the
net recombination rate is the usually taken as the sum of the net SRH, Auger, and
radiative G-R rates, as defined and discussed in the previous chapter.

The electron and hole current densities are given by

7n = —nqu,Vo, (3.4)
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7p = —pqip VP, (3-5>

where p,, and p, are the electron and hole mobilities (cm?/Vs) and ®,, and @, are
the electron and hole quasi-Fermi potentials (V), respectively.

Full coupled solutions of the Poisson’s equation and electron and hole current
continuity equations are determined using a Newton-method solver [49]. The partial
differential equations are discretized over the simulation grid and solved at each node
within the device geometry. The steady-state numerical calculations are performed
using an iterative algorithm in which a linear system is solved at each step in the

simulation.

3.2.2 Boundary Conditions

Dirichlet boundary conditions were applied at the ohmic contacts, where charge
neutrality and equilibrium conditions are assumed. The boundary values are fixed
for the surface potential ®, and surface electron and hole concentrations ng and p,,
respectively. The charge neutrality and equilibrium conditions at the surface are given

by

ns_ps:ND_NA (36)

and

NePs = N3 op4- (3.7)

At the surface, the quasi-Fermi potentials for electrons ®,, and holes ®, are equal and

set to the applied bias of the electrode.
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3.2.3 Optical Generation in Heterostructure

In a heterostructure HgCdTe device, the optical absorption of the incident photons
will vary depending on the photon wavelength and Cd composition of the material.
Thus, the change in absorption coefficient over the structure must be included in the
optical generation rate G,,. For example, Figure 3.1 illustrates a simple, two-layer
Hg;_.Cd,Te heterostructure with layers Region 1 (z1) and Region 2 (x2). Assuming
a uniform absorption coefficient a(x,\) (cm™!) in each region and illumination with

photon flux ¢ (W/cm?) and energy E,y, (J) at yo, Gopr (cm™s™!) is then given by

) —a(z1,)
Gopt = Epn(n x Oé(l‘l, )\)6 ' Y 0 S Yy S U1
Ep(:(x) X Oé(x27 )\)e—a(m)\)e—a(m)\) (y - yl) U1 S Yy S Y2

3.2.4 Incorporating HgCdTe Material Parameters

The analytical and empirical expressions of HgCdTe material parameters de-
scribed in Chapter II are incorporated in the device model. Mole fraction dependent
properties such as the Hg; _,Cd,Te bandgap, electron affinity, dielectric constant, and
absorption coefficient are calculated using a cubic spline interpolation [49], while the
electron and hole mobilities and electron effective mass are calculated using a lin-
ear interpolation. An individual material parameter set is defined for each region of
the device, allowing the user to separately modify the properties in each layer of a

heterostructure design.

3.3 Carrier Statistics

The HgCdTe numerical model incorporates Fermi-Dirac statistics for parabolic

bands. The electron and hole densities (cm™3) are given by
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Figure 3.1: Hg;_,Cd,Te heterostructure with different absorption coefficient (a) in
each region.
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Er, — E.
n = NI/ ( FkBT > (3.9)
and
E,— F
p= NyFi) (—kBTpr) (3.10)

where Ef,, and Ef, are the quasi-Fermi energies of electrons and holes (eV), respec-

tively, and F}y is the Fermi integral of order 1/2.

3.4 Model Validation

p-n homojunction and DLPH structures were constructed in Sentaurus Device,
as shown in Figure 3.2. These structures consist of two layers: a highly doped p-
type cap layer (wide bandgap, z1 > x5 for DLPH) (Region 1) and a lightly doped
n-type absorber layer (Region 2). The device model assumed step doping profiles
(100% donor and acceptor ionization) with the electrical junction coinciding with
the metallurgical junction. Series resistance and surface recombination effects in the
device were neglected. In simulations involving optical illumination, the incident light
source was defined to be 0.1 um away from the top surface. Anti-reflective properties
were not specified at the optical entrance, but the reflectivity at the junction interfaces
was defined to be zero.

The parameters used to define the properties of each Hg; _,Cd,Te layer are

e ¢ (pum): layer thickness

e Np, Ns (em™3): donor and acceptor doping concentrations, respectively (as-

suming 100% ionization)

e 1: Cd alloy fraction
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Figure 3.2: Geometric boundary and mesh structure of sample HgCdTe p-n homo-
junction photodiode. Palette indicates doping concentration and polarity.
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k: ratio of hole to electron mobility (commonly set to 0.01u, for modeling)

F1Fy: Auger 1 matrix overlap integral between values of 0.1-0.3

~v: Auger 7 to Auger-1 intrinsic carrier lifetime ratio between values of 3-60

(defined as 6 throughout this study with 7,,,:=1)

Eirap (€V): SRH trap level relative to the intrinsic Fermi level E;

® T,0, Tpo (s): SRH minority carrier lifetimes for electrons and holes, respectively

The device parameters were obtained by back-extracting the values used to fit
the calculated current-voltage characteristics for the p-n homojunction and DLPH
devices to experimental data [62-65]. The SRH minority carrier lifetimes and Ej.qp
values were used as primary fitting parameters. Varying 7,0 and 7,0 was found to
significantly affect the overall magnitude of Jy..1x, and the values were used to fit
selected current-voltage data [63]. The Ey.,, value was adjusted to fine-tune the
dark current value to match the temperature-dependent behavior for MWIR and
LWIR cutoff devices. The F}F, overlap matrix integral was determined by sweeping
through values in the accepted range of 0.1 to 0.3 and comparing the dark current
density values to those obtained for respective MWIR and LWIR data. The F}F,
parameter did not significantly affect the dark current density in the p-n diodes, and
the final value was selected based on that obtained in a past fitting study [66].

The Cd composition = of the absorber layer was determined by calculating the
bandgap required to achieve the target cutoff wavelength for photons with energy
E,;, using the relation E,,(x,T) = 1.24/\., (eV). Table 3.1 shows an example of
the Cd compositions used to achieve the target cutoff wavelength over a range of
temperatures. Table 3.2 lists the specific simulation parameters for MWIR and LWIR
p-n homojunction and DLPH structures.

The RyA products obtained from the 1-D numerical model were compared to

experimental data and an analytical model developed based on experimental data
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Cd composition = for A\, at varying T

Xeo (um) | By (eV) | 77K | 180K | 200 K | 300 K

5 0.2480 0.3031 | 0.2884 | 0.2850 0.268
6 0.2060 0.2771 | 0.2604 | 0.2570 | 0.2379
7 0.1770 0.2586 | 0.2406 | 0.2365 | 0.2163
8 0.1550 0.2447 | 0.2259 | 0.2215 | 0.2002
9 0.1370 0.2340 | 0.2144 | 0.2102 | 0.1879

10 0.1240 0.2254 | 0.2052 | 0.2010 | 0.1780
11 0.1120 0.2184 | 0.1978 | 0.1935 | 0.1700
12 0.1030 0.2126 | 0.1916 | 0.1872 | 0.1633

Table 3.1: Example of Cd composition x values used corresponding to cutoff wave-
length A\, and material bandgap £, for varying temperatures.

MWIR p-n homojunction and DLPH Parameters (Aco = 5 um)
Layer Thickness Cd composition Doping FEtrap SRH lifetime | FyFs
To t1 =1pum | z1 = zo (DLPH: 4 0.1) | Ng = 5x10'7 cm—3 Tno = 10 us
P 1 2 1 =2 ( ) A 0258, | ™ 2 0.3
Absorber | to =5 pm xo = varied for A. Np = 8x10' c¢cm—3 Tpo = 1 ps
LWIR p-n homojunction and DLPH Parameters (Aco = 12 pum)
Layer Thickness Cd composition Doping Etrap SRH lifetime | F1F5
To t1 =1 pum z1 = x9 (DLPH: + 0.1 N = 5x10Y7 ¢cm—3 Tno = 10 us
P 1 122 1 2 ( ) A 0.25E, n0 2 0.3
Absorber | to = 10 pm xo = varied for A Np = 8x10' ¢cm—3 Tp0 = 1 ps

Table 3.2: Simulation parameters of MWIR and LWIR p-n homojunction and DLPH
photodiodes.
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Figure 3.3: Comparison of RyA obtained from the numerical model using parameters

in Table 3.2 and an analytical model based on experimental data Ref.
[64] for a p-n homojunction structure as a function of temperature.
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(64, 67]. Figure 3.3 illustrates the numerically calculated RgA product as a func-
tion of temperature for MWIR and LWIR p-n homojunction diodes. The values
closely agree with those obtained using an empirically-based analytical model [64],
confirming the numerical model follows the expected trends described by conventional
HgCdTe p-n homojunction devices. Further comparisons of numerical RyA values for
MWIR and LWIR DLPH devices (Figures 3.4 and 3.5) also show good agreement
with experimental data for HgCdTe DLPH detectors [14, 15].

3.5 Summary

A 1-D numerical device model was created in the commercial software package
Sentaurus Device as a tool to simulate device behavior and performance character-
istics of the alternative detectors which are examined in subsequent chapters. To
provide an accurate representation, HgCdTe material properties described in Chap-
ter II were incorporated in the model with specific structural parameters defined for
each layer within a device. The device model was validated by comparing calculated

values to published experimental data on standard HgCdTe DLPH devices.

70



CHAPTER IV

Predicted Performance Advantages of

Auger-Suppressed HOT Devices

4.1 Background and Motivation

The dark current and noise current that determine the required operating tem-
perature for high performance IR HgCdTe detectors are limited by the generation of
free carriers by Auger processes, and reducing the cooling requirements of infrared
photon detection systems without sacrificing performance is a non-trivial objective.

Device structures with combinations of exclusion (P /7 or N*/v) and extraction
(Pt /v or NT/7) junctions in P*/v/N* and P*/m/N* configurations have demon-
strated suppression of Auger mechanisms by reducing the absorber carrier density
below thermal equilibrium in reverse bias [30]. The dark current in these HOT
structures has been shown to be lower than that achieved by standard p-n junc-
tion photodiodes [62, 63, 68] and exhibits higher performance for a given operating
temperature. A comprehensive assessment of the behavior and performance improve-
ments of the proposed Auger-suppressed HgCdTe infrared photodiodes (P*/v/N*
structure) compared with the equivalent state-of-the-art HgCdTe infrared DLPH de-
vices (PT /v structure) is presented in this chapter. Past studies employing similar

analytical and numerical methods [55, 64, 66, 68, 69] have examined the electrical
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MWIR DLPH Parameters (Aco = 5 pm)
Layer Thickness Cd composition Doping Eitrap SRH lifetime F1Fy
Top tiop = 1 pm Ttop = ZTabs + 0.1 N4 = 5x10'7 cm—3 0.95E, Tno = 10 us 0.3
Absorber | tgps = 5 pum | zqps = varied for Ae | Np = 8x10'4 cm—3 Tp0 = 1 us
MWIR HOT Parameters (Aco = 5 pm)
Layer Thickness Cd composition Doping Etrap SRH lifetime | F1F>
Top ttop = 1 pm Ttop = Taps + 0.1 Ny = 5%x1017 cm—3 Tno = 10 us
Absorber | tgps = 3 um | 45 = varied for Ae | Np = 8x10 cm=3 | 0.25E, Tpo = 1 ps 0.3
Bottom thor = 1 pm Thot = Taps + 0.1 Np = 5x10'7 ¢cm—3
Table 4.1: MWIR DLPH and HOT device simulation parameters.
LWIR DLPH Parameters (Aco = 12 pm)
Layer Thickness Cd composition Doping Etrap SRH lifetime F1Fy
To tiop = 1 pym Ttop = Taps + 0.1 Ng = 5x107 cm ™3 Tno = 10 us
P top 12 top abs A 0.25Eg n0 1% 0.3
Absorber | tgps = 10 um | 4ps = varied for Ae | Np = 8x10'% cm—3 Tp0 = 1 us
LWIR HOT Parameters (Aco = 12 pm)
Layer Thickness Cd composition Doping Etrap SRH lifetime | F1F>
Top ttop = 1 pm Ttop = Taps + 0.1 Ny = 5%x1017 cm—3 Tno = 10 us
Absorber | tgps = 3 pm | z4ps = varied for A | Np = 8x10'* cm—3 | 0.25E, Tpo = 1 ps 0.3
Bottom thor = 1 pm Thot = Taps + 0.1 Np = 5x10'7 cm—3

Table 4.2: LWIR DLPH and HOT device simulation parameters.

characteristics of various multi-layer HgCdTe detectors; however, study of the differ-
ences and performance advantages of Auger-suppressed photodiodes over conventional
p-n devices has not been reported. In this chapter, detector behavior is calculated for
MWIR and LWIR DLPH and HOT detectors, and an analysis of predicted improve-
ments in required operating temperatures is discussed.The premise of this study is
to demonstrate temperature-dependent trends in the behavior of HOT versus DLPH

structures, and the focus remains on the overall outcome of these comparative device

calculations.
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Figure 4.1: Energy band diagram at equilibrium for LWIR (a) DLPH and (b) HOT
structures at 80 K and 300 K. Basic device structures as insets.
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4.2 Modeling the HgCdTe HOT Detector

The conventional p-n DLPH structure shown in the inset of Figure 4.1 consists
of two layers, a highly doped, wide bandgap P* cap layer in contact with a lightly
doped, narrow bandgap v absorber region. The HOT device comprises three layers:
two highly doped, wide bandgap P and N7 layers contacting a lightly doped, narrow
bandgap v middle layer as illustrated in the inset of Figure 4.1b. Tables 4.1 and 4.2
list specific simulation parameters for the MWIR and LWIR DLPH and HOT devices.

Detectivity calculations were first performed with 300 K background scene tem-
perature and accounted for a 20° field-of-view (f;=2.835), and later with T, = Ty,
where the scene matched the device temperature. The P /v/N™T structure was cho-
sen in this study due to the relative ease in achieving controllable lightly doped n-type
absorber regions using techniques such as molecular beam epitaxy, whereas control-
lable low p-type doping with a low density of Shockley—Read—Hall centers is still a
technological challenge. The absorber layer thicknesses for the DLPH and HOT struc-
tures were chosen according to previous simulations performed for devices in similar
MWIR and LWIR spectral response windows to optimize the benefits and trade-offs
of Auger suppression and optical absorption [68]. Detector speed was not a significant
consideration, as HgCdTe detectors are typically limited by carrier speeds, generally

operating in the MHz, while FPA systems run at much lower frame rates.

4.3 Results and Discussion

4.3.1 Jyu+ Characteristics and RyA Product

Representative calculated energy band diagrams for both LWIR DLPH and HOT
structures at equilibrium are plotted in Figure 4.1 for temperatures of 80 K and 300
K. Representative current-voltage characteristics calculated for both MWIR device

structures at three temperatures between 125 K and 300 K are shown in Figure 4.2.
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Similarly, representative current-voltage characteristics calculated for both LWIR de-
vice structures at three temperatures between 105 K and 205 K are d illustrate in
Figure 4.3.

The dark current density in the MWIR HOT structure is approximately between
one and two orders of magnitude lower than that observed in the DLPH structure
for all temperatures. In the LWIR HOT structure, Jy, exhibits approximately a
one order of magnitude reduction compared to the DLPH device for temperatures
up to 205 K. The reduction in dark current density in both MWIR and LWIR HOT
structures is due to the Auger suppression mechanism initiated by the exclusion
and extraction junctions. Under reverse bias, the minority holes are removed from
the absorber region through the P* /v extraction junction. With increasing reverse
bias, the holes are extracted from the absorber region more rapidly than they can
be replenished from the N*t layer through the exclusion junction. Thus, the hole
concentration decreases significantly below its thermal equilibrium value. In order to
maintain charge neutrality in the absorber, the electron concentration is also reduced
below equilibrium. The overall decrease in the intrinsic carrier concentration then
reduces the Auger recombination rate in the active region. A clear negative differential
resistance (NDR) is observed in the I-V characteristics of both MWIR and LWIR HOT
structures as the result of the Auger suppression mechanism. This behavior becomes
more prominent as temperatures increase, but is apparent at lower temperatures for
the LWIR devices where Auger processes are stronger in the narrow bandgap material.
In HOT devices, the operating bias is selected corresponding to a region on the I-V
curve where Auger process are suppressed.

The calculated dark current density at 300 mV reverse bias as a function of tem-
perature is given for both MWIR and LWIR device structures in Figure 4.4a. The
dark current values are shown for constant cutoff wavelengths of 5 ym (MWIR) and

12 um (LWIR), to allow direct comparisons of detector performance at varying tem-
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peratures. The cutoff wavelength was fixed at each temperature by adjusting the Cd
fraction = in the absorber layer of the device. At all temperatures, the HOT struc-
ture exhibits equal or lower dark current density than the DLPH device due to Auger
suppression. In Figure 4.4a, there is a significant reduction in dark current density
for the MWIR and LWIR HOT devices at low temperatures where the dark current
is limited predominantly by SRH processes.

At higher temperatures, all devices become diffusion limited. The dark current
in the MWIR devices still exhibits strong, competing effects of SRH generation, and
Auger suppression results in a large current decrease in the HOT device. In contrast,
LWIR devices are limited by Auger generation for a wider temperature range, where
the dark current density in the HOT device demonstrates an order of magnitude
reduction in comparison with the DLPH structure. At temperatures above 165 K,
LWIR devices begin to exhibit a convergence of dark current values corresponding to
the diffusion current which overwhelms the effect of the Auger suppression provided
by the HOT structure.

As discussed in Chapter I, RyA values provide an important metric for standard
p-n junction photodetectors. However, Auger suppression in HOT devices is bias de-
pendent; in this case, the operating current in reverse bias is not accurately reflected
by RyA. Alternatively, a comparison to standard p-n junction photodetectors can be

inferred using an equivalent RyA based on the dark current in the Auger-suppressed

region using the relation RyA = kBqu Jaark(Vbias). RoA values for DLPH, HOT, and
p-n junction [70] structures operating at 300 mV reverse bias are compared in Fig-

ure 4.4b, where an expected increase in the equivalent RyA values is observed for the

HOT device corresponding to the Auger suppression.
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4.3.2 Spectral Response

The simulated quantum efficiency and responsivity for DLPH and HOT LWIR
devices at a given temperature are shown in Figure 4.5. The calculated values are
similar for both structures at shorter incident wavelengths, with the HOT device
exhibiting slightly higher quantum efficiency and responsivity than DLPH; this may
be attributed to increased minority carrier diffusion lengths and a corresponding
improvement in the collection of photogenerated carriers for the HOT device. Near
the band-edge, the DLPH device, exhibits higher quantum efficiency and responsivity

due to increased IR absorption in the thicker material structure.

4.3.3 Peak D* and BLIP Operation

Figure 4.6a shows the peak detectivity D* (T,=Ty) of the MWIR and LWIR struc-
tures as a function detector temperature. Similar to the dark current calculations,
the absorber Cd fraction was adjusted at each temperature to maintain a constant
cutoff wavelength. The BLIP D* values for a 300 K scene were obtained by examining
the saturation detectivity for HOT and DLPH structures. In the MWIR devices, the
D* for a 300 K scene saturates at temperatures below ~155 K, where the detector
noise current in both structures is limited by the background scene. Above ~155
K, the generation rate of thermally induced intrinsic carriers begins to increase, and
the detector noise current in both devices becomes diffusion limited. The detectiv-
ity, therefore, begins to decrease with increasing 7T}, and the temperature dependent
dark current dominates the background induced noise. At elevated temperatures, the
HOT device exhibits higher detectivity than the DLPH structure as a result of the
lower, Auger-suppressed dark current. The temperatures for BLIP (300 K scene) op-
eration in the MWIR HOT and DLPH structures in Figure 4.6 are 203 K and 155 K,
respectively. The MWIR HOT device continues to exhibit detectivities higher than

those achieved by the MWIR DLPH structure for temperatures above 155 K. The
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LWIR HOT device structure exhibits a significant improvement in detectivity over
the LWIR DLPH device structure, where BLIP (300 K scene) performance is achieved
for temperatures below 145 K and 102 K for the HOT and DLPH structures, respec-
tively. The D* values for the LWIR HOT device structure maintains an improvement
over the DLPH device structure for T, < 145 K due to the Auger suppression. How-
ever, the improvement in the HOT device is reduced for T; > 145 K due to increased
intrinsic thermal generation. It should be noted that the conditions where significant
thermal generation mitigates the improvements of Auger suppression is far above the
temperature required to achieve 300 K BLIP operation.

To further analyze the influence of Auger suppression for a wider range of cut-
off wavelengths, the maximum BLIP temperatures Tprrp (300 K scene) and their
differences ATgprp for DLPH and HOT devices are calculated for varying cutoff
wavelengths and summarized in Figure 4.7. Tgprp decreases for both structures
with increasing cutoff wavelengths and corresponds to the reduction in the absorber
bandgap which facilitates the generation of carriers, contributing to the increase in
dark current density. The HOT BLIP temperatures are consistently higher over the
range of cutoff wavelengths due to the Auger suppression mechanism which mini-
mizes the dark current, increasing the Tpr;p achieved by the device. Furthermore,
a large difference of AT p ranging from 43 K - 50 K is achieved over these cutoff
wavelengths, marking significant improvement in cooling requirements for the HOT
structure over the conventional DLPH device. Contrary to initial expectations, the
ATgrrp values do not increase with longer cutoff wavelengths. This behavior may be
attributed to the physical limitations of Auger suppression in the partially depleted

absorber region.
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4.4 Conclusion

The electrical behavior and performance characteristics of the Auger-suppressed
HOT HgCdTe photodiode and the conventional DLPH detector were analyzed us-
ing numerical and analytical models. DLPH and HOT devices were examined in
MWIR and LWIR windows, and device metrics were compared as a function of oper-
ating temperature. Quantitative simulations show that the improvements of HgCdTe
HOT technology are strongly dependent on the complex relationship of a number of
competing parameters such as temperature dependent generation mechanisms, cut-
off wavelength, and the absorber bandgap. Overall, both MWIR and LWIR HOT
devices exhibit approximately one to two orders of magnitude increase in D* with
a general square root dependency on noise current in comparison to DLPH devices
operating at the same temperature. The calculated D* values of the MWIR HOT de-
vice show that BLIP operation can be achieved at ~203 K compared with ~155 K of
the DLPH detector operating with T, =300 K. Similarly, LWIR devices achieve BLIP
conditions at ~145 K and ~102 K for HOT and DLPH structures, respectively, for a
similar scene temperature. The calculated results for the Auger-suppressed photodi-
ode predict a significant advantage over the leading DLPH technology with increased

operating temperatures between ~40-50 K for a wide range of cutoff wavelengths.
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CHAPTER V

Arsenic Diffusion Study in HgCdTe for Low p-type

Doping in Auger-Suppressed Photodiodes

5.1 Background and Motivation

As discussed in the previous chapter, increasing the operating temperature of in-
frared photon detection systems without sacrificing performance is an important as-
pect of recent photodetector research. At high temperatures, the carrier density in the
lightly doped absorber region of HgCdTe detectors increases due to thermally gener-
ated intrinsic carriers and the dark current becomes dominated by Auger generation
and recombination processes. As described in Section 4.1, HOT device structures
with layers in P™/v/N*t and P*/m/N™T configurations (combinations of exclusion
and extraction junctions under reverse bias) have demonstrated suppression of Auger
mechanisms by reducing the absorber carrier density below thermal equilibrium in
reverse bias [30].

To maximize the benefits of the P /(v or w)/N* design, it is important to achieve
effective control of the doping concentration and distribution within the absorber
region [68]. Past studies have reported reduced Auger processes in p-doped HgCdTe
compared with n-doped HgCdTe due to the difference in Auger 1 and Auger 7 carrier

lifetimes [71, 72]. An example of Jy,,. values calculated using a numerical model for
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equivalent HOT structures with different absorber doping in Figure 5.1 illustrates
the effects of p-type versus n-type doping on Auger suppression as a function of
material quality reflected by SRH minority carrier lifetimes (7sry). Therefore, it
is preferred to fabricate devices with the p* /7 /N7 arrangement. In-situ As doping
of HgCdTe has been demonstrated by MBE [26-29]; however, controllable p-type
doping at low concentrations with long minority carrier lifetimes has been difficult to
achieve. In this study, another approach is taken by implementing implantation and
deep diffusion techniques to achieve controllable low p-type doping. Previous work has
demonstrated a novel technique designed to achieve deep diffusion of As as a p-type
dopant [25] by annealing ion-implanted HgCdTe at a low substrate temperature and
under low Hg partial pressure. These methods have resulted in low As dopant levels
in the absorber layer ranging from 10'® cm=3 to 106 ecm ™. The main objective of this
work is to obtain a low p-type doping concentration and a PT/m step structure by
combining shallow As implantation with deep diffusion under low Hg pressure. In this
study, As diffusion is studied in HgCdTe under low Hg pressure to determine resulting
dopant depth profiles. Diffusion coefficients are extracted from dopant profiles and
compared to previous reports with the goal of achieving an optimized process for
good control of arsenic diffusion and P* /7 step profiles for detector devices exhibiting

Auger suppression.

5.2 Experiment Methodology

Hg; ,Cd,Te samples were grown by MBE at EPIR Technologies, Inc. using a
Riber 32 MBE machine. The samples were grown with absorber alloy compositions
of x ~0.20 and x ~0.30 corresponding to LWIR and MWIR detection, respectively.
The absorber layer is contacted by wider bandgap layers on the top and bottom
sides. The full layer structure of an MWIR sample is shown in Figure 5.2. The

samples were grown with intentional n-type indium doping to provide a controlled
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—3. The LWIR samples were implanted

baseline n-type concentration of ~10'® cm
with an As dose of 5x10'® cm™2 and a beam energy of 200 keV, while the MWIR
samples were implanted with a dose of 5x10'? cm™2 at 350 keV. The implantation
and energy values were chosen to correspond to past internal diffusion experiments
using similar conditions. The low diffusivity in HgCdTe due to the large group V
atom size and shallow activation energy make As a primary choice for p-type doping
due to its controllability of junction formation as described in Chapter II. Here, it
is noted that the differences in the implantation conditions between the LWIR and
MWIR samples were due to the limited availability of MBE grown HgCdTe samples
with comparable SIMS data. However, the focus of this study is to emphasize the
relative changes in the As diffusion coefficients and diffusion depths across different
experiments within the respective spectral response range.

The samples were annealed under Hg overpressure using a three-step annealing

process as follows: 1) deep diffusion, 2) activation, and 3) Hg vacancy annihilation.

To obtain deep diffusion of arsenic as initially demonstrated by Wijewarnasuriya et
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LWIR HgCdTe (x =~ 0.2) Sample Conditions
Implant Condition 5x10%8cm™2; 200 keV

Diffusion Anneal LWIR 1 LWIR 2

Trg/Tsampie (Duration) | 240°C/300°C (16 h) | 300°C/300°C (20.5 h)

P(Hg) 0.07 atm 0.32 atm
Activation Anneal 440°C/450°C
Trg/Tsample (Duration) (15 min)
Vacancy Anneal 240°C/250°C
Thg/Tsampie (Duration) (20 h)

Table 5.1: Experimental conditions for deep diffusion anneals of MBE grown LWIR
samples.

al. [25], several experiments were performed on the LWIR and MWIR samples with
varying deep diffusion annealing parameters. The main parameters of variation are
the anneal duration and Hg source temperature and corresponding Hg partial pressure
P(Hg). All samples were held at 300°C during the deep diffusion anneal. For each
condition, the samples were sealed in a quartz ampoule and placed into a two-zone
annealing furnace as shown in Figure 5.3, separating the samples from the Hg source.
The partial pressure of Hg was controlled by the Hg source temperature (T, ), and
the corresponding pressure values were determined from a look-up table [73]. The Hg
source temperature was set to less than or equal to the sample temperature (Tsumpre)
to prevent condensation of Hg droplets on the sample surface. Tables 5.1 and 5.2
describe the experimental parameter set-up for annealing conditions for both LWIR
and MWIR samples.

Activation and vacancy annihilation anneals were carried out at 450°C for 15
minutes and at 250°C for 20 hours, respectively. A 10°C difference between the
sample and Hg source was maintained to prevent Hg droplet condensation during
the post-diffusion anneals and quenching. The As diffusion profiles in the HgCdTe
layers were measured by secondary ion mass spectroscopy (SIMS) at Evans Analytical
Group. As diffusion coefficients D(As) were then extracted from the profiles using a

dopant distribution model proposed by Nash et al. [74],
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MWIR HgCdTe (x ~ 0.3) Sample Conditions
Implant Condition 5x10%2cm™2; 350 keV
Diffusion Anneal MWIR 1 MWIR 2 ‘ MWIR 3 ‘ MWIR 4 MWIR 5
Ttg/Tsample 240°C/300°C 270°C/300°C 300°C/300°C
Duration 20 h 12 h ‘ 16 h ‘ 20 h 12
P(Hg) 0.0639 atm 0.139 atm 0.277 atm
Activation Anneal 440°C/450°C
Trg/Tsample (Duration) (15 min)
Vacancy Anneal 240°C/250°C
THg/Tsample (Duration) (20 h)

Table 5.2: Experimental conditions for deep diffusion anneals of MBE grown MWIR
samples.

p ( 2< 2 )t) (5 l)
vV 2m 2D<AS)1L + O'2>

Cas(d,t) =

where d is the depth from the sample surface, t is the annealing duration, @) is the
implant dose, and R and ¢ are the fitting parameters for peak depth and standard
deviation, respectively. Due to limited resources, SIMS measurements were not per-
formed on the original implanted samples for the current experiments. However, an
approximate fit was determined from past samples as-implanted with As under simi-
lar conditions as those described in this report. The Gaussian fitting was performed
by considering only data points above a threshold value 10% of the peak As con-
centration. The Gaussian distribution was fit over the depth range corresponding to
the thickness of the wide bandgap P* cap layer. The fitting does not account for
non-uniformities in the Hg vacancy concentration due to the Cd composition gradi-
ent at the P* /7 interface. The R and o parameters were calculated from coefficients
extrapolated from a parabolic fit to the Gaussian as-implanted profile, and D(As)
values were determined by fitting to within roughly 35% average error of the data.
Linear fittings were also performed to approximate the As concentration in the nar-
row bandgap absorber region. SIMS data points below the detection limit of 5x 104
3

cm > were excluded from the fitting.
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5.3 Results and Discussion

The SIMS profiles for LWIR materials annealed with varying Hg partial pressure
are shown in Figure 5.4. Comparing the deep diffusion junction depths, deeper As
diffusion is observed in the sample annealed under lower Hg pressure (0.07 atm). The
P* /7 junction is defined by the interface at which the HgCdTe material changes from
the wide bandgap cap layer to the narrow bandgap absorber region. Here, the deep
diffusion junction is defined as the depth at which the Gaussian and linear fittings
intersect. The data in Figure 5.4a exhibits a diffusion junction of 1.5 um and an As

—3. The cause of the unexpected

doping concentration in the range of 10'°-10' cm
increase in As concentration in the absorber region of Figure 5.4a is uncertain and
may possibly be due to defects associated with the implantation process or as-grown
defects. However, since the Gaussian distribution component of the diffusion process
is of primary interest, these outlying data points are excluded from the linear fit. The
data in Figure 5.4b exhibits a diffusion junction of 0.6 um and an As doping level in
the range of 1014-10'® cm~3. The As concentration in the absorber region is an order of
magnitude lower for the sample annealed at a lower Hg pressure due to the increased
diffusion of As atoms through a higher concentration of Hg vacancies. As diffusion
coefficients of D(As) = 6x107' cm? s7! (LWIR 1) and D(As) = 2x1075 cm? s7!
(LWIR 2) were extracted for samples in Figure 5.4. It is noted that the samples were
annealed at different P(Hg) values and durations; however, the data makes a strong
case that annealing at a lower Hg partial pressure even for a shorter time increases the
effects of deep diffusion more significantly than annealing at higher P(Hg). Similarly,
Figure 5.5 compares MWIR samples annealed at different Hg partial pressure for 20
hours. Again, deeper diffusion is observed in the sample annealed at lower Hg partial
pressure (MWIR 1; P(Hg) = 0.0639 atm). A deep diffusion junction of approximately
0.7 pm is observed in MWIR 1, while a junction depth of about 0.58 pm is observed for
sample MWIR 4. The absorber As concentrations in samples MWIR 1 and MWIR
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Figure 5.4: SIMS data of LWIR As diffusion profile for (a) LWIR 1 with 16 h anneal
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0.32 atm.
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4 are between 4.6x10" cm™3-1.69x10" cm™ (MWIR 1) and 3.64x10'-1.7x10'5
ecm ™3 (MWIR 4) with diffusion coefficients of D(As) = 1.35x107%+1.5x107¢ c¢m?
s7! (MWIR 1) and D(As) = 7.5x107104+1.5x1071 cm? s! (MWIR4). The As
concentration values in the absorber are not necessarily reflected in the figures because
the range of the fit extends farther into the sample than indicated in these plots. The
dependence of the extracted diffusion coefficients on Hg partial pressure is smaller
than observed for the LWIR sample, but dependence is detected nonetheless.

The SIMS profiles of MWIR samples annealed for varying durations of 12 hours
and 16 hours under the same Hg partial pressure of 0.139 atm are shown in Fig-
ure 5.6. Sample MWIR 2 has a diffusion junction depth of around 0.5 pum, an As
doping level between 3.35x10*-2x10'® ecm ™3, and D(As) = 7.5x10716£1.5x1071¢
cm? s7'; MWIR 3 has a diffusion junction of approximately 0.57 um, an As dop-
ing concentration of 5.91x10-1.58x10 ¢cm™3, and D(As) = 7.5x10716+£1.5x1071¢
cm? s71. The diffusion coefficients for the two samples are essentially the same due
to similar Hg vacancy concentrations expected for the same Hg partial pressure and
substrate temperature for both samples. As expected, deeper diffusion, as well as
lower As concentration, is observed in sample MWIR 3, which was annealed for sev-
eral hours longer than sample MWIR 2. Figure 5.7 illustrates a comparison between
the data sets in both MWIR experiments by superimposing the SIMS data and fitting
curves.

All samples exhibited consistent P /7 step-junction profiles with an As concen-
tration contrast of approximately one to two orders of magnitude in the P and 7
regions. Two primary components in the arsenic diffusion profiles are observed: 1) a
Gaussian and 2) a linear component, as indicated in Figures 5.4 - 5.7. These charac-
teristics contribute to the P* /m profile of interest. As reported in past studies, [75, 76]
the movement of As in HgCdTe during annealing can be described by fast and slow

diffusion components. The Gaussian distribution profile is believed to be attributed
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Figure 5.5: Diffusion profiles of MWIR samples (a) MWIR 1 and (b) MWIR 4 for 20
h anneal at P(Hg) = 0.0639 atm and P(Hg) = 0.139 atm, respectively.
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Figure 5.6: Diffusion profiles of MWIR samples (a) MWIR 2 and (b) MWIR 3 for 12
and 16 h anneals, respectively, at P(Hg) = 0.139 atm.
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Figure 5.8: Comparison of As diffusion coefficients as a function of P(Hg) for past
reported diffusion studies and current LWIR and MWIR experiments [75—
79].
to the slower diffusion of arsenic atoms traveling primarily via Hg vacancies. Fur-
thermore, the linear tail of the profile may possibly be a result of arsenic channeling
or diffusion by means of other local defects associated with the ion implantation pro-
cess or as-grown material characteristics. The linear diffusion is not well-controlled
and does not seem to follow the trend of the Gaussian profile. The mechanism be-
hind its behavior still remains uncertain and would benefit from further investigation;
nonetheless, this component serves to provide low As concentration in the absorber
region.

The extracted diffusion coefficients follow the general trend of the inverse relation-
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ship between the arsenic diffusion coefficient and the Hg partial pressure as described
in numerous past diffusion experiments [75-82]. Figure 5.8 compares the extracted
diffusion coefficients against values obtained in past studies. It is important to note
that the data points from this study correspond to MBE-grown MWIR and LWIR
samples annealed at a low substrate temperature of 300°C for longer annealing times,
while most of the past studies focused on LWIR samples grown by MOCVD and LPE
methods and annealed for short durations at higher substrate temperatures. There
is a difference in the diffusion coefficients obtained for the LWIR and MWIR samples
in this study, and this variation is explained by using an experimentally determined
expression proposed by Holander-Gleixner et al. [83], which relates the cadmium frac-
tion x, material temperature 7', and Hg partial pressure to the equilibrium vacancy

concentration C, in HgCdTe. The relationship is expressed as

Cy(z, T, P(Hg)) = (5.08 x 10" + 1.1 x 1028:6)—(P(Hg))

(129 + 1360 — 182 1 13750%))
(ksT) '

(5.2)

-exp|—

Thus, a lower equilibrium vacancy concentration is present in MWIR samples com-
pared with LWIR, and therefore, the As atoms diffuse more slowly in the MWIR
samples, as described by the diffusion coefficients. Similarly, the difference in dif-
fusion coefficients found between the LWIR samples in the current study and those
of previous experimental diffusion studies can be explained using Equation 5.2. Past
studies focused not only on HgCdTe materials with low x values, but the samples were
also annealed at considerably higher temperatures. This reduces the exponential term
in Equation 5.2 and increases the equilibrium vacancy concentration in these materi-
als, making them more conducive to arsenic diffusion in HgCdTe and increasing the

values of the arsenic diffusion coefficients. The LWIR diffusion coefficients for sam-
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ples annealed at 300°C lie close to the projected values from the diffusion coefficient
model proposed for Hgy gsCdgoTe by Shaw et al. [75] for the same temperature. Slight
differences in the D(As) values may correspond primarily to non-idealities introduced
by the actual experiment. Further studies are needed to compare the diffusion coeffi-
cients of LWIR, as well as MWIR, samples annealed at lower substrate temperatures

to existing diffusion coefficient models.

5.4 Conclusion

The Pt/n/N7T structure device is of high interest due to its ability to reduce
Auger generation and recombination mechanisms that limit detector performance at
high operating temperatures. In this study, the methods of shallow As ion implanta-
tion and deep diffusion annealing were combined to obtain controllable deep diffusion
of low arsenic concentrations in HgCdTe HOT samples while retaining the P*/m

3 were achieved in

step structure. Low As concentrations of 3.35x10'- 2x10' cm™
the absorber region using low Hg partial pressure and long anneal times. Reduced
arsenic diffusion coefficients were observed in comparison to past studies conducted
on HgCdTe samples held at higher substrate temperatures. Lower As diffusion co-
efficients were also extracted for MWIR samples in comparison to LWIR samples,

and this difference is attributed to reduced Hg vacancy concentration associated with

alloys with higher cadmium fraction.
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CHAPTER VI

Design and Modeling of HgCdTe nBn Detectors

6.1 Overview and Status of nBn Detectors

As HgCdTe IR technology continues to push boundaries to increase operating tem-
perature and achieve larger format array sizes, addressing performance limitations in
state-of-the-art p-n junction photodiodes becomes critical. Decades of research and
development on HgCdTe material growth and fabrication process have resulted in
the achievement of detectors with dark current limited by intrinsic thermal gener-
ation processes (Auger), rather than by extrinsic dark current mechanisms such as
surface conduction, Shockley—Read—Hall centers, or trap assisted tunneling for a wide
range of operating conditions. However, there are still issues related to controlled p-
type doping of HgCdTe, namely those associated with in situ p-type doping via MBE
growth techniques. Advanced device structures designed to suppress intrinsic Auger
processes and/or achieve multi-spectral detection capabilities will require more com-
plex heterojunction structures that are difficult to attain given the current challenges
associated with p-type doping of MBE grown HgCdTe. These needs motivate the
efforts to explore alternative architectures to overcome these technological setbacks.

Recently, a unipolar IR detector design for III-V InAs-based compound semicon-
ductors with a type-II band offset was proposed by Maimon et al. [31]. The device

is termed the nBn detector and provides several advantages over conventional p-n
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junction photodiodes by significantly reducing SRH and surface leakage currents and
achieving in higher temperature operation. The nBn structure illustrated in Fig-
ure 1.16 consists of all n-type layers: a lightly doped n-type absorbing layer (~101°
cm~?), a wide bandgap and undoped barrier layer (InAsSb or AlAsSbh), and a highly
doped contact layer (~10'® cm™2). The absorber layer is approximately one to two
times the optical absorption length, the barrier layer width is between 50-100 nm to
prevent electron tunneling, and the contact layer is typically on the order of several
tens of nanometers thick. More interestingly, the heterojunctions at the interfaces
of the barrier and contacting n-type layers in the InAs-based system have a nearly
zero valence band offset, and the bandgap difference is observed exclusively in the
conduction band. The barrier height is large enough (>1 eV) to prevent current con-
duction by thermal excitation of electrons. This special set-up allows the conduction
band barrier to selectively block the flow of the majority carrier electron current while
simultaneously allowing the flow of minority hole carrier current. Thus, the current is
limited to the thermal and photogenerated carriers from the absorber layer. The nBn
device is designed to be operated in flatband or with slight depletion, and devices
have been reported to operate at 0.6 V bias [33] to enhance photocurrent collection.

The InAs-based nBn detector proposed by Maimon et al. [31] is designed to
inhibit two major mechanisms: the SRH and surface leakage currents, and the re-
lated noise current. Typically, mid-bandgap SRH trap centers are activated in the
depletion region of narrow bandgap photodiodes under bias, and the resulting SRH
G-R processes are a major source of dark current, especially at lower temperatures.
In the nBn detector, most of the applied bias is dropped across the undoped, wide
bandgap barrier layer, reducing SRH G-R processes in the depletion region. If the
nBn detector is processed in such a way that the device is delineated by etching only
up to but not beyond the contact layer, the wide bandgap barrier can also serve as

a passivation layer, suppressing surface leakage currents that would otherwise arise

101



Type-llnBn: Current mechanisms

\ @ clectron
B O hole
® Auger1 optical
R .
pm—— radiative @ =~y
o—> 0—>

S T
€0 €«0 . S

<0

Figure 6.1: Various current mechanisms in type-1I, III-V nBn detector under bias.

in the narrow bandgap absorber. This is a significant advantage for I1I-V materials
for which good passivation is not well known and overcomes the limitations imposed
by surface leakage currents in addition to eliminating the requirement of separate
and complicated passivation steps. Figure 6.1 illustrates the mechanisms that which
contribute to the current in an ideal type-1I, ITI-V nBn device: intrinsic Auger 1 gen-
eration dominant in n-type materials, background flux induced radiative generation,
and optical generation.

A number of related studies [31, 33, 84, 85] have examined the performance of
bulk ITI-V nBn devices. The preliminary data on these devices demonstrate signifi-
cantly lower dark current and noise compared to p-n photodiodes. Figure 6.2 shows
an Arrhenius plot of current of an MBE grown MWIR InAs nBn device with an
AlAsb barrier under 295 K background scene conditions [31]. At high temperatures,
the device exhibited a thermal activation energy close to that of the InAs bandgap,
demonstrating the effective suppression of significant SRH contributions which would
otherwise be indicated by a thermal activation energy value near E,/2. Furthermore,

the initial data show the device operates in BLIP conditions at temperatures below
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Figure 6.2: Measured dark current of InAs nBn exposed to room temperature back-
ground radiation. Adapted from Ref. [31].
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and 300 K blackbody illumination conditions at nominal reverse bias [32].
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230 K, at least 100 K higher than values reported for commercial InAs p-n photodi-
odes [31]. More importantly, the nBn current at these temperatures is reported to
be diffusion limited. HgCdTe and InSb MWIR photodiodes, on the other hand, are
limited by SRH under BLIP conditions. Figure 6.3 illustrates the comparative per-
formance of a MWIR InAs nBn device and a reference InAs p-n photodiode [32]. The
dark current density of the p-n device saturates around 220 K, limited by temperature
independent surface conduction. The nBn device, however, is not affected by surface
currents down to approximately 135 K. There is roughly a five order of magnitude
difference in the measured dark current densities of the nBn and p-n devices. The
data also show that the unpassivated InAs nBn achieves BLIP conditions at approxi-
mately 195 K and is thus able to detect the 300 K blackbody where the reference p-n
diode cannot. Other studies have been pursued to further develop barrier integrated
devices based on III-V materials such as type-II strained superlattice nBn detectors
[84-88], n-N detectors [89], and XBn photodetectors [90]. The nBn structure serves

as a basis for various alternative architectures for high temperature operation.

6.2 Type-I Heterojunction HgCdTe nBn Device

The nBn device structure may also be applicable to implementation in a HgCdTe
system which would offer a significant advantage over conventional HgCdTe p-n junc-
tions by eliminating requirements for p-type material and thus, avoiding lower mate-
rial quality due to implantation induced defects [21-24]. Furthermore, the removal of
additional implantation and annealing steps would simplify the detector fabrication
process. HgCdTe implementation of the nBn structure has not been pursued since
its initial conception [91]. Given the status of the present p-n junction technology
and the advantages of HgCdTe material such as large bandgap tunability and lat-
tice matching capabilities for IR applications, an investigation of an HgCdTe nBn

device is warranted and may provide a breakthrough technology for next-generation

104



MWIR (Aco = 5 pm) and LWIR (Aco = 12 pum) nBn Parameters
Layer Thickness Cd composition Doping Eirap SRH lifetime | FyF>
Top tneep = 1 pm Teap = Taps + 0.1 Np = 5x10'% cm™3
T = 0.64 o = 10 us
Barrier | ¢p = 50 nm B.M Np = 7x10" em=3 | 0.25E, | ™° o3
zp,r = 0.45 Tp0 = 1 us
Absorber | tgps = 10 um | z4ps = varied for A | Np = 7x10'* cm—3
MWIR (Aco = 5 pum) and LWIR (Aco = 12 pm) DLPH Parameters
Layer Thickness Cd composition Doping Eirap SRH lifetime | FyF>
Top tyt =1 pm T4 = Tabs + 0.1 Na =5x1017 cm—3 Tno = 10 us
t =5 um 0.25F Tp0 = 1 ps 0.3
Absorber abs,M i Zaps = varied for \e | Np = 8x10'* cm—3 g »0 a
labs, L, = 10 pm

Table 6.1: MWIR and LWIR nBn and DLPH device simulation parameters.

infrared detectors. In this study, the performance characteristics of optimized MWIR
and LWIR HgCdTe nBn devices are simulated using a numerical model and compared
to MWIR and LWIR p-n DLPH structures [63-65]. The calculated results will be

analyzed and discussed for a better understanding of this alternative detector design.

6.3 Modeling the HgCdTe nBn Detector

To examine the feasibility and performance of the HgCdTe nBn detector, numeri-
cal simulations were performed using the commercial software Sentaurus Device. The
simulation methodology and model validation utilized in this study are described in
detail in Chapter III. Table 6.1 lists the specific material parameters used in the
simulations of MWIR and LWIR nBn and DLPH structures.

6.3.1 HgCdTe nBn Device Structure

Like the InAs-based nBn, the HgCdTe nBn structure consists of three n-type
layers: 1) a top contact or cap, 2) a wide bandgap barrier, and 3) a thick, narrow
bandgap absorber. The basic structure and band diagram of the HgCdTe nBn de-

vice in operation is shown in Figure 6.4. While the overall operation mechanisms of
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the two types of devices are similar, there are several key differences. Firstly, the
heterojunction interfaces of the HgCdTe nBn exhibit a type-I band line-up. This is
an important feature because it implies there exists a non-zero valence band offset
at the barrier layer interfaces in the HgCdTe device structure. The presence of a
valence band barrier poses a non-trivial challenge to the operation of the HgCdTe
nBn detector which relies on the conduction of minority carrier holes. However, this
issue can be addressed by carefully optimizing the structural parameters of the device
as discussed in the subsequent section. Moreover, a significant valence band barrier
AFE, exists at equilibrium such that a top negative bias is required for the operation
of the HgCdTe nBn detector. Finally, due to the nature of HgCdTe, the conduction
band barrier AE, is less than 1 eV. The low AFE, value increases the likelihood of
carriers tunneling through or overcoming the barrier by thermal excitation. This can
be addressed by reducing the bandgap and/or slightly reducing the doping concen-
tration of the cap layer, or increasing the barrier layer thickness. Careful selection of

structural parameters is necessary to maximize device performance.

6.3.2 Preliminary Design Considerations

Compared to other III-V structures that have been demonstrated, the HgCdTe
nBn structure presented here consists of lower doping concentrations in the cap and
absorber regions and employs lightly and similarly doped absorber and barrier layers.
The choice to dope the barrier layer was made under the assumption that the real-
ization of a very thin, undoped barrier during MBE growth would be challenging and
potentially unrealistic. The light doping results in the formation of a bias-induced
depletion region that extends into the nBn active layer when an operating voltage
is applied. SRH G-R processes are therefore present in the narrow bandgap region;
however, dark current contributions due to the thermal G-R processes appear to be

nominal as evidenced by the low overall nBn dark current density achieved compa-
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Figure 6.4: Schematic and band diagrams of HgCdTe nBn detector at equilibrium
(inset) and under reverse bias and illumination conditions.
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rable to the DLPH structure as discussed in the next section. Further reduction in
the barrier doping, to the extent that it is possible to implement experimentally, is
expected to minimize the width of the depletion region in the active layer.

The nBn cap layer (n.,) was designed to have a wider bandgap for improved
valence band alignment, as illustrated in the band diagrams in Figure 6.4, and the
Cd composition ¢,y = Taps+0.1 is chosen in this work.

A value of 450 mV reverse bias (negative voltage applied to n.., region) was se-
lected for nBn device calculations to ensure operation in the dark saturation current
region when determining performance characteristic values. Biases below 450 mV
may also be sufficient for operation as long as the Jy,. is at or above the satura-
tion threshold. Bias trade-offs include improved carrier collection at the expense of
conduction band barrier height with increasing bias.

The optimization calculations of the MWIR and LWIR nBn structures were per-
formed at temperatures of 95 K and 80 K, respectively. Band-to-band tunneling
contributions were not included in this study and will be examined along with other
tunneling mechanisms in future work. Furthermore, strain effects were not included
in the calculations despite the large bandgap differences at the heterojunction inter-
faces of the barrier layer. Misfit dislocations are not expected to be a significant issue
due to the high bandgap tunability of HgCdTe with small lattice mismatch.

The MWIR and LWIR nBn device structures were optimized to achieve the highest
peak D* (optimal combination of low dark current and high responsivity) by varying
values for absorber thickness ¢, barrier thickness ¢z, doping concentration n.,,, and

barrier composition xpg.

6.3.2.1 Optimizing Absorber and Barrier Layer Thicknesses

The absorber layer thickness affects the overall absorption of the long infrared

wavelengths, and larger calculated responsivity was observed for structures with larger
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taps- An absorber length of 10 um was determined to be the most optimal for both
MWIR and LWIR nBn devices. While these values were used for performance cal-
culations, shorter absorber lengths may be more practical for actual nBn structures
where thermal G-R processes in the bulk can negatively affect performance more
significantly than the benefits provided by the increased absorption.

The tg parameter exhibits a trade-off with thinner ¢g resulting in higher Jy,,. but
also high D* values. It is noted that tg = 40 nm was used for certain optimization
aspects such as barrier composition and cap layer doping prior to barrier thickness
optimization; however, the optimized value of t5 = 50 nm is selected as the ideal up-
per limit for the HgCdTe nBn device performance. Although tunneling contributions
were not accounted for in this simulation study, preliminary calculations show the
tunneling probability and associated current contributions are relatively small. Tun-
neling current through the barrier may be controlled by providing a sufficient barrier
width and/or height, where optimal barrier parameters accounting for tunneling cur-
rent may shift from the values of this study and will be examined in future work.
Experimentally, potential issues with compositional uniformity and interdiffusion at
the junctions, as well as tunneling effects on device performance, may need to be

considered when fabricating a narrow barrier layer.

6.3.2.2 Optimizing Cap Layer Doping Concentration

Because the HgCdTe nBn conduction band barrier is less <1 eV, high n.,, doping
concentrations can increase dark current density due to the greater number of major-
ity carriers surmounting the barrier. Optimization was performed to select a moderate
cap layer doping concentration of 5x10' cm™2, lower than the values typically used

for p-type doping of the cap layer in the DLPH structure.
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6.3.2.3 Optimizing Barrier Layer Composition

The choice of barrier composition g was found to be the most critical parameter
in determining device behavior, where the dependence of peak D* on barrier compo-
sition for both MWIR and LWIR nBn devices is shown in Figure 6.5a and Figure 6.6.
The zp value has the largest influence in determining both the barrier height AE, in
the conduction band that limits majority carrier electron flow to reduce dark current,
as well as the barrier height in the valence band AFE,, that would inhibit the collection
of photogenerated carriers. Therefore, a trade-off exists where careful selection of the
barrier composition is required. Too low a composition can result in increased noise
current due to the larger number of majority carriers surmounting the conduction
band barrier and contributing to the overall current; too high a composition can re-
sult in a large valence band barrier which inhibits carrier collection and reduces the
device responsivity as shown in Figure 6.5b. Optimal xg values of 0.64 and 0.45 were
determined for MWIR and LWIR nBn devices, respectively, at fixed temperatures.
It is noted that the large MWIR Cd composition causes the HgCdTe bandgap to
behave somewhat differently than lower composition (z <0.5) HgCdTe materials as
a function of temperature which can affect device performance. This issue can be
countered by optimizing the xp value for the temperatures at which the device will

most likely be operated.

6.3.3 Final Design Considerations

The proposed nBn structure requires etching past the barrier layer for isolation
in mesa configuration due to the doping in the barrier layers. This process may re-
sult in surface defects which can cause sidewall leakage currents. Thus, any exposed
HgCdTe material must be passivated with ZnS or CdTe, a well-established technique.
The optimal material and geometric values selected for the nBn and DLPH struc-

tures are specified in Table 6.1. The optimized parameters for the ideal HgCdTe

110



(a) 10" —

E LA A B R SR A —‘I- N T A
F T=95K / \.\
§ 10" / \ 3
3 : £ ;
B / L
§ 10" £ # !
& V, . =450 mV :
= - 14 -3
é o ND_B, ND_ e (X107 cm I
8 : Ny o, = 5%10° cm” :
& t,=40nm |MWIR2_=5um
1010 1 1 " i 1 1 " n .1 1 " n 1 1 " 1 1
0.55 0.60 0.65 0.70 0.75
Cd fraction Xg
(b) 10— ;
- MWIR 2_ =5 pm T=95K ]
% 10"t 3
-S — " —
2 10°F \‘\
% FV,, =450 mV \ ]
- - 14 3 1
&J 107k NB, Nabs— 7x10 "cm \ !
5 E N =5x10"° cm” X
CEU -t =40 nm y
107

055 060 065 070 075
Cd fraction x,
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tectivity and (b) peak responsivity values at 95 K.
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Figure 6.6: Optimization of xp for LWIR nBn structure by examining peak detectiv-
ity values at 80 K.

LWIR DLPH device were selected using similar methodology as described for the

nBn structure. Extrinsic, process-induced current components are not included in

the device modeling. The final optimized structural parameters for the MWIR and

LWIR HgCdTe nBn devices are listed in Table 6.1. The optimized band diagrams

of an LWIR HgCdTe nBn are illustrated in Figure 6.7a and 6.7b at equilibrium and

under reverse bias conditions, respectively.

6.3.4 Current Contributions in HgCdTe nBn Device

Figure 6.8 summarizes the mechanisms that affect the current in a type-I, HgCdTe
nBn device. These mechanisms include intrinsic Auger 1 generation dominant in n-
type materials, background flux induced radiative generation, SRH generation due to
activated trap centers in depletion region, barrier tunneling, perimeter leakage, and

optical generation. While barrier tunneling and perimeter leakage non-idealities were
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Figure 6.8: Various current mechanisms in type-I, HgCdTe nBn detector under bias.

neglected in the numerical device model, these effects are important to consider in

actual fabricated device structures such as those discussed in Chapter VII.

6.4 Results and Discussion

6.4.1 J,,+ Characteristics

The representative current-voltage characteristics for the LWIR nBn device are
shown in Figure 6.9 for several temperatures between 80 K and 95 K. Unique behavior

is observed for the nBn [-V characteristics due to the barrier in the valence band.
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Figure 6.9: Simulated LWIR nBn current-voltage characteristics at varying temper-

atures and 300 K background scene induced current in 80 K device.
A ‘turn-on’ feature is evident, reflected as an inflection in the current for a given
bias and indicating the proper alignment of the n., and absorber region bandedges
and unrestricted flow of hole current arising from minority carrier generation in the
absorber layer. At larger reverse biases beyond the turn-on region, the dark current
density saturates. The dark current density is SRH limited for the temperatures
shown.

The dark current density values for MWIR and LWIR devices as a function of
temperature for specified biases are shown in Figure 6.10. All calculations for the
DLPH structure were performed at a 300 mV bias, which may be considered larger
than conventional operating biases for typical p-on-n devices. Verification in the
author’s previous simulation work [92] has shown no significant changes in dark cur-
rent density for lower biases. At lower temperatures, a convergence in the nBn and

DLPH device Jy,,; values is observed in both MWIR and LWIR devices as shown in
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Figure 6.10. This behavior is attributed to SRH-limited current in both structures
caused by extrinsic generation processes in the depletion region formed in the ab-
sorber layer. A closer look shows that the Jy,,. values for the MWIR nBn device are
slightly lower than MWIR DLPH devices. This is believed to be due to the increase
in the barrier bandgap for Hg; ,Cd,Te with large x values with decreasing temper-
ature,(the optimized xp is held constant over temperature) which in turn increases
both AFE, and AF,, further suppressing majority carriers from the cap layer but also
reducing hole current. This behavior is also reflected in slightly decreased peak D*
values due to reduced responsivity observed for a similar range of temperatures as
shown in Figure 6.12a. With increasing temperature, the MWIR nBn device exhibits
higher dark current becoming diffusion limited for temperatures greater than ~150 K.
The LWIR nBn device is diffusion limited for temperatures above ~120 K. At higher
temperatures, the J;,,, values for MWIR and LWIR nBn devices become larger than
those of the DLPH structure and are attributed to the increasing numbers of majority
carriers surmounting the conduction band barrier. This behavior is more pronounced

in the LWIR nBn device which has a smaller conduction band barrier.

6.4.2 Spectral Response

Figure 6.11 shows the responsivity of both nBn and DLPH structures as a func-
tion of wavelength. The optical responses are comparable for the optimized devices,
with slightly lower responsivity values calculated for nBn near the cutoff wavelength,
resulting from reduced carrier collection due to the valence band barrier. A slight
increase observed in responsivity at shorter wavelengths may be attributed to effects
of photogenerated carriers modifying the nBn barrier height. However, this is not of
significant concern as the noise current would be equivalently amplified, leaving the

overall D* unaffected.
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Figure 6.11: Simulated responsivity for LWIR nBn and DLPH structures at 80 K.

6.4.3 Peak D*

The peak D* values for MWIR and LWIR devices as a function of temperature
are illustrated in Figure 6.12. Overall, comparable peak D* values are observed for
both MWIR and LWIR nBn and DLPH structures in the range of temperatures ex-
amined. Further improvement of performance characteristics may be achieved by
reiterating the structural optimization of the devices for specific operating tempera-
tures. Unrealistic quantum efficiency values greater than 100% were obtained for the
nBn devices at temperatures above 225 K (MWIR) and 95 K (LWIR). The anomalous
behavior may be attributed to non-ideal changes in the simulated potential barriers
due to photogenerated carriers, but D* values for temperatures within those ranges
were ignored for the time being due to the uncertainty and validity of the underlying

mechanism.
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6.5 Conclusion

This investigation has demonstrated that the HgCdTe nBn device is potentially
capable of achieving performance equivalent to the ideal DLPH detector. Comparable
responsivity, low Jy,, and high D* values rival those of the DLPH device without
requiring p-type doping in this alternative unipolar design. This initial study sug-
gests that the HgCdTe nBn detector may be a promising solution for achieving high
performance with a simplified device architecture. The structure is well suited to
address processing technology limitations such as achieving low, controllable in situ
p-type doping with molecular beam epitaxy growth techniques. Moreover, strategic
structural optimizations in future work may lead to enhanced HgCdTe nBn perfor-
mance with significant reduction in SRH G-R processes, resulting in values closer to
those obtained by InAs-based nBn devices. Furthermore, the selective carrier con-
duction mechanism facilitated by the barrier-integrated design may be incorporated
into next-generation detector structures [93] to suppress intrinsic Auger carrier gen-
eration. The following chapter focuses on realizing the HgCdTe nBn device as a proof

of concept.
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CHAPTER VII

Experimental Demonstration of MWIR and LWIR

HgCdTe nBn Detectors

7.1 Background and Motivation

High-performance IR photodetectors are based on narrow bandgap semiconduc-
tors including HgCdTe, In(As,Sb), lead salt, and InAs/GaSb strained layer super-
lattices, where a p-n junction photodiode is typically used for IR focal plane arrays.
While the conventional p-n configuration has proven successful for IR detectors, device
fabrication and the achievement of excellent performance characteristics are challeng-
ing in narrow bandgap materials due to surface conducting paths and control over
doping levels and defect concentrations. As suggested by the modeling study in Chap-
ter VI, a unipolar nBn approach may be adopted for type-I HgCdTe IR detectors to
address some of these challenges. A HgCdTe implementation of the unipolar nBn de-
sign would enable further development of advanced next-generation HgCdTe devices
such as stacked multi-spectral detectors where complex doping profiles may not be
feasible with both n-type and p-type doping. The combined benefits of a simplified
fabrication process and the favorable HgCdTe material properties for IR applications
strongly motivate the study of the HgCdTe nBn device.

This chapter describes the first-reported experimental demonstration of MBE
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grown MWIR and LWIR HgCdTe nBn single element photodetectors. Results from
electrical and optical measurement are used to evaluate the detector performance
and understand the limiting mechanisms. The objective of this study is to realize a
working HgCdTe nBn detector validated by barrier influenced I-V characteristics and

wavelength dependent photoresponse.

7.2 Experimental Approach

An overview of the experimental approach is illustrated in Figure 7.1. The proto-
type development comprises two iterations. In the first iteration, MWIR and LWIR
nBn layer structures loosely based on optimized parameters were grown in separate
runs by MBE, but processed in the same lot during device fabrication. The samples
were then electrically and optically characterized to examine nBn device operation
and behavior. Based on the initial results, strategic modifications were made to the
MWIR nBn structure to improve performance, and the changes were incorporated
into the second-iteration layer growth. New devices were fabricated from the second-
iteration nBn structure, and electrical and optical measurements were performed to
characterize the detector. The following sections describe each portion of the study

in detail.

7.3 Experiment Methodology: MBE nBn Layer Growth

7.3.1 HgCdTe nBn Layer Growth

The HgCdTe nBn structures were grown by MBE engineers at a collaborating
company, EPIR Technologies, Inc. 30 mmx30 mm bulk CdZnTe (211)B-oriented
substrates purchased from Nikko Materials, Inc., were chemically cleaned and etched
in a bromine/methanol solution prior to MBE growth. The substrates were placed

into the growth chamber of a Riber 32 MBE system equipped with a reflection high-
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Figure 7.2: SE data showing (a) Cd composition for LWIR nBn calibration (MCT2-
045) sample and (b) Cd composition and surface roughness for optimized
first-iteration LWIR (MCT2-046) nBn structure.

energy electron diffraction (RHEED) gun, a Hg cell, and a pyrometer. Each substrate

was heated to above 350° to remove excess Te and native oxides present on the growth

surface and expose fresh CdZnTe for HgCdTe nucleation. The substrate temperatures
were measured using a pyrometer. RHEED was used to monitor substrate prepara-
tion, growth of the crystal layers, and interface formation. The epitaxial growth
conditions were optimized to facilitate 2-D growth of HgCdTe on the substrate from
the onset of nucleation. Solid Te, Hg, and CdTe source materials were used in the
effusion cells, and the cell fluxes were adjusted by controlling the cell temperature
to achieve the target compositions and growth rates for the HgCdTe material. Be-
cause the effusion cells can take several minutes to achieve the target flux for any
given composition, continuous material growth can result in an undesired composi-
tion gradient in the sample structure as observed in Figure 7.2a. To obtain the abrupt
compositional and electrical interfaces required in the nBn structure, MBE growth
was stopped to allow the effusion cells to stabilize at the desired temperature before

resuming growth.
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7.3.2 In-situ Spectroscopic Ellipsometry

In-situ spectroscopic ellipsometry (SE) was used to monitor the Cd composition
and surface roughness of the HgCdTe layers. Figure 7.2a shows a calibration run
of a LWIR nBn structure exhibiting large composition gradients at the interfaces
due to the reaction time of the effusion cell flux. The SE Cd composition variation
corresponds to the LWIR absorber layer (~0.23), the barrier layer (~0.44), and the
cap layer (~0.32). The SE composition and surface roughness of an optimized LWIR
nBn detector is shown Figure 7.2b. Although an intentional compositional gradient
is introduced between the buffer and absorber, the Cd composition exhibits little to
no gradient at the nBn interfaces due to the calibrated growth technique.

Optical models were developed to fit the experimental SE data to determine pa-
rameters such as surface roughness and optical constants which are related to layer
composition. Overall, the samples showed low levels of surface roughness over the
entire run. Some optical oscillations were observed in the initial stages of the barrier
and collector growth in the samples which are attributed to the change in composition

dependent optical constants.

7.3.3 Optical and Structural FTIR Characterization

Ex-situ Fourier transform infrared spectroscopy (FTIR) transmission spectra mea-
surements were taken at room temperature following each growth run to characterize
the structural thickness and active layer composition and the interference fringes
observed in the transmission spectra above the cutoff wavelength (defined as the
value for which the absorption coefficient is 1000 cm™!) were fitted to determine the
HgCdTe layer thickness. Figure 7.3 shows the transmission spectra obtained for the
first-iteration MWIR and LWIR nBn structures. The Cd composition of the absorber
layer was back calculated from the cutoff wavelength using the expression by Hansen

et al. [35]. The FTIR measurements were used to optimize the cell temperatures in
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Figure 7.3: FTIR spectra measurements of first-iteration (a) MWIR (MCT2-043) and
(b) LWIR (MCT2-046) nBn structures.

FTIR Characterization Data for HgCdTe nBn

Sample Cutoff Wavenumber | Aco | FTIR (z4ps) | FTIR Thickness (pm)

MCT2-043 2171.5 5.64 0.2855 5.52
MCT2-046 1637.3 8.72 0.2367 14.36
MCT2-086 2357.6 5.02 0.3025 8.94

Table 7.1: Surface morphology data for first-iteration MWIR, (MCT2-043) and LWIR
(MCT2-046) and second-iteration MWIR (MCT2-086) HgCdTe nBn epi-
taxial structures.

subsequent growth iterations. Table 7.1 lists the optical and structural properties of

the nBn layer samples measured using FTIR spectroscopy.

7.3.4 Surface Morphology

Following growth, the HgCdTe nBn sample surfaces were examined closely for
defects. One of the major challenges of HgCdTe MBE growth is controlling the density
of lattice dislocations and macroscopic defects which can affect IR device performance.
The defect densities can be reduced and controlled by optimizing growth conditions.
Surface morphology characterization of the samples was performed using a Normaski
microscope. The Normarski microscope is an interference microscope which employs
a polarization differential technique to create a pseudo-3D image effect emphasizing

the details of a sample’s surface.
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L

Figure 7.4: Nomarski microscope image of first-iteration MWIR (MCT2-043)
HgCdTe nBn sample under (a) 50x (bright field) and (b) 200x (dark
field) magnifications.

Surface Morphology Data

Sample EPD (cm~2) | Defects >2 um (cm~2) | Microdefects <2 pm (cm™2)

MCT2-043 3.1x10% 1.66x102 2.6x103
MCT2-046 1.9x10% 8.13x102 7.52x102
MCT2-086 7.24x10% 5.06x 102 3.07x103

Table 7.2: Surface morphology data for first-iteration MWIR (MCT2-043) and LWIR
(MCT2-046) and second-iteration MWIR (MCT2-086) HgCdTe nBn epi-
taxial structures.

The nBn samples were examined at 50x and 200x magnifications as shown in
Figures 7.4 and 7.5. Surface defects were counted from microscope images taken over
various areas of the sample and averaged to determine the overall defect density. The
defects were categorized according to size. Micro-defects are defects smaller than 2
pm and are counted from 200x magnification dark field images. Defects larger than
2 pm are called micro-voids and are counted from 50x bright field images. EPD
measurements were also performed to examine dislocations in the samples. Typical
EPD values for HgCdTe layers grown on CdZnTe fall in the 10* cm™2 range. The

averaged defect densities are summarized in Table 7.2.
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Figure 7.5: Nomarski microscope image of first-iteration LWIR (MCT2-046) HgCdTe
nBn sample under (a) 50x (bright field) and (b) 200x (dark field) magni-

fications.
77 K Hall Measurements (ngps)

Sample Type | Carrier Concentration (cm™3) | Mobility (cm?/Vs)
MCT2-043 N 7.28x10 3.04x10%
MCT2-046 N 5.58x 10 8.49x10%
MCT2-086 N 3.33x1014 1.31x10%

Table 7.3: 77 K Hall measurements of first-iteration MWIR (MCT2-043) and LWIR
(MCT2-046) and second-iteration MWIR (MCT2-086) HgCdTe nBn ab-
sorber layers.

7.3.5 Electrical Properties

Hall measurements were performed on the absorber layer of the nBn layer sam-
ples using the standard Van-Der Pauw method. The cap and barrier layers of the
nBn samples were removed using a bromine/methanol etch to expose the underlying
absorber layer. Measurements of carrier concentrations and electron mobilities taken
at 77 K for first-iteration samples are listed in Table 7.3. The nBn absorber layer

concentrations are in the mid-10" cm

-3
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7.4 Experiment Methodology: Single Element nBn Devices

7.4.1 Device Fabrication

The MWIR and LWIR nBn device structures are loosely based on optimized ma-
terial and geometric parameters from the simulation study described in the previous
chapter [94]. The parameters of the first- and second-iteration nBn layers are listed
in Tables 7.4 and 7.5. Prior to processing, the samples were annealed under Hg over-
pressure at 202°C for 15.5 hours (MCT2-043, MCT2-046) and 203°C for 15 hours
(MCT2-086) to eliminate Hg vacancies present after growth. In addition to the in
situ SE measurements recorded during material growth, SIMS measurements were
used to verify the compositional profiles of the nBn structures. The SIMS measure-
ments were outsourced to Evans Analytical Group. The SIMS profiles for similar
first-iteration layer structures are shown with slightly modified vacancy anneal con-
ditions in Figure 7.6, and second-iteration layers structures are shown in Figure 7.7.
A wide bandgap CdTe/HgCdTe buffer layer is present between the substrate and the
absorber. The devices were also grown with a thin CdTe termination layer, later
removed during fabrication.

The device fabrication process is shown in Figure 7.8. Plasma etching was used
to access the absorber layer just past the barrier, and electrical contacts (100 nm In)
to the HgCdTe and pad metals (1st iteration: 20 nm/300 nm Ti/Au, 2nd iteration:
20 nm/400 nm Ti/Au) were fabricated using conventional metallization and lift-off
processes. ZnS was deposited by evaporation between the pad metal and HgCdTe
for surface passivation and electrical insulation. For practical purposes, the devices
were fabricated in planar-mesa and mesa configurations using the same photomask.
The configurations are differentiated by the proximity of the mesa delineation fea-
tures to the electrical contacts as shown in Figure 7.9. Electrical measurements were

performed by varying the voltage at the top contact terminal (n.,) relative to the
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MWIR (MCT2-043) and LWIR (MCT2-046) nBn Structural Parameters: 1st Iteration
Layer | Hg1—,Cd.Te Thickness In Concentration (Np)
x = 0.33 (M) | 0.16 pm (M) 7x10% cm ™3 (M)
teer x = 0.31 (L) 1.0 pym (L) 5x101% cm™3 (L)
B x = 0.64 (M) | 0.14 pm (M) 2x101% (M)
x =045 (L) | 0.15 pm (L) 7x10* cm~3 (L)
_— x =0.30 (M) | 2.75 pm (M) 151014 o3
x =023 (L) | 10.0 pm (L)

Table 7.4: Structural parameters for first-iteration MWIR (MCT2-043) and LWIR
(MCT2-046) HgCdTe nBn layers.

MWIR (MCT2-086) nBn Structural Parameters: 2nd Iteration
Layer | Hgy—,»CdzTe | Thickness In Concentration (Np)
Necap x = 0.4 1.03 pm 5%x10% cm—3
B x = 0.6 0.31 pum 2x1013 em~3
Nabs x = 0.29 5.08 pum 6x1013 cm—3

Table 7.5: Structural parameters for second-iteration MWIR (MCT2-086) HgCdTe
nBn layers.

absorber terminal (n4s). The dark current-voltage characteristics were measured us-

ing a Janis cryostat probe system cooled with LN,. The devices were packaged and

mounted in an LNy cooled dewar for all front-side illumination optical measurements.

7.4.2 Device Modeling of MBE Grown nBn Structures

Device simulations incorporating the measured nBn parameters were performed
using the physics-based 1-D numerical model described in Chapter III. The calculated
energy band diagrams for the first-iteration MWIR nBn layer structure (MCT2-043)
along the growth direction are shown in Figure 7.14 under equilibrium and reverse
bias conditions. Under low bias conditions near equilibrium, the barrier layer inhibits
current flow between the contact and absorber terminals. With increasing reverse
bias, the band diagram is inverted to provide a profile that resembles a conventional

p-n heterojunction. In the inverted configuration, the dark current is limited to
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Figure 7.6: SIMS Cd composition profile of first-iteration (a) MWIR (MCT2-043) and
(b) LWIR (MCT2-046) HgCdTe nBn layers after a vacancy annihilation
anneal at 175°C for 5 h 20 min.
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MWIR (MCT2-086) HgCdTe nBn layers after a vacancy annihilation an-
neal at 203°C for 15 h.

thermal generation in the absorber layer for the ideal case, while photocurrent may be
produced by the collection of photogenerated holes in the absorber. The dark current
is expected to saturate under increasing reverse bias (a defining characteristic of the
nBn device), barring any contributions from non-ideal effects such as tunneling. It is
noted that in the first-iteration MWIR nBn device, the depletion region extends far
into the absorber layer as a result of the high doping concentration in the barrier layer.
This design is not necessarily ideal, as SRH G-R processes can dominate at lower
temperatures, increasing the overall dark current. Figure 7.15 shows the calculated
band diagrams based on second-iteration MWIR nBn structural parameters (MCT2-

086) along the growth direction.
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Figure 7.8: Schematic illustration of nBn device fabrication process.
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Figure 7.9: Cross-sectional view of planar-mesa and mesa HgCdTe nBn device layer
structure and test set-up.
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Figure 7.10: First-iteration MWIR (MCT2-043) HgCdTe nBn devices under different
magnifications after mesa delineation by plasma etching. Mesa devices
etched 0.774 pm from contact to absorber layer.

Figure 7.11: First-iteration MWIR (MCT2-043) HgCdTe nBn devices under different
magnifications after 400 nm ZnS passivation.

Figure 7.12: First-iteration MWIR (MCT2-043) HgCdTe nBn devices under different
magnifications after 100 nm In contact evaporation.
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Figure 7.13: First-iteration MWIR (MCT2-043) HgCdTe nBn devices under different
magnifications after 20 nm Ti/300 nm Au pad metal deposition.

7.5 Results and Discussion

7.5.1 First-iteration Prototypes

The measured dark I-V characteristics of a first-iteration planar-mesa MWIR nBn
device for varying temperatures are shown in Figure 7.16. The unique dark current
‘turn-on’ feature predicted for the nBn device [94] is present in the experimental data
at reverse bias values in the range of -0.5 V to -1.0 V. As described in Chapter VI,
the ‘turn-on’ bias range indicates the proper bandedge alignment of the contact and
absorber regions, enabling the collection of minority carrier holes from the absorber
layer. At higher reverse biases, the saturation current slowly increases, eventually
resulting in breakdown. The breakdown behavior becomes more apparent at higher
operating temperatures where the saturation current is dominated by thermally gen-
erated carriers, and the decrease in the barrier layer bandgap reduces the suppression
of majority carrier current contributions. The turn-on voltage also appears to shift
to higher biases with increasing temperature as the bandedge energies of the material
layers change, affecting the bias required to minimize the valence band barrier.

Higher dark current is observed in the first-iteration planar-mesa LWIR device

due to increased thermal generation in narrow bandgap materials as shown in Figure
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Figure 7.14: Calculated band diagrams based on first-iteration MWIR (MCT2-043)
HgCdTe nBn structural parameters (a) at equilibrium and (b) under
reverse bias conditions.
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Figure 7.15: Calculated band diagrams based on second-iteration MWIR (MCT2-
086) HgCdTe nBn device structural parameters (a) at equilibrium and
(b) under reverse bias conditions. Barrier is undoped.
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Figure 7.16: Measured current-voltage characteristics of MCT2-043 planar-mesa
MWIR HgCdTe nBn device at varying temperatures.

7.20. At 77 K, a higher turn-on voltage range is observed in the MWIR device (-0.5

V to -1 V) compared to the LWIR device (-0.2 V to -0.6 V) due to the difference in

the barrier layer band-edge.

The measured and calculated dark current density Jy,,x values at -0.8 V bias for
the planar-mesa MWIR nBn device are shown in Figure 7.17 for a range of tem-
peratures. The simulated I-V curve accounts for the layer doping concentrations,
compositional profile, device geometry, and assumes an intrinsic trap level with SRH
lifetimes of 7,0 = 10 pus and 7,0 = 1 ps. The -0.8 V reverse bias value was selected
to ensure the Jy,. values correspond to the saturation region. Jy.., values for tem-
peratures above 180 K correspond to expected trends with the current rising due to
increased thermal generation. The saturation dark current density Jy,r at 180 K
at -0.8 V reverse bias is -0.54 A/cm?, which is comparable to the calculations for a

similar structure (-0.31 A/cm?). Above 180 K, the overall Jy,,) values are dominated
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by Auger generation. At temperatures above 250 K, the measured Jy,,; is lower
than the calculated values. This deviation may be caused by the possible existence
of unintentional barriers at the heterojunction interfaces. At 180 K and below, the
experimental Jy,,, saturates; this behavior is attributed to some form of perimeter
leakage current. Moreover, the Jy, for varying planar-mesa device areas exhibits
a strong dependence on the perimeter-over-area ratio as shown in the inset of Fig-
ure 7.17, suggesting that sidewall perimeter leakage is a limiting mechanism in these
devices [95-97].

The contribution of the perimeter leakage current increases with decreasing de-
vice size. If the surface leakage current is assumed to be proportional to the diode
perimeter P, the total device current Iy;,q. (A) can be expressed as [98]

Ldiode P

P :JA+ZJP (7.1)

where A is the cross-sectional area (cm?), J, is the leakage current density propor-
tional to the device area (A/cm?), and Jp is the perimeter leakage density per unit
length (A/cm). From this expression, it follows that the total device current depends
linearly on the perimeter-over-area ratio if corner and parasitic components can be
neglected. While the Jy,.. values of the planar-mesa device do not strictly exhibit a
linear dependence, a distinct proportional increase is nonetheless observed.

For a better understanding of the issue, measured I-V characteristics of several
mesa MWIR HgCdTe nBn devices with varying diode diameters shown in Figure 7.18
were also examined. Like the planar-mesa diodes, the Jg,.r of mesa devices exhibit
a strong dependence on the perimeter over area ratio as illustrated in Figure 7.18
(inset). The I-V characteristics of the mesa devices reveal an interesting behavior;
they are similar to those observed in the planar diode with the exception of a notable
inflection at the turn-on voltage in the otherwise monotonically increasing reverse

bias current. The turn-on bias range is very similar to the planar-mesa MWIR nBn
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Figure 7.17: Measured and calculated dark current density for MCT2-043 planar-
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V reverse bias as a function of the perimeter over area ratio. (Inset)
current-voltage characteristics for devices with varying diameters.

device, and the Jy,,+ values of planar-mesa and mesa detectors are roughly comparable

between 0 and -0.6 V as observed in Figure 7.19. Just beyond the turn-on voltage,
the saturation current density in the mesa device increases abruptly. This change in

Jaark appears to be bias dependent, suggesting the surface effects are influenced by

the barrier layer.

It is possible there are separate perimeter leakage effects dominating the dark
current at different bias regions. These mechanisms are 1) band bending at the side-
wall due to charge accumulation and 2) carrier generation via sidewall surface states.
The use of ZnS passivation typically results in fixed positive charges at the HgCdTe

interface [99-101], leading to accumulation at the n-type material surface. This effect
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Figure 7.19: Current-voltage characteristics for MCT2-043 planar-mesa and mesa
MWIR HgCdTe nBn devices with effective area 4.52x107% cm?.
may cause band bending which would reduce AFE, along the sidewalls, and provide a
conducting path for majority carriers as illustrated in Figure 6.8. Moreover, damage
caused by etching into the absorber for contact placement may create trap states
near the sidewalls, affecting G-R processes in the narrow bandgap material. Thus, at
voltages below the turn-on bias, perimeter leakage due to accumulation-induced band
bending (and reduced AE,) may dominate the current behavior. Beyond the turn-on
bias where AF, is minimized, minority carriers generated by intermediate states near
the surface of the exposed absorber then become the limiting factor. The second
mechanism would be most pronounced in the mesa structures where the absorber
contact is very close to the cap contact, further facilitating conduction along the de-
vice perimeter. The perimeter leakage issue may be addressed by improving sidewall
passivation quality and/or minimizing exposure of the absorber layer by reducing the

etch depth for contact placement or adopting a backside contact configuration.
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Under blackbody illumination, the planar-mesa MWIR nBn device exhibits a
greater optical response compared to the LWIR device. The [-V characteristics in
Figure 7.20 illustrate the photoresponse of both planar-mesa MWIR and LWIR nBn
devices under unfiltered 500°C blackbody illumination at 77 K. The results indicate
the MWIR device with lower Jy,,« is more sensitive to illumination, exhibiting a larger
contrast between light and dark I-V characteristics, while the LWIR nBn dark current
is dominated by significantly higher leakage current. It is noted that a slight increase
in dark current density is observed in these measurements due to additional leakage
currents associated with surface defects incurred during sample packaging. Relative
response measurements taken at varying reverse biases for the planar-mesa MWIR
nBn device are shown in Figure 7.21. The optical data suggest a bias-dependent
photoresponse, as expected from the I-V behavior. Beyond a reverse bias of -0.8 V,
the photoresponse saturates, indicating a change in the valence band barrier with
increasing bias. The measurements exhibit a consistent cutoff wavelength near 5.7
pm, corresponding to the band-edge of the Hgg 70Cdg 30 Te absorber layer. The cut-on
behavior near 3.2 pum is attributed to a component of test set-up. Due to the low
photoresponse, spectral response measurements were not obtained for the planar-
mesa LWIR nBn device. The estimated QE based on measured photocurrent under
blackbody illumination relative to the photon flux from the source integrated over
the nBn detector spectral response suggests values that would exceed 100%. These
estimations indicate carrier collection is not an issue, and the anomalous values are
attributed to the lateral collection within the device. Large lateral collection lengths
have been similarly reported for nBn devices based on III-V materials [88]. Accurate
experimental QE data will require well-passivated mesa delineated devices and is an
important consideration for the future development of these devices. A numerical
simulation was performed to calculate the internal QE of the MCT2-043 MWIR nBn

detector. An internal QE of approximately 66% at a wavelength of 5 pm is predicted
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Figure 7.21: Measured spectral response measurements at varying reverse biases for
MCT2-043 planar-mesa MWIR HgCdTe nBn device.

at a reverse bias of -0.8 V, verifying efficient collection of photogenerated carriers.

7.5.2 Second-iteration Prototypes

Several modifications were made to the MWIR nBn structure for a second-iteration
prototype. Table 7.5 lists the structural parameters of the MBE-grown MWIR
HgCdTe nBn device, with the main modifications being the doping concentrations in
each layer, namely the undoped barrier layer, the increased barrier thickness, and the
increased n.,, layer Cd composition. The I-V characteristic of a mesa MWIR nBn
device with active area 3.14x10~* cm? at 77 K is shown in Figure 7.22a. The dark
current turn-on feature is observed in the experimental data at a reverse bias value
around -0.2 V. This turn-on voltage is lower than that observed in the first-iteration

planar-mesa and mesa MWIR nBn devices at the same temperature and can be at-
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tributed to the reduction in AFE,. The saturation Jg,; is stable between -0.2 V and
-1.0 V and is the region of interest for device operation. The saturation Jy,.. at 77
K at -0.5 V reverse bias is -3.74x107% A/cm? compared to the calculated value of
-8.08x 1072A /cm? for a similar structure with an undoped barrier (Figure 7.15). The
measured Jy,,x value is about five orders of magnitude lower than values observed
in comparable first-iteration planar-mesa (Jyu4(-0.5 V) = -0.38 A/cm?) and mesa
devices (Jgarr(-0.5 V) = -0.81 A/em?). The 77 K wavelength-dependent relative re-
sponse measurement shown in Figure 7.22b exhibits a cutoff wavelength of 5.2 pm,
consistent with the band-edge of the Hgy7;Cdgo9Te absorber layer. Further opti-
mization of the nBn structural parameters and processing steps in future work are
expected to improve the overall Jy,,. and photoresponse of the device.

It is noted that the measured dark current densities of the nBn devices are several
orders of magnitude higher than those given by “Rule 07”7, a common metric for
comparing HgCdTe IR detector dark current [67]. As the inset of Figure 7.17 and
Figure 7.18 show, the HgCdTe nBn devices are clearly dominated by perimeter leakage
and non-ideal effects rather than intrinsic G-R mechanisms. Further study of devices
with improved surface passivation is warranted, and it may also be necessary to
identify any issues unique to the nBn structure including mechanisms such as trap
assisted tunneling through the barrier layer before accurate comparisons to Rule 07

can be made. These studies are reserved for future work.

7.6 Conclusion

In summary, the concept of the HgCdTe nBn detector was experimentally demon-
strated in this study. The results of fabricated single element MWIR and LWIR nBn
detectors show electrical and optical characteristics corresponding to the device be-
havior predicted in Chapter VI. The measured I-V data of the planar-mesa and mesa

HgCdTe nBn devices clearly illustrate barrier influenced behavior and follow tem-
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perature dependent trends, while optical measurements of the planar-mesa MWIR
HgCdTe nBn device at varying operating biases indicate a bias-dependent spectral
response. Furthermore, perimeter leakage current was identified as the limiting mech-
anism of the device and should be addressed by improving sidewall passivation and/or
modifying the device set-up in future work. Finally, strategic adjustments were made
to optimize the mesa MWIR HgCdTe nBn device structure, and the modified device
showed significant improvement in the Jy,,, values while still exhibiting similar rela-
tive response behavior. The HgCdTe nBn device provides a potential alternative to
conventional high-performance p-n heterojunction IR detectors, and this preliminary
demonstration motivates further investigation of these and related type-I structures

for future barrier-integrated IR detector applications.
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CHAPTER VIII

Design and Modeling of Auger-Suppressed

Unipolar HgCdTe NBrN Detectors

8.1 Background and Motivation

In this chapter, a bandgap engineered hybrid NBuvN architecture is proposed for
high temperature operation by combining and exploiting the advantages of both HOT
(Chapters IV and V) and nBn (Chapters VI and VII) detector structures. The NBvN
architecture is expected to achieve lower dark current than conventional p-n junction
photodiodes, nBn, and HOT devices. The simulated performance characteristics of
optimized MWIR and LWIR HgCdTe NBvN devices are studied and compared to
those of comparable HgCdTe nBn [94] and p-n junction DLPH detectors [92]. The
NBvN architecture is one example of an alternative high performance device design

based on the unipolar nBn structure.

8.2 Modeling the HgCdTe NBrvN Detector

Numerical simulations were performed using Sentaurus Device to examine the
behavior and performance values of the HgCdTe NBvN device. As with previous

theoretical studies, the methodology and validation used for the device model follow
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MWIR. (Aco = 5um) and LWIR (Ao = 12um) NBuvN Parameters

Layer Thickness Cd composition Doping Eirap SRH lifetimes | FjFs

Top (Nf') tN1+ =1 pm le* = Zaps + 0.1 Np = 5x10'% cm—3

Barrier (B) | tp = 50 nm rp = 0.45 Np = 7x10™ cm™3 Tno = 10 s
0.25E,

Absorber (V) | taps = 3 pm | xgps = varied for Ac | Np = 7x10™ cm™3 Tpo = 1 s

0.3

Bottom(N;) ty+ =1pum Tyt = Tabs + 0.1 Np = 5x1017 cm—3
2 2

Table 8.1: MWIR and LWIR HgCdTe NBvN device structural and geometric simu-
lation parameters.

that described in Chapter III. Table 8.1 lists the simulation parameters used for
modeling MWIR and LWIR NBvN, nBn, and DLPH structures.

8.2.1 HgCdTe NBvN Device Structure and Operation

The NBuN device comprises four layers including the 1) cap (N;"), 2) barrier (B),
3) absorber (v), and 4) bottom (N,) layers as illustrated in Figure 8.1. Like the
nBn detector, the conduction band offset AE, at the N;'-B interface prevents the
flow of majority carrier (electron) current from the N;™ cap region to the absorber.
At equilibrium, a large valence band barrier AF, exists at the B-v interface blocking
the flow of the minority carrier (hole) current in the direction of the N;' cap layer.
The calculated valence band offset at the B-v interface in equilibrium ranges between
~15% - 20% depending on the Cd composition and doping concentration of the
adjacent layers.

For ideal device operation, the minority carrier holes must be collected at the
N; contact; therefore, a top-negative (reverse) bias is required. Under bias, the
energy bands of the NBvN device become inverted, resulting in current flow that is
dominated by minority carrier holes. In this mode, the NBvN structure is effectively
a minority carrier conduction device. The applied bias aligns the band-edges of the
NBvN layers to reduce AE,, allowing for the flow and collection of thermally and

optically generated holes from the absorber layer to the N;* cap region. The desired
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Figure 8.1: Structural layer schematic and energy band diagram of the HgCdTe
NBvN photodetector under top-negative (reverse) bias and illumination
conditions.

band alignment of the N;", B, and v layers should somewhat resemble a p-n diode
under reverse bias.

An operating reverse bias value of 450 mV (negative voltage applied to the cap
region) was selected for consistency with the nBn optimization simulations [94] and
to ensure device operation in the post-‘turn-on’ threshold region, where the ‘turn-on’
voltage is defined as the bias at which AFE, is minimized. Similar to the nBn detector,
biases below 450 mV are generally sufficient for device operation as long as the dark
current density is determined to be at or above the turn-on threshold.

SRH generation processes in the depletion region within the lightly doped barrier
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Figure 8.2: Calculated energy band diagrams of the LWIR HgCdTe NBvN photode-
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layer are suppressed due to the large bandgap energy. It is noted that the low doping
concentrations in the barrier and the absorber results in the formation of a bias-
induced depletion region extending into the absorber layer as observed in the HgCdTe
nBn device [94]. While this design is non-ideal for mitigating SRH processes, carrier
generation at low temperatures via activated trap centers appear to be minimal as
observed by the low Jy,, values described later in this chapter.

Like the HOT structure, the NBvN device consists of an extraction and exclusion
junction formed at the interface of the N;" cap, barrier, and absorber layers and
the interface of the absorber and N, layers, respectively (Figure 1.17). Under bias,
the unipolar extraction junction effectively removes thermally generated minority
carriers from the absorber region. With increasing bias, the holes are extracted
from the absorber at a rate higher than which they can be replenished by holes in
the highly doped N, region through the exclusion junction. Consequently, the hole
concentration in the absorber drops significantly below the thermal equilibrium value.
To maintain charge neutrality in the absorber regions, the electron concentration is
also reduced below equilibrium, as shown in Figure 8.3. In this way, thermal Auger G-
R processes are suppressed by decreasing the overall intrinsic carrier concentration in
the active layer. This mechanism is similar to what is observed in the HOT detector.

The structural parameters listed in Table 8.1 for the NBvN device are based on
optimized values obtained for the HOT and nBn detectors in Chapters IV and VI.
The calculated energy band diagrams of the proposed LWIR HgCdTe NBvN device

are illustrated in 8.2.
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8.3 Results and Discussion

8.3.1 Jy.+ Characteristics

Representative I-V characteristics of a LWIR NBrN device are shown in Figure 8.4
for several temperatures ranging from 80 to 145 K. Distinctive current saturation
behavior is observed in the I-V curves at all temperatures, and is attributed to the
barrier in the valence band at the extraction junction. The turn-on feature is observed
as an inflection in the I-V characteristic for biases near 200 mV. This feature indicates
the proper alignment of the N;" cap, barrier, and absorber region band-edges, allowing
unrestricted flow of hole current arising from the minority carrier generation in the
absorber layer. The ideal region of device operation is any reverse bias larger than
the turn-on threshold value where the current density is not dominated by significant
breakdown effects. A slope is observed in the post-threshold Jy,.. with increasing
bias. This behavior is believed to be attributed to the bias-dependent band bending
in the lightly-doped absorber region of the NBvN device. At higher temperatures
(125 K and 145 K in Figure 8.4), NDR behavior is observed in the LWIR device.
The NDR is caused by the Auger suppression mechanism which becomes especially
pronounced at high temperatures where Auger generation processes typically increase
in the narrow bandgap material of the active layer.

The calculated post-threshold Jg,x of the MWIR and LWIR NBvN, nBn, and
DLPH devices as a function of temperature for specified biases are shown in Fig-
ures 8.5. The cutoff wavelengths indicated in the plots were obtained by adjusting
the Cd fraction of the absorber in the respective devices for each temperature. The
post-threshold Jy,,+ is determined as the current density value at a reverse bias of
450 mV for both NBvN and nBn devices, and 300 mV for the DLPH detector. The
NBvN device exhibits Jy,,, values between one to two orders of magnitude lower than

those observed in the nBn and DLPH devices for temperatures shown in Figures 8.5a
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and 8.5b for the MWIR and LWIR spectral regions, respectively. The significant
decrease in the NBvN dark current density for both MWIR and LWIR structures is
the result of the effective Auger-suppression mechanism. At higher temperatures, the
NBvN Jguri values begin to converge to the nBn and DLPH values. The decreased
dark current density improvement observed in the NBvN device is believed to be due
to the large number of majority carriers (electrons) surmounting the conduction band

barrier with increasing temperature.

8.3.2 Spectral Response

Figure 8.6 shows representative quantum efficiency and responsivity values for
LWIR NBvN, nBn, and DLPH devices at 80 K under 450 mV reverse bias as a
function of incident wavelength. All of the devices exhibit QE values in the mid-60%
under the given ideal conditions. As one might expect, the NBvN device exhibits
a smaller tail due to the reduced absorption caused by the short absorber width (3
pum) compared to those of the nBn and DLPH devices (10 pm). However, the NBvN
device exhibits a slightly larger peak responsivity than comparable nBn and DLPH

devices, leading to higher peak D* values.

8.3.3 Peak D*

Figures 8.7a and 8.7b illustrate higher peak D* values achieved by the NBuvN de-
vice for the range of temperatures (MWIR: 95 - 225 K, LWIR: 50 - 95 K) examined.
Unrealistic quantum efficiency values greater than 100% were obtained for temper-
atures above 225 K (MWIR) and 95 K (LWIR). Similar values were observed for
the MWIR and LWIR nBn devices. This behavior may be attributed to non-ideal
changes in the simulated potential barriers due to photogenerated carriers. D* values
for this range of temperatures were ignored for the time being until experimental

data is available to further analyze the validity of this type of behavior. Overall, the
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suppressed Auger and SRH G-R mechanisms result in high predicted performance

values for the NBvN structure.

8.4 Conclusion

This study highlights the potential benefits of the hybrid HgCdTe NBvN structure
which combines the distinct advantages of the HOT and nBn designs. Compared to
MWIR and LWIR HgCdTe nBn and DLPH devices, the calculated Jg..r and peak
D* values of the NBvN device are significantly improved due to the effective Auger-
suppression mechanism. This preliminary investigation suggests that the proposed
unipolar NBvN architecture is a potentially viable solution to achieve reduced cooling
requirements for high performance IR detection using a simple design. Experimen-
tal implementation in future work is needed to validate the predicted behavior and

performance characteristics of the NBrvN detector.
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CHAPTER IX

Conclusions and Future Work

This collective study examined three bandgap-engineered HgCdTe detector archi-
tectures for reduced cooling requirements: 1) the Auger-suppressed non-equilibrium
HOT device (Chapters IV and V), 2) the unipolar nBn device (Chapters VI and VII),
and 3) the hybrid NBvN device combining the benefits and designs of both HOT and
nBn structures (Chapter VIII). As discussed in Chapter I, the performance of state-
of-the-art p-n junction technology is primarily limited by two major issues: intrinsic
thermal Auger generation mechanisms and processing challenges around achieving
well-controlled, stable p-type doping in MBE grown HgCdTe material. The designs
proposed in this study aim to address these limitations by using alternative meth-
ods to achieve high-performance IR detection that is comparable to or better than
HgCdTe p-n junction photodiodes, with the ultimate goal of integrating the devices
for FPA applications. Theoretical and experimental investigations were performed
over the course of this work to facilitate a better understanding of the complex rela-
tionship between HgCdTe material properties, detector designs, physical mechanisms,
and performance characteristics.

The conceptualized architectures were simulated using a discretized numerical de-
vice model based on the Synopsys TCAD tool, Sentaurus Device, detailed in Chap-

ter III. The model incorporates HgCdTe material parameters described in Chapter I1
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and self-consistently solves the Poisson equation and electron and hole continuity
equations. The device model was validated by comparing calculated results of the
DLPH structure to those of previously published experimental data. Numerical sim-
ulations based on this model were used to optimize the proposed detector designs by
varying structural parameters such as the Cd composition, doping concentration, and
layer thickness and analyzing the calculated Jyu1x, D*, QE, and R values.

Chapter IV examined the predicted performance characteristics of optimized MWIR
and LWIR HOT devices compared to conventional DLPH devices. Overall, Jg,,1 val-
ues of the MWIR and LWIR HOT devices were calculated to be between one and
two orders of magnitude lower than those observed in comparable DLPH structures
for the same range of operating temperatures. At higher temperatures, the LWIR
HOT device exhibited clear NDR behavior in its I-V characteristics due to the bias-
dependent Auger-suppression mechanism. Despite having a shorter absorber width,
the responsivity of the HOT device was found to be similar to that of the DLPH
structure. More notably, the calculated D* values of both HOT and DLPH devices
for varying cutoff wavelengths between 5 pm and 12 pm with a 20° FOV and 300 K
background scene temperature showed that the calculated BLIP temperatures of the
HOT structure are consistently higher over the range of cutoff wavelengths. This is
due to the Auger suppression mechanism reducing the Jy,,, values. A large difference
of ATpgprp ranging from 43 K - 50 K was achieved over this range of wavelengths, in-
dicating a significant predicted improvement in cooling requirements for the proposed
HOT device.

As described in Chapter V, arsenic diffusion for p-type doping was studied in
MWIR and LWIR MBE grown HgCdTe HOT devices in conjunction with the the-
oretical work,. These experiments were motivated by the importance of controlling
the doping concentration profile within the absorber region of a P*/7/N* HOT

structure with a preference for a p-type absorber due to the longer Auger 7 minority
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carrier lifetimes and reduced generation rates. However, achieving controllable n
situ p-type doping by MBE remains a challenge. To address the issue, a method
based on earlier work by Wijewarnasuriya et al. [25] was used, combining shallow
As implantation with a deep diffusion anneal to achieve a P* /7 step structure. The
experimental data showed that this technique achieved controllable deep diffusion
of low As concentration in the absorber layer, resulting in a Pt /7 step structure.
Data trends show low As concentrations in the absorber were obtained for samples
using low Hg partial pressure and long anneal times. Furthermore, this study found
that annealing at low P(Hg) increased the effects of deep diffusion more significantly
than annealing at high P(Hg) for a longer period. Low As diffusion coefficients were
also observed compared to data from past studies where samples were annealed at
higher substrate temperatures; the difference in the MWIR and LWIR sample values
was attributed to the variation in Hg vacancy concentration associated with HgCdTe
alloys with higher Cd fractions. The data obtained in this study are significant in
illustrating the effects of annealing conditions on deep diffusion characteristics and
provide additional experimental insight on achieving HOT structure via implantation
and diffusion techniques.

Another solution to address the in situ p-type doping issue was proposed in the
theoretical investigation of the type-I, barrier-integrated, unipolar HgCdTe nBn de-
vice discussed in Chapter VI. The nBn structure, originally demonstrated in I1I-V
semiconductors, is a promising alternative for replacing or supplementing DLPH tech-
nology. By eliminating requirements for p-type material, thus avoiding lower material
quality due to implantation-induced defects, and removing high temperature anneal-
ing steps, the simplified HgCdTe nBn device offers a significant advantage over con-
ventional p-n junction photodiodes from both practical and performance standpoints.
Unlike type-II I1I-V semiconductors which can be tailored to achieve a near-zero va-

lence band offset at the barrier interface, the type-I nature of HgCdTe results in a
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non-zero valence band barrier that creates a performance trade-off. Careful opti-
mization of the device layers using modeling shows that the barrier Cd composition
is the most critical aspect of the design, affecting both the overall Jy,,. and carrier
collection. Unique I-V characteristics were observed corresponding to valence band-
edge alignment behavior with Jy,x ‘turn-on’ biases depending on the value of the
valence band offset. These simulations also showed that the nBn device requires a
slight operating bias at or above the turn-on bias threshold. The initial theoretical
work suggested that despite certain trade-offs, the HgCdTe nBn device is potentially
capable of achieving near equivalent performance to the DLPH device in both MWIR
and LWIR spectral ranges. The calculated performance values of the nBn detector
exhibited similar responsivity, low Jyq,%, and high D* values compared to those of the
corresponding DLPH device.

The promising results of the theoretical work on the HgCdTe nBn device moti-
vated the experimental investigation detailed in Chapter VII. MBE grown MWIR
and LWIR HgCdTe nBn devices were fabricated in planar-mesa and mesa config-
urations. Temperature-dependent [-V measurements and optical response testing
showed bias-dependent characteristics consistent with band-edge alignment behav-
ior predicted theoretically. First-generation nBn devices exhibited I-V characteristics
with measured Jg, ‘turn-on’ bias regions of -0.5 to -1.0 V and -0.2 to -0.6 V for
MWIR and LWIR devices, respectively. The measured Jy,,, values at low temper-
atures were considerably higher than those calculated using the device model, but
this discrepancy was attributed to perimeter leakage current caused by damage in-
curred during absorber layer etching and poor surface passivation. MWIR and LWIR
planar-mesa devices showed lower Jy,,., values compared to mesa devices, and a clear
correlation of Jy,. to perimeter-over-area ratio was observed in all device sets, con-
firming sidewall leakage contribution. Structural modifications such as reducing the

doping concentration and increasing the thickness of the barrier layer were made to
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second-iteration nBn structures, and the Jg,,; of a resulting MWIR nBn mesa device
was approximately five orders of magnitude lower than that observed in correspond-
ing first-iteration planar-mesa and mesa devices. Relative response measurements for
first- and second-iteration MWIR devices exhibited cutoff wavelengths near 5.7 yum
and 5.2 um, respectively. These results comprise the first-reported demonstration
and subsequent progress and development of HgCdTe nBn devices.

Chapter VIII proposed a hybrid NBuvN device for high temperature operation,
which builds on the unipolar device concept. Preliminary modeling showed the NBvN
device, combining the structures and performance benefits of the Auger-suppressed
HOT and unipolar nBn devices, achieved considerably lower Jg,.. and higher D*
values than those predicted for corresponding DLPH and nBn devices for similar
temperatures between 95 - 225 K for the MWIR spectral band and 50 - 95 K for the
LWIR spectral band. Moreover, the calculated NBuvN device characteristics generally
followed those of the nBn and HOT devices, exhibiting J;,,+ ‘turn-on’ behavior, and
NDR attributed to the Auger-suppression mechanism at higher temperatures in the
LWIR NBvN device. This final investigation underlines the potential benefits of the
hybrid, unipolar NBvN structure. With the realization and further progress of the
MBE grown HgCdTe nBn device, a basis component, the development of a functional
high performance, high temperature HgCdTe NBvN IR detector is well within reach.

Maturing the concepts of barrier-integrated unipolar devices, however, will require
further work on the proposed alternative devices. In the short term, addressing the
performance limiting perimeter leakage current in the nBn detector is imperative.
This can be done by either improving passivation techniques using CdTe layers instead
of ZnS and controlling the etch depth into the absorber for contact placement or
modifying the contact configuration to eliminate absorber etching altogether. It may
also be beneficial to focus on minimizing the valence band barrier offset AE,, through

the use of graded Cd composition and doping profiles to mitigate the challenges
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posed by the type-I nature of HgCdTe. The device model should also be improved to
include non-idealities such as non-uniform Cd composition and doping concentration
profiles, carrier tunneling through the barrier, top surface and sidewall defects, trap
states, and surface charges to provide a better understanding of realistic nBn device
behavior. In the long term, the NBuvN detector can be fabricated using the improved
nBn structure for the extraction junction. Successfully demonstrating the NBvN
detector would open doors for pursuing more complex barrier-integrated architectures
such as NBvBN or PBvBN configurations for enhanced Auger-suppression and higher
temperature operation.

Major research efforts on HgCdTe IR detectors continue to focus on increasing
the device operating temperature and format array sizes for high-end FPA applica-
tions. While competing technologies based on III-V semiconductors have emerged,
HgCdTe continues to remain the front-runner for high performance detector appli-
cations. Future detector architectures must address the needs of advancing technol-
ogy requirements by accommodating and exploiting the unique characteristics of the
HgCdTe material. This extended study on alternative HgCdTe detectors for reduced
cooling requirements is intended to provide the theoretical basis and experimental
prototypes for the HOT, nBn, and NBrN detectors designed for next-generation IR

sensing applications.
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