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ABSTRACT

This work demonstrates novel nBn photodetectors including mid-wave infrared
(MWIR) nBn photodetectors based on InAs/InAsSb type-II superlattices (T2SLs) with
charge as the output signal, and visible nBn photodetectors based on CdTe with current
output. Furthermore, visible/MWIR two-color photodetectors (2CPDs) are fabricated
through monolithic integration of the CdTe nBn photodetector and an InSb photodiode.

The MWIR nBn photodetectors have a potential well for holes present in the
barrier layer. At low voltages of < —0.2 V, which ensure low dark current <10° A/cm? at
77 K, photogenerated holes are collected in this well with a storage lifetime of 40 s. This
charge collection process is an in-device signal integration process that reduces the
random noise significantly. Since the stored holes can be readout laterally as in
charge-coupled devices, it is therefore possible to make charge-output nBn with much
lower noise than conventional current-output nBn photodetectors.

The visible nBn photodetectors have a CdTe absorber layer and a ZnTe barrier
layer with an aligned valence band edge. By using a novel ITO/undoped-CdTe top
contact design, it has achieved a high specific detectivity of 3x10% cm-HzY?/W at room
temperature. Particularly, this CdTe nBn photodetector grown on InSb substrates enables
the monolithic integration of CdTe and InSb photodetectors, and provides a platform to
study in-depth device physics of nBn photodetectors at room temperature.

Furthermore, the visible/MWIR 2CPD has been developed by the monolithic
integration of the CdTe nBn and an InSb photodiode through an n-CdTe/p-InSb tunnel
junction. At 77 K, the photoresponse of the 2CPD can be switched between a 1-5.5 um
MWIR band and a 350-780 nm visible band by illuminating the device with an external



light source or not, and applying with proper voltages. Under optimum conditions, the
2CPD has achieved a MWIR peak responsivity of 0.75 A/W with a band rejection ratio
(BRR) of 52 dB, and a visible peak responsivity of 0.3 A/W with a BRR of 18 dB. This
2CPD has enabled future compact image sensors with high fill-factor and responsivity

switchable between visible and MWIR colors.
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I INTRODUCTION
1.1 Infrared Photodetection
Infrared photodetection has broad applications in night vision, remote sensing,
chemical detection, medical imaging, industry monitoring, earth resource survey, and
astronomy. Infrared radiation is defined as light radiation with wavelength from 780 nm
red light, to 1 mm microwaves. The division of infrared radiation wavelength ranges is
shown below in Table 1, and is based on the limits of spectral bands of commonly used

IR detectors [1].

Table 1 Division of infrared radiation [1].

Region(abbreviation) Wavelength Range Commercial Detection
(um) Materials
Near infrared (NIR) 0.78-1 Si
Short wavelength IR (SWIR) 1-3 PbS, InGaAs
Mid wavelength IR (MWIR) 3-6 InSb, PbSe, PtSi, HgCdTe
Long wavelength IR (LWIR) 6-15 HgCdTe
Very long wavelength IR (VLWIR) 15-30
Far infrared (FIR) 30-100
Submillimeter (SubMM) 100-1000

All objects emit infrared radiations due to the vibration of the constituent atoms.
The higher the temperature is, the stronger the atom vibrations are, and therefore the
higher the average photon energy emitted from the object. In theory for a blackbody, the

1



distribution of the power density (or photon number flux) per wavelength and per unit

area is given by the Planck’s law as shown in Equation (1) and (2).

W(A,T)= 27he” exp(ﬁj—l i Wem? pum? 1)
RPE KT ! "

27C hc N
P(A,T) = T’Z{exp[mj—l} , photons s cm™? um* 2)

where 1 is the wavelength, T is the temperature, h is Planck’s constant, ¢ is the velocity of
light and k is Boltzmann’s constant.

For remote sensing, two important spectral windows of MWIR (3-5 um) and
LWIR (8-14 um), are most widely used due to the absorption of gas molecules in the
atmosphere. Figure 1 is a plot of the transmission through 6000 ft of air as a function of

wavelength [1].
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Figure 1 Transmission of IR photons through the atmosphere over a 6000 ft horizontal

path at sea level containing 17 mm of precipitate water [1].
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For an object at room temperature of 27 °C, the maximum power appears at the
wavelength of 9.66 um, and the maximum photon flux appears at 12.23 um. Therefore,
we need to use LWIR photodetectors with a cut-off wavelength longer than 13 pm to
image room temperature objects such as humans, animals and plants without the aid of
reflected light. Whereas MWIR photodetectors with a cut-off wavelength of 5.5 pum
detect hot objects, with a temperature higher than 250 °C, such as engines and fires. The
advantages of MWIR photodetectors and focal plane arrays (FPAs) over LWIR detectors
include higher contrast, higher transmissivity in high humidity, higher working
temperature (~200 K), and higher resolution due to smaller optical diffract [1]. By
contrast, LWIR photodetectors and FPAs have better performance in fog, dust, winter
haze conditions, higher immunity to atmospheric turbulence and reduced sensitivity to
solar glints and fire flares [1].

Two kinds of infrared photodetectors are most widely used, semiconductor
photodetectors and thermal detectors [1]. Semiconductor photodetectors usually have an
absorber with direct band gap, so that light can efficiently excite an electron from the
valence band to the conduction band and generate a free electron-hole pair. The
photogenerated carriers are then collected by metal contacts under voltage biases. By
contrast, in a thermal detector, the incident radiation is absorbed to change the
temperature, and the temperature-induced change of physical properties, such as
resistance generates an electrical output [1]. The semiconductor photodetectors usually
have higher sensitivity and higher speed, and the author’s study focuses on the

semiconductor photodetectors.



It requires narrow-gap semiconductors with bandgap energies of smaller than 250
meV, such as HgCdTe, InGaAs, PbS and InSb to detect LWIR and MWIR light. Due to
the narrow band gap, the intrinsic thermal G-R process in the materials can induce high
dark current and noise, which can be generally suppressed by cooling down the
photodetector. For MWIR photodetectors, a temperature of ~200 K wusing a
thermoelectronic (TE) cooler ensures sufficiently low dark current, while for a LWIR
photodetector, it is usually necessary to use liquid nitrogen to cool down the device to
cryogenic temperatures near 77 K.

BLIP (background limited infrared photodetection) temperature is defined as a
critical temperature at which the photodetector has a dark current equal to the
photocurrent induced by the background radiation, given a field of view (FOV), and a
background temperature [2]. As the temperature decreases, the dark current decreases,
and at a certain threshold temperature point the noise of the dark current is equal to the
noise induced by usually a 300 K surrounding environment with a 2z FOV. Below this
threshold temperature, the dominate noise is caused by the 300 K environment radiation
rather than the dark current, and cooling down the device temperature does not reduce the
noise level in the device any more. This threshold temperature is called the BLIP
temperature for 2z FOV and 300 K. Higher BLIP temperature is preferable because it
means simpler and cheaper cryogenic system with lower power-consumption.

In order to achieve higher BLIP temperature for IR photodetectors while
maintaining a high detectivity, the key is to suppress the dark current while keeping the
quantum efficiency high. Generally, higher-quality material with long carrier lifetime is
preferable because it ensures lower thermal generation dark current and a higher

4



possibility for the carriers to be collected before they recombine, or namely, higher
quantum efficiency. Besides, other important material parameters such as absorption
coefficient and carrier mobility are preferred to be high to ensure a high quantum
efficiency. For instance, HgCdTe is the most well-studied and broadly-used infrared
material with very long carrier lifetime of up to 10 ps, high absorption coefficient of ~
5000 cm, and high carrier mobility of 440 cm?Vv-1st [3][4].

Commercial infrared HgCdTe photodetectors include photoconductors (PC),
photodiodes (PV), and avalanche photodiodes (APDs) [17]. Commercial infrared image
sensors are comprised of 2D arrays of HgCdTe photodetectors connected with indium
bumps to a Si read-out integrated circuits (ROIC) chip as a hybrid structure, which is
often called a sensor chip assembly (SCA) as in Figure 2. These hybrid-packaged FPAs
leverage the highly mature silicon IC fabrication technology, and have the advantage of
near 100% fill factors [18]. High-resolution 2048x2048 MWIR and LWIR image sensors

are commercially available.
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Figure 2 Hybrid IR FPA with independently optimized signal detection and readout: (a)

indium bump technique; (b) loophole technique [18].

As a potential alternative to the commercial HgCdTe material, antimonide based
T2SLs have attracted a lot of research interest. Antimonide based T2SLs are periodic
thin-film structures consisting of two compound semiconductors with a type-11 band gap
alignment (Figure 3) and a 6.1 A lattice constant, including GaSb, InAs, InSh and AlSb
as in Figure 4. Due to the type-Il band gap alignment, it is possible for the T2SL to
achieve a narrower band gap than that of the constituent bulk I11-V compound
semiconductors. The band gap engineering of the T2SL is more flexible than for the
HgCdTe because the band gap of the T2SL can be controlled by not only the alloy

composition, but also the period thickness with a resolution down to one monolayer using
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molecular beam epitaxy (MBE). Furthermore, the T2SL material has relatively lower
manufacturing cost, better uniformity [5], suppressed Auger recombination and in theory,
lower tunneling currents [6][7][8]. However, the most well studied LWIR
InAs/(In)GaSb T2SLs have not yet reached the predicted high device performance [7].
One of the limiting factors is the low minority carrier lifetime of ~ 30 ns at 77 K [9][10].
Recently, it was reported that minority carrier lifetimes in LWIR InAs/InAsSb T2SLs are
longer than 412 ns at 77 K [11], and in MWIR InAs/InAsSb T2SLs the lifetimes are up to
12.8 ps at 12 K[12]. These long carrier lifetimes are attributed to the suppression of SRH
recombination rate due to the removal of Ga atoms [11]. Apart from long carrier lifetime,
high absorption coefficient of 3500 cm™ [13] and reasonable hole mobility of 60
cm?V-1st [14] are measured in MWIR InAs/InAsSb T2SLs with a 10 nm period. These
high-quality materials suggest the potential to achieve an IR photodetector with high

device performance.

InAsSb

InAs e

hh

Figure 3 Band edge profile and mini-bands of InAs/InAsSb type-I11 superlattcies (T2SL)
[15]. Due to the type-Il band alignment, it is possible for the T2SL to achieve a narrower

band gap than that of the constituent bulk 111-V compound semiconductors.
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1.2 Visible Photodetection

The technology of visible photodetection is widely used in daily life, such as
video imaging, optical communications, biomedical imaging, security monitoring, and
motion detection [19]. Solid-state visible light photodetectors use semiconductors with
much larger band gap (> 1 eV) than infrared semiconductors, and have the advantage of
room-temperature operability. The most commonly used semiconductors for visible light
photodetection include Si, GaAs, Ge, InGaAs, and AlGaAs. The most popular material Si
has the advantages of low-cost, compatibility to the large-scale CMOS production and

integration technologies. Whereas another popular yet more expensive material GaAs has



better optical properties due to its direct band gap and high speed due to its large electron

mobility.
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Figure 5 FPA structure of CCD and CMOS image sensors and their signal reading out

methods [20].

The applications of visible photodetection have two realms, image sensing and
optical communication. Leveraging the very large-scale integrated circuit (VLSIC)
technologies, high-resolution silicon-based image sensors with large-scale photodetectors
in a FPA have become highly mature, including CMOS and CCD image sensors as seen
in Figure 5. In each pixel of the CMOS FPA, there are several functional transistors
besides the photodiode, such as source-follower, selection, reset, transfer transistors [21].
As a result, CMOS have a lower fill-factor and higher fixed pattern noise than CCDs.
This is because in a CCD, every pixel is nearly 100% filled with a photoactive

metal-insulator-semiconductor structure. However, in the last decades, due to noise



suppression techniques, such as floating diffusion gate and correlated double sampling
(CDS) circuits, CMOS image sensors have become increasingly competitive with CCD
image sensors [21]. Even though CMOS still possesses higher noise than CCD, it has
many dominant advantages over CCD, including lower cost due to its compatibility with
the standard CMOS processing technology, lower power consumption, higher speed and
random access [22]. Table 2 is a summary of the main advantages of CMOS and CCD

image sensors [22].

Table 2 Comprehensive comparisons of the advantages CCD and CMOS image sensors

Compatibility
Power | Pixel Dark Fill Ransom
Noise to CMOS Cost
Usage Size | Current | Factor Access
Fabrication
CCD Low | High | Small Low High No High No
CMOS | High Low | Large High Low Yes Low Yes

In the optical communication realm, non-imaging photodetectors or
photoreceivers are widely used in analog RF and optical fiber communications. Strictly
speaking, photodetectors for optical communication have photoresponse in the NIR
wavelength range, such as 850 nm, 1310 nm and 1550 nm. However, such NIR
photodetectors have similar bandgaps and properties to visible photodetectors, for
instance bandgap greater than 1 eV and room temperature operation. Therefore, NIR

photodetectors for optical communication are discussed in this chapter. High-speed
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photodetectors with cutoffs up to tens of GHz are commercially available using materials
with high mobility, such as GaAs, InGaAs and InP. To further increase the speed of the
current optical communications techniques, silicon photonics on a chip have developed
rapidly in the past decade due to its compatibility with mature silicon fabrication
technologies. Novel Si or Si/Ge based optoelectronic devices are integrated onto silicon
substrates, such as light emitting devices, modulators, photodetectors, and waveguides.
Optical communication using these on-chip devices has the advantages of ultra-high
speed and ultra-low power consumption, and the potential to achieve large-scale
integration. In 2008, Yimin Kang et al. from Intel Corporation reported monolithic Ge/Si
avalanche photodiodes with 340 GHz gain-bandwidth [23]. This is a significant progress
that proves the gain-bandwidth product of a silicon avalanche photodiode can be higher
than the mature, commercially available 111-V compound avalanche photodetectors,
especially InP photodetectors [23]. This work paves the way for the future development
of low-cost, CMOS-based Ge/Si avalanche photodetectors operating at data rates of 40

Gb/s or higher [23].

1.3 nBn Photodetectors

An ideal photodetector possesses high quantum efficiency, low dark current, low
noise, high dynamic range, large internal gain and high speed. Typical photodetector
structures include photoconductors, pn or pin photodiodes, avalanche photodiodes,
phototransistors and so on. For infrared photodetectors, suppressing the dark current is a
major concern because of the narrow band gap of the absorber material. An infrared
photoconductor can have high drift dark current due to the unintentional doping
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concentration that is common for narrow-gap material. To suppress the drift current, a
PIN structure is commonly used for infrared photodetectors because the depletion region
has very low carrier concentration. However, due to the narrow band gap, infrared PIN
photodetectors may suffer from the G-R dark current and band-to-band tunneling current
in the depletion region under high voltage bias.

To further suppress the dark current, recently, a novel device structure—nBn, was
proposed [24][25] as shown in Figure 6 [25]. It can be considered as an n-type
photoconductor with a heterostructure barrier layer that has a conduction band barrier to
block the electrons, while a valance band edge aligned to the absorber layer to let the
holes pass freely. By doping the barrier layer lightly as n-type, it is possible to confine the
voltage-induced depletion region of this device in the large-gap barrier layer and exclude
it from the narrow-gap absorber layer [26]. As a result, not only the G-R dark current
[26], but also the band-to-band tunneling current of the absorber layer can be greatly
suppressed. In addition, for commonly used infrared materials such as InSh and InAsSb,
there is a surface electron conduction-channel in the conduction band due to surface
Fermi level pinning [27]. The barrier layer in the nBn structure can cut off the electron
conduction channel on the surface [25] and suppress the surface leakage current

significantly.
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Figure 6 The band edge diagram of a typical nBn device replotted from Reference [25]

Infrared nBn photodetectors have been demonstrated using various material
systems, such as InAsSh/AIAsSb [26][28], HgxCdixTe/HgyCdiyTe [29], (InAs/GaSb
superlattice) / (InAs/AlSb superlattice) [30], and (InAs/InAsSb superlattice) / (InAs/AISb
superlattice) [31][32], where the left of the slash is the absorber material and the right of
the slash is the barrier material. Comprehensive comparisons between typical nBn
photodetectors and PIN photodetectors are listed in Table 3. Except diffusion dark
current, major dark currents are suppressed in the nBn photodetector, such as G-R dark
current, band-to-band tunneling current, and surface leakage current. Furthermore, due to
the introduction of heterostructure layers, it is possible to realize two-color or even
triple-color photodetection using the nBn structure. In addition, the bandwidth of the nBn
photodetectors is close to that of PIN photodtectors because the response speed in both of

these device structures is limited by the carrier lifetime.
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Table 3 Comprehensive comparisons between nBn photodetectors and PIN

photodetectors
nBn photodetectors PIN photodetectors
Diffusion Current Same Same
(Quasi-neutral Region)
G-R Current i
(Depletion Region) Lower Higher
Band-to-band .
Tunneling Current Lower Higher
Surface Leakage Current Lower Higher
Possible Detection Colors Two One
Response Time Same Same

1.4 Monolithically Integrated Multicolor Photodetectors

Multicolor photodetectors (MCPDs) and focal plane arrays (FPA) are desirable for
a variety of applications in defense, imaging, environmental monitoring,
communications, and spectroscopy [33][34][35]. Typical monolithically-integrated
MCPDs consist of multiple lattice-matched sub-detectors connected in series through
tunnel junctions so that each sub-detector absorbs a specific band of the light, while
allowing light with wavelength longer than its cutoff to pass to lower sub-detectors. The
monolithic integration ensures a near 100% fill factor for the FPA and compatibility with
single-color read-out circuit technologies. Compared to the conventional multicolor
photodetection techniques that contain RGB color filter arrays or light splitting prisms,
the major advantages of monolithically integrated MCPD include the highest possible fill

factor, and absence of crude optical components. Traditional monolithically-integrated
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two-color photodetectors (2CPDs) are comprised of either two back-to-back PN junctions
[36][37], or nBn photodetectors with two absorber layers [38]. The output photocurrent
of these 2CPDs is dominantly contributed by different junctions or absorber layers by
using different voltage polarities, which is referred to as electrical addressing
[36][37][38]. However, electrical addressing is challenging for monolithically-integrated
MCPDs with more than two colors. Optical addressing is an alternative way to switch the
colors of monolithically-integrated MCPDs by using external optical bias(es) to saturate
the unwanted sub-detectors, thereby leaving the desired sub-detector as the only one
active [39][40].

The general designing rules for the monolithic multicolor photodetector are
discussed as follows. First, it is necessary to place the larger-gap sub-detectors on top of
the narrower-gap ones as in Figure 7. In this way, each sub-detector absorbs a designated
band of wavelength and lets the light with a wavelength longer than its cut-off be
absorbed by the below sub-detectors. Second, the absorber thickness of each sub-detector
should be at least longer than the optical penetration depth of its designated waveband, so
that spectral crosstalk among the sub-detectors is minimized. Third, the materials at the
interface between two adjacent sub-detectors should be heavily doped to achieve a tunnel
junction, which can ensure a negligible voltage drop across the interface. Last, all the
sub-detectors preferably need to be lattice-matched, so that the dislocation density is

minimized and therefore it is easier to realize a high device performance.
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Figure 7 Schematic diagram of a monolithically-intergraded multicolor photodetector and

how each sub-detector absorbs its designated waveband only.

In principle, a MCPD has photo response over the entire wavelength range that all
the sub-detectors overlap. In practice however, we need to make only one of the
sub-detectors active and the other ones inactive, so that the light intensity of only one
specific waveband is read out, and spectral information of the incident light is extracted.
This is referred to as addressing for multicolor photodetector. The conventional electrical
addressing method and a recently proposed optical addressing method are discussed in

the following two chapters.

1.4.1 Electrical Addressing
Conventionally, one practical way to realize the addressing of MCPDs is to use
electrical DC voltage (bias). E. F. Schulte proposed a back-to-back double diodes

structure [41] to achieve voltage-addressing two-color photodetector as in Figure 8. In
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this structure, the active diode can be selected by applying a DC voltage in different
polarities. For instance, as in Figure 8(b), if the DC voltage applied on the top contact is
positive, the top LWIR diode is reversed and the bottom MWIR diode is forwarded. As a
result, the top LWIR diode limits the current and the device has the LWIR response only,

and vice versa if a negative DC voltage is applied as in Figure 8(c).

b)
+vp v,
TR
REVERSE BIASED
REVERSE BIASED
4 wie

Figure 8 Voltage-addressed MWIR/LWIR two-color photodetector [41]. (a) the layer
structure of the device using an external DC voltage source to switch between the LWIR
mode and the MWIR mode. (b) If a positive bias is applied on the top, the top LWIR
diode is reversed, and the device has the LWIR response. (c) If a negative bias is applied

on the top, the bottom MWIR diode is reversed, and the device has the MWIR response.
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The voltage-addressing behavior is explained comprehensively as in Figure 9. As
the I-V curves of the sub-detectors shown in Figure 9, under a positive bias of V1 + V2,
the quiescent points (Q-point) of the MWIR and the LWIR diodes are labeled by the
black dot and the red dot respectively. By calculating the first derivatives of the I-V
curves at the Q-points, it is found that the small-signal AC resistance of the MWIR diode

is much smaller than that of the LWIR diode.

[ —— MWIR
—LWIR

L e Q-point of MWIR -
e Q-point of LWIR r r

Current (uA)

|
1

-0.2 -0.1 0.0 V, 0.1V, 0.2
Bias (V)

Figure 9 Under a positive bias of V1 + V2, the quiescent points of the MWIR and the
LWIR diodes are at the black dot and the red dot respectively. By calculating the first
derivative of the curves, it is found that the AC resistance of the MWIR diode is much

smaller than that of the LWIR diode.
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Figure 10 Equivalent AC circuit of the voltage-addressing two-color photodetector.

The equivalent AC circuit of the device is as in Figure 10, and the output

photocurrent signal of the two-color photodetector is calculated as Equation (3).

H _ r-LWI R |

I .
Iphoto - + R (3)

photo, LWIR photo, MWIR
fowir T Tvwir

rLWIR + rMWIR

where iphoto IS the output photocurrent, ruwir and rowir are the AC resistances of the
MWIR and the LWIR diodes respectively, iphotomwir and iphoto,Lwir are the photocurrent of
the MWIR and the LWIR diodes respectively. As discussed in the previous paragraph,
under positive bias, because rwwir << F'Lwir, iphoro ~ Iphoto,Lwir. Therefore, under the positive
bias, the output photocurrent is approximately equal to the photocurrent generated by the
LWIR diode. For the same reason, under the negative bias, the output photocurrent equals

the photocurrent generated by the MWIR diode, approximately.
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1.4.2 Optical Addressing

It is challenging to realize electrical addressing for MCPDs with more than two
colors. An alternative method to realize the addressing for MCPDs is a recently proposed
optical-addressing method [39][40]. Using this method, it is possible to realize the
addressing for MCPDs with more than two colors, however, extra DC light sources are
needed, such as LEDs and lasers to use this method. Figure 11 illustrates the operating
principle of optically-addressed two-terminal multicolor photodetectors. Similar to Figure
7, the photodetector, as shown in Figure 11, consists of multiple photodiodes with
different cutoff wavelengths, monolithically connected in series with tunnel diodes
between adjacent photodiodes, with greater bandgap on the top and narrower bandgap at
the bottom. Due to the series connection, the photodiode with the smallest current
dictates the output of the device [40]. To optically-address this MCPD, all the
sub-detectors except the desired one, are saturated by illuminating the device using DC
light sources, which is referred to as optical biases, with wavelengths in the detection
waveband of the undesired sub-detectors [40]. As a result, the desired sub-detector has an
AC resistance much greater than all the other sub-detectors do, and the output AC

photocurrent is contributed dominantly by this desired sub-detector.
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Figure 11 Schematic of the optically addressed, two-terminal, multicolor photodetector.
The detector structure consists of multiple photodiodes with different cutoff wavelengths
connected in series with tunnel diodes between adjacent photodiodes. The LEDs optically

bias the inactive photodiodes in the detector to enable single color detection [40].

Figure 12 explains this optical-addressing behavior by analyzing the Q-points and
the small-signal AC resistances of the sub-detector under a certain optical bias condition.
For instance, if Sub-detector 2 is the desired sub-detector, all the sub-detectors except
Sub-detector 2 should be optically biased. As a result, all the sub-detectors have very
high reverse saturation current, except Sub-detector 2 which has negligible reverse
saturation current due to thermal generation or the ambient radiation. Sub-detector 2
dictates the current through the MCPD and the dashed line in Figure 12 is the current line.
The crossover points of the dashed current line with the I-V curves are the Q-points of the

sub-detectors. The reciprocal of the first derivative of the 1-V curve at the Q-point is the

21



AC resistance of each sub-detector. It can be found that Sub-detector 2 has an AC

resistance much greater than those of all the other sub-detectors.

Sub-detector1 Sub-detector2 Sub-detector N-1 Sub-detector N
Low AC resistance High AC resistance Low AC resistance Low AC resistance

—
f——
S
-
y

<

Figure 12 Crossover points of the dashed DC-current line with the 1-V curves are the
Q-points of the sub-detectors. The AC resistances (ry, r2, ..., rn-1, I'n) are the reciprocal of

the first derivative of the I-V curves at the Q-points.

Figure 13 Equivalent AC circuit of the optically-addressed multicolor photodetector. The
AC resistances are at the Q-points and the AC current sources are the modulated
photocurrents. The top contact is grounded in the AC because the bias on the top contact

is DC.
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Using the equivalent AC circuit in Figure 13, the output photocurrent of the

multicolor photodetector can be calculated as:

fouput = Zn: ink "~ i,(r,>r,) (4)
k=1 rk
k=1

where ri is the AC resistance of Sub-detector k at the Q-point, ik is the photocurrent of
Sub-detector k (k = 1, 2, ..., n-1, n), which is in the same order of magnitude for every
value of k. As in Equation (4), the output photocurrent is equal to the photocurrent of
Sub-detector 2, which as an AC resistance much greater than that of every other
sub-detector at the Q-point.

In short, to realize optical-addressing, we use optical bias, rather than the
electrical bias as discussed in Chapter 1.5.1, to change the Q-points of the sub-detectors,
and thus to change the AC resistance of the sub-detectors. As long as the desired
sub-detector has an AC resistance much greater than that of the rest of the sub-detectors,
the multicolor photodetector has the photo response from the desired sub-detector only.

Therefore, the key of addressing is to change the Q-points and hence the AC
resistances of the sub-detectors. In this sense, the concept of optical-addressing and
voltage-addressing can be unified. The only difference between them is that one uses a
DC optical bias, and the other uses a DC electrical bias to change the Q-points of the
sub-detectors. The voltage-addressing changes the DC voltage polarity on the device to
change the Q-points, while the optical-addressing modifies the I-V curves of the
sub-detectors to change the Q-points. In a future two-terminal multicolor photodetector,

to realize more sophisticated addressing, the voltage-addressing and the

optical-addressing can be used simultaneously.
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1.5 Photodetector Specifications

To evaluate the quality of a photodetector, common specifications include dark
current, cutoff wavelength, (spectral) responsivity, and (spectral) specific detectivity. The
dark current means the current of a photodetector under no incident light at a certain
voltage, and the cutoff wavelength is the longest detectable wavelength that is usually
determined by the bandgap of the semiconductor. The definition of the (spectral)
responsivity and (spectral) specific detectivity will be discussed comprehensively in this

chapter.

1.5.1 Blackbody Responsivity
Blackbody Responsivity is the output photocurrent of a photodetector divided by
the incident light power of a standard blackbody that typically has a temperature from

500 °C to 1100 °C.

|
R =P ()

where | is output current of the detector, and P is the total incident power on the device

active area from the standard blackbody. The responsivity R has a unit of A/W.

1.5.2 Spectral Responsivity
Spectral responsivity is the responsivity as a function of the wavelength, which

means the output photocurrent divided by the light power at a particular wavelength.

R(ﬂ)z% 6)
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where P(A)is the incident light power onto the device active area at a particular
wavelength, and 1(A)is the output photocurrent generated by the incident light at this

wavelength.

1.5.3 External Quantum Efficiency

External quantum efficiency is the number of collected carriers divided by the
number of the incident photons per unit time, and it can be converted from responsivity
directly at any particular wavelength as follows.

hc*R(A) 1.24*R(A/W)
qi A(um)

EQE(A) = (7)

where h is the Planck constant, c is the speed of light, and q is the elementary charge.

1.5.4 Noise
Noise N is defined as the root mean square (RMS) deviation of the total output

current (if the incident light signal is DC), which is dependent on the central frequency of
the band pass filter (BPF) and the bandwidth of the BPF Af. N is proportional to\/E.

There are various kinds of noise in the photodetector such as shot noise, Johnson noise

and 1/f noise.
Noise spectral density n is defined as N/./Af , which is independent of the

bandwidth, and can be a function of frequency. In most cases, the n is dominated by 1/f
noise in the low frequency regime, and is dominated by frequency-independent white

noise at high frequency regime.
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1.5.5 Detectivity
Detectivity is defined as the ratio of the responsivity over the noise, which is
dependent on the device area and bandwidth.

p() =¥ ®)

where the N is the noise of the photodetector.

1.5.6 Specific Detectivity

Specific Detectivity (D*) is a normalized detectivity which is independent on the
device area and bandwidth. Therefore, it is the ultimate specification to compare
photodetectors with different device area and bandwidths. The higher the D* is, the better

the photodetector is. The D* has a unit of cm-Hz*%/W or Jones.

o ROVS _ RS
D=3 N ©)

where R is responsivity, S is the total area of the photodetector, N is noise, Af is the

bandwidth. Good MWIR and LWIR photodetectors typically have a D* over 10%2

cm-HzY?/W and over 10! cm-HzY?/W respectively at 77 K.
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I MWIR NBN PHOTODETECTORS USING INAS/INASSB TYPE-II
SUPERLATTICE
2.1 Chapter Il Introduction

As discussed in Chapter 1.1, InAs/InAsSb type-Il superlattices (T2SL) have very
long carrier lifetime of >412 ns [11], and nBn photodetectors are capable of suppressing
the dark current. Therefore, it is reasonable to expect that an nBn photodetector based on
InAs/InAsSbh T2SL has potentially high device performance. In 2012, a 13.2 um cutoff
LWIR nBn photodetector based on InAs/InAsSb T2SL was demonstrated with a very low
dark current of 5x10* A/cm?, at 77 K under a bias of -0.3 V [31]. The low dark current
was attributed to the long minority carrier lifetime, low hole mobility of the InAs/InAsSb
T2SL absorber [42], and the unintentional valence band bump in the barrier layer [43].
However, the single-pass EQE at 77 K and at 12 um detection wavelength, is only 2.5 %
[31], due to the low absorption coefficient of ~ 300 cm, short diffusion length of ~ 0.9
um [42], and the unintentional valence band bump in the barrier layer. As a result, even
though the dark current is low, due to the low EQE, this LWIR InAs/InAsSb T2SL nBn
photodetector has a low calculated specific detectivity of 101° cm-Hz2/w.

To enhance the detectivity of the LWIR InAs/InAsSb T2SL nBn photodetector, it
is vital to increase the absorption coefficient and hole mobility of the InAs/InAsSb T2SL,
and to make the valance band edge more aligned. The former can be realized by
shortening the period of the InAs/InAsSb T2SL and the latter can be achieved by
controlling the band position of the barrier layer more precisely to ensure it is well
aligned with that of the InAs/InAsSb T2SL. To shorten the period, it is vital to increase
the Sb composition for maintaining both the LWIR band gap and the strain balancing. In
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2014, a LWIR InAs/InAsSb T2SL nBn photodetector with a shorter period of 8.6 nm
InAs / 2.2 nm InAso.45Sbo.ss was demonstrated [32], whose period is only half of the 13.9
nm InAs / 4.5 nm InAso.s2Sho.ss of the previous smallest reported in 2012. On the other
hand, a barrier layer design of 6/2/6/7 monolayers of InAs/AlAs/INAS/INASo.45Sboss per
period is chosen to ensure a better valence band edge alignment. This LWIR
InAs/InAsSb T2SL nBn photodetector reported in 2014 has an enhanced EQE of 15 %, at
77 K, and a 10 um detection wavelength with an absorber thickness of 2 um, and the
calculated specific detectivity is an enhanced 2.8x10'! cm-HzY4/W [32].

This work focuses on MWIR InAs/InAsSbh T2SL nBn photodetectors, with a short
period of 5.24 nm InAs / 4.76 nm InAso.81Sho 19 that ensures large absorption coefficient
and high hole mobility, and a low Sb composition of 0.19 which enables better growth
reproducibility. Furthermore, this MWIR 5.2 nm InAs / 4.7 nm InAsp.81Sbo.19 T2SL has
shown a long carrier lifetime of 1.26 pus at 77 K, at which the adverse carrier localization
effect is weak [12], suggesting superior material quality and the potential to achieve high
device performance. In the following chapters, the design, growth, processing, and
characterization will be discussed throughout for a series of nBn photodetectors based on
MWIR InAs/InAsSb T2SL, with different absorber doping concentrations from 10 cm

to 10'® cm, and various absorber thicknesses from 1 pm to 2.5 pm.

2.2 MBE Growth and Device Processing

The nBn photodetectors are grown on undoped (100) 2-inch GaSb substrates
using a VG V80 solid-source MBE system. As the layer structure in Figure 14, the
growth starts with a 500-nm-thick GaSb buffer at 500 °C, followed by the bottom contact
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layer consisting of 100 periods of 5.24 nm InAs:Si (3x10'8 cm™) / 4.76 nm InAso.sSho.2
T2SL layers. Next, a 250-period un-intentionally doped 5.24 nm InAs / 4.76 nm
InAso.sSho T2SL absorber layer is grown, followed by a barrier consisting of 20 periods
of 2.93 nm InAs / 2.17 nm Alo.9sGaoosAs T2SL layers. Finally, the n-type top contact
layer is grown, which consists of 10 periods of 5.24 nm InAs:Si (1x10%° cm) / 4.76 nm
InAsosSho2 T2SL layers, and then a 30 nm InAs:Si (1x10*° cm™) top layer (see Figure
14). The growth temperature is kept at 400 °C during the growth of all superlattice layers.
To grow nBn samples with other doping concentrations and absorber thicknesses, the Si

doping flux and periods of the T2SL absorber layers are adjusted.

30 nm, n-contact n-InAs:Si (1 X10*¢ em3)

100 nm, n-contact
InAs:Si/ InAsSh T25L (1 X10%¢ em)

100 nm, Barrier
InAs/AlGaSh SL{UID)

n-absorber, InAs/InAsSb T2SL
Sample A: 1 um, UID (106 em3)
Sample B: 2.5 um, UID (10'¢ cm™)
Sample C: 2.5 um, doped (10*" em™)
Sample D: 2.5 um, doped (10'¢ cm3)

1 um, n-contact
InAs:Si/ InAsSh T2SL (1 X103 ¢cm3)

500 nm GaSh Buffer undoped

Undoped-GaSh Substrate

Figure 14 Cross section schematic of the MWIR InAs/InAsSb T2SL nBn detector
samples fabricated at ASU, with different doping concentrations and thicknesses of the

absorber region.
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Device processing starts with photolithography to define the mesas with a size of
400x400 um?. First, the InAs/InAsSb T2SL top layer and the InAs/AlGaSh T2SL barrier
layer was etched using phosphoric acid: H202 solution: DI water with a volume ratio of 1:
1: 10. Then, citric acid solution (1 g citric acid: 1 mL water): H2O. solution with a
volume ratio of 50:1 was used to obtain a smooth mesa sidewall, and uniform etching
depth. The etching was stopped at the middle of the bottom n-type InAs/InAsSb T2SL
contact layer. Both of the top and the bottom Ohmic contacts are 50 nm Ti / 50 nm Pt /
300 nm Au. The top contact is a circular metal pad at the center of the mesa top with a
diameter of 200 um, and the bottom contact is a large 400 um X 5 mm strip deposited at
the surface of the bottom InAs/InAsSh T2SL contact layer. Ti is used as the first metal to
directly touch the T2SL due to its good bonding to the T2SL material and its ability to
avoid peeling-off during the wire-bonding. No surface passivation or anti-reflection
coatings were applied. The external bias is applied to the top contact of each mesa, and

the bottom contact is always grounded.

2.3 Device Characterization
2.3.2 Characterization Methods

To measure the specifications as discussed in Chapter 1.4 for infrared
photodetectors, special methods need to be used and they will be discussed in details in
this chapter. First, the dark current characteristics of infrared photodetectors are measured
with a thermal shield covering the sample hold. This thermal shield can block the
background infrared radiation from the lab and it is cooled down to cryogenic
temperature to minimize the infrared radiation from itself. Then, the
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wavelength-dependent photocurrent of the device under test (DUT) can be directly
measured using a Fourier transform infrared spectroscopy (FTIR) system with an internal
infrared light source whose power spectrum is known. Then, an uncalibrated responsivity
spectrum of the DUT with arbitrary responsivity units can be calculated. Afterwards, to
calibrate the responsivity spectrum of the DUT, a standard blackbody light source with a
spectrum strictly following Planck’s law is used to illuminate the device. Using a lock-in
amplifying technique, the photocurrent of the DUT under the blackbody with a known
power can be measured. The responsivity spectrum of the DUT can be then be calibrated
using this measured photocurrent. At last, the D* spectrum of the DUT can be calculated
after the noise spectral density of the DUT is measured using a lock-in amplifier or an
electrical spectrum analyzer. In addition, more in-depth device studies can be carried out
by measuring the dependence of the specifications on other variables, such as device

temperature, applied bias, light power and pixel areas.

2.3.2.1 Blackbody Responsivity

To measure the photocurrent under the illumination of a calibrated blackbody, a
lock-in amplifying technique is used to filter out the dark current and the ambient
photocurrent. A diagram of the experimental set-up is shown in Figure 15. The blackbody
radiation, described by Planck’s law, generates photocurrent in the DUT; mounted inside
a cryostat cooled by a Helium compressor (this setup is capable of reaching temperatures
at low as 12 K). The incident light is modulated mechanically by a chopper that is
synchronized with a SR830 lock-in amplifier at a modulation frequency of 100 Hz. An
SR570 transimpedance pre-amplifier is connected directly to the DUT, which applies a

31



DC voltage bias to the DUT, receives current signal from the DUT, converts the current
signal to voltage signal, amplifies the signal, and sends the signal to the lock-in amplifier.
The RMS value of the signal fundamental component at the modulation frequency can be

read out using the lock-in amplifier.

| 1
| 1
| |
1 1
I 800 °C Calibrated 1
: Blackbody :
| |
1 1
1 1

1

Reference in SR830 Lock-in

I
Optical Chopper 1 :
1 Amplifier
|
|

3 um LP filter
Voltage Signal

““““““ |
Cryostat E | \
! 1
& ]) : SR570 Pre-amplifier
1

[
1

Current Signal

Figure 15 Block diagram of the setup to measure blackbody responsivity.

The photocurrent can be then calculated by:

(Lockin Reading) * (Preamplifier Sensitivity)

Ji —
Photo Modulation Factor

where the modulation factor is defined as:

MF — rms of fundamental components
~ peak — to — peak value of total waveform

It is important to note that a proper sensitivity of the pre-amplifier must be chosen

so that the input impedance of the pre-amplifier is much less than the detector resistance.
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Otherwise, the bias applied on the detector would be oscillating at a synchronized
frequency with the incident light. This synchronized bias oscillation would cause a dark
current oscillation at the modulation frequency and hence, result in a false photocurrent
reading lower than the true value. In addition, the cutoff frequency of the sensitivity
mode should be at least 100 times higher than the modulation frequency to avoid
photocurrent signal degradation, and the current limit of the sensitivity mode should be
higher than the DUT current to avoid overloading of the pre-amplifier.

The modulation factor (MF) can be looked up in the table of Figure 16 and it is
dependent on many factors, such as the distance between the blackbody aperture and the
DUT, the distance between the chopper and the DUT, and the geometry features of the
chopper. As in Figure 16, the MF is determined by the number of tooth-slot pairs on the
chopper, and the DAP/TW ratio that means the blackbody aperture diameter divided by
the chopper tooth width projected on the same plane. Figure 16 is only valid for choppers
with circular motion and radial teeth, and in the case that the DUT has an area much

smaller than the blackbody aperture and the chopper blade has a negligible thickness.
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Table 3.8 Modulation factors

CASE 111: NUMBER OF TOOTH-SLOT PAIRS

50 20 10 5 2

0.00 0.4502 0.4502 0.4502 0.4502 0.4502
0.10 0.4488 0.4488 0.4488 0.4488 0.4488
0.20 0.4446 0.4446 0.4446 0.4446 0.4446
0.30 0.4378 0.4378 0.4378 0.4378 0.4377
0.40 0.4283 0.4283 0.4283 0.4282 0.4279
0.50 0.4163 0.4163 0.4163 0.4162 0.4154
0.60 0.4020 0.4020 0.4019 0.4017 0.4002
0.70 0.3855 0.3854 0.3853 0.3850 0.3821
0.80 0.3670 0.3669 0.3668 0.3662 0.3613
0.90 0.3467 0.3466 0.3464 0.3454 0.3377
1.00 0.3249 0.3248 0.3244 0.3231 0.3113
1.10 0.3018 0.3017 0.3012 0.2993 0.2822
1.20 0.2777 0.2775 0.2769 0.2744 0.2502
1.30 0.2529 0.2527 0.2519 0.2487

1.40 0.2276 0.2273 0.2264 0.2224

1.50 0.2022 0.2018 0.2007 0.1959

1.60 0.1768 0.1764 0.1751 0.1694

1.70 0.1518 0.1514 0.1499 0.1435

1.80 0.1274 0.1270 0.1253 0.1183

1.90 0.1039 0.1034 0.1016 0.0942

2.00 0.0815 0.0809 0.0791 0.0715

2.10 0.0603 0.0598 0.0579 0.0507

2.20 0.0405 0.0400 0.03813 0.0319

2.30 0.0224 0.0219 0.0204 0.0155

2.40 0.0059 0.0055 0.0043 0.0017

2.50 =0.0087 -0.0090C -0.0098 -0.0093

2.60 =-0.0215 -0.0216 -0.0218 -0.0173

2.70 -0.0324 -0.0323 -0.0318 -0.0223

2.80 -0.0414 -0.0411 -0.0397 -0.0243

2.90 ~-0.0484 -0.0479 -0.0455 -0.0235

3.00 -0.0537 -0.0528 -0.0493 -0.0202

3.10 =-0.0571 -0.0560 -0.0512 -0.0152

3.20 -0.0589 -0.0574 -0.0513

3.30 -0.0591 -0.0573 -0.0499

DAP = aperture diameter
™ = tooth width (along arc for case III)

Program AMODF - revised 9 Sept 1988 - JDV

Case |I: radial teeth, circular motion, circular aperture

iR A

Figure 16 The modulation factors for different chopping conditions using a circular

blackbody aperture and a chopper with radial teeth in circular motion [44].

The blackbody aperture is far away from the DUT (for instance 1-meter
aperture/DUT distance, with 1-inch aperture diameter), the aperture plane is in parallel

with the DUT plane, and therefore normal light incidence is satisfied. The incident power
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in Watts on the photodetector from the 800 °C calibrated blackbody can be calculated by
Equation (10).
2 A2

j B(1)dA (10)

A1

zr
active
d 2

PBIackbody =TS

where T is the transmission rate of the cryostat window (0.7 for ZnSe), B(1) is the

spectral radiance of the calibrated blackbody, with units of W/um/sr/cm?, J1 and 1 are the
cutoff wavelengths of the band-pass filter, r is the radius of the blackbody aperture, d is
the distance between the DUT and the blackbody aperture and Sactive IS the active area of
the DUT (which means the window area unblock by the top metal contact).

As shown in Equation (5), the blackbody responsivity is the measured

photocurrent divided by the calculated blackbody light power as in Equation (10).

2.3.2.2 Spectral Responsivity
A normalized spectral responsivity f(4) with a peak value of 1 can be obtained by
measuring the spectral photocurrent of the DUT, under the internal light source of a FTIR
spectrometer. The f{4) is the photocurrent spectrum divided by the power spectrum of the
internal light source that can be calibrated using a commercial HgCdTe photodetector.
Using the measured blackbody responsivity, as in Chapter 2.3.2.1, the spectral
responsivity can be calculated as follows:

R(4) = Rajacknoy < PF x (1) (11)

where Raiackbody IS the measured blackbody responsivity, and PF is the peak factor that can

be calculated as follows:
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[“B(a)da

PF =—3
Ll f(1)B(1)dA

(12)

where B(A) is the spectral radiance of the calibrated blackbody with a unit of

W/um/sr/cm?, J1 and A, are the cutoff wavelengths of the band-pass filter.

2.3.2.3 Noise

Noise is defined as the standard deviation of the dark or ambient current under a
DC bias within a certain bandwidth. Noise spectral density is the noise divided by the
square root of the bandwidth. The noise spectral density at a certain frequency can be
read out directly from the Xnoise Output of the SR830 lock-in amplifier, and it has units of
V/HzY2, The internal frequency of the SR830 lock-in amplifier can be adjusted to
measure the noise spectral density at different frequencies. By changing the time constant
of SR830 lock-in amplifier, the bandwidth is changed and so is the noise spectral density
reading, unless the noise is a white noise. To measure white noise spectral density, an
internal frequency of 10 kHz on the lock-in amplifier is usually chosen, which is high
enough to be far away from the low-frequency 1/f noise range, and low enough to avoid
the upper bound cut-off frequency of 1 MHz limited by the pre-amplifier. Alternatively,
the noise spectral density as a function of the frequency can be more straightforwardly
measured by an electoral spectrum analyzer, in which the noise spectral density vs.
frequency curve is clearly shown in real time, and the 1/f noise can be better

characterized.
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As in Equation (13), to measure the noise spectral density originating from the
DUT, it is necessary to subtract the system noise spectral density that may originate from

the instrument, cables, and background in the lab.

Y 2
Nietector = 4 Miotal _nsystem (13)

Total noise spectral density is measured with the chopper switched off and the
blackbody aperture blocked, as in Figure 17. To measure the system noise spectral
density, everything is kept the same as in Figure 17 except the cable is disconnected

between the detector and the pre-amplifier.

1
1
1
1
| 800 °C Calibrated
1
1
1
1
|

Blackbody
L — ]
nlnfrared Radiation Blocked
____________ .

1
ChopperStopped : SR830 Lock-in
| Amplifier
1
1

3 um LP filter |

] Voltage Signal
Cryostat E =—

|

: I

I

& I_I) : SR570 Pre-amplifier |
I

: I

Current Signal

Figure 17 Block diagram of the setup used to measure the detector noise.
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2.3.2.4 Spectral D*
Once the spectral responsivity R(1) and noise spectral density n have been

measured, the spectral specific detectivity can be calculated by:

UMFE%¥§ (14)

where S is the total pixel area of the photodetector.

Alternatively, if the system noise is too high to resolve the DUT noise, the white
noise spectral density can be calculated using the measured dark or ambient 1-V curves,
and the spectral D* can be calculated using Equation (15), assuming Johnson noise and

shot noise are dominant.

RS (15)
~/4kT/r+2qI

where R is the measured responsivity, S is the mesa area, k is Boltzmann constant, T is

D'(4) =

the temperature, r is the measured differential resistance of the device, g is the elementary

charge, and | is the measured dark or ambient current of the device.

2.3.3 Dark Current
2.3.3.1 Single-element nBn
Single-element nBn means nBn pixels defined by etch stopped at the bottom
contact layer, and therefore the absorber layer has a sidewall exposed to air. As in Figure
19, dark I-V curves of single-element MWIR InAs/InAsSb T2SL nBn photodetectors
without any surface passivation were measured at a probe station at 77 K. Compared to

single-element PIN photodetectors using similar MWIR InAs/InAsSb T2SLs with no
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surface passivation, the nBn photodetectors show over 10° times smaller dark current
under —0.2 V at 77 K. This is attributed to the effective blockage of the surface

conduction channel by the barrier layer of the nBn.

(a) MWIR InAs/InAsSb T2SL nBn

(b) MWIR InAs/InAsSb T2SL PIN

30 nm, n-contact, n-InAs:Si(10** cm3)

100 nm, n-contact,
InAs:Si/ InAsSb T2SL (10 cm3)

100 nm, barrier,
InAs/AlGaSh SL, undoped

2.5um, absorber,
InAs/InAsSb T25L,
Unintentionally doped n-type (10'® cm3)

1 pum, n-contact,
InAs:Si/ InAsSh T2SL (1 X 10 cm-3)

30 nm, n-contact, n-InAs:Si(10* cm-3)

2.4 um, absorber,
InAs/InAsSb T25L,
Unintentionally doped n-type (10'® cm3)

500 nm, p-contact,
InAs:Be/ InAsSb T25L (10™ cm3)

400 nm, p-contact,
p-GaSh(5X 10 cm3)

500 nm, buffer, GaSh, undoped

200 nm, buffer, GaSh, undoped

Substrate, GaSh, undoped

———

Substrate, GaSh, undoped

Figure 18 Layer structures of the MWIR nBn and PIN photodetectors based on
InAs/InAsSb T2SLs, in both of which the absorbers are unintentionally doped as n-type

and are around 2.5 pm thick.
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Figure 19 Dark current is greatly suppressed in the nBn photodetector compared to the

PIN photodetector based on MWIR InAs/InAsSbh T2SLs.

2.3.3.2 Shallowly Etched nBn

Shallowly etched nBn photodetectors are defined by etching selectively stopped at
the top surface of the barrier layer (dark blue), as shown in Figure 20. The selective
etchant is citric acid solution (1 g citric acid: 1 mL DI water): H202: water solution with a
volume ratio of 1: 1: 10. It etches the InAs/InAsSb T2SL only, and does not etch the
InAs/AlGaSb(As) T2SL. Shallowly etched nBn photodetectors have no sidewall effect
because there is no sidewall on the absorber layers. I-V curves in Figure 20 show that the
shallowly etched and the single-element nBn photodetectors have similar dark I-V
curves, which suggests that exponentially increasing dark current is not caused by the

surface but by effects in the bulk material.
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Figure 20 Dark 1-V curves and cross section schematics of shallowly etched nBn vs

single element nBn detectors.

2.3.4 Responsivity and D*
2.3.4.1 Spectral Responsivity

The voltage dependence of the responsivity and the normalized responsivity
spectrum are plotted in Figure 21 It is observed that the normalized responsivity spectrum
is the same under different voltage biases. Under low biases smaller than —0.2 V, even
though the dark current is suppressed to be lower than 2x10° A/cm?, the responsivity is
smaller than 0.05 A/W. To turn on the responsivity to be greater than 1 A/W, it is
necessary to apply a bias greater than —0.3 V. However, under such a high bias, the dark
current is higher than 0.1 A/cm? which induces high shot noise and Johnson noise. It is
found that under a bias of —0.3 V, the calculated specific detectivity (D*) of the device

reaches a maximum of 5x10° cm-HzY2/W, which is much lower than the calculated
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8x10'2 cm-Hz¥2/W in a MWIR nBn photodetector using a similar InAs/InAsSh

superlattice absorber, but having a better aligned valence band [38].
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Figure 21 (a) Dark current and responsivity at the wavelength of 3.39 um as functions of
the applied bias at the temperature of 77 K (b) Normalized responsivity spectrum at 77 K

in the MWIR InAs/InAsSh superlattice nBn photodetectors.

2.3.4.2 Spectral D*

The spectral D* of samples with different doping concentrations and identical
absorber thicknesses of 2.5 um at 77 K are shown in Figure 22. Biases applied to the
devices are optimized to achieve the highest possible D* values. X-ray diffraction (XRD)
shows that the two samples with different absorber doping concentrations of 10" cm
and 10'® cm® , have the same period of 5.1 nm InAs / 4.6 nm InAso g5Sho 15. However, the
one with 10 cm™ absorber doping concentration has a shorter cutoff wavelength. This
blue shift of the cutoff wavelength as the doping concentration increases is due to the

Moss-Burstein effect [45][46]. It is found that the 10! cm™ doped sample has the highest
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D* of 1x10™ cm-HzY%/W at a wavelength of 4 pm. This suggests that doping in the
absorber region can help achieve a higher D*, but too much doping, for example 108
cm3, can lead to degradation of the D*, because there are more recombination centers
and a lower carrier mobility in the absorber induced by the doping atoms. However, the
highest D* of 1x10 cm-HzY2/W is still lower than the expected value of 8x10%2
cm-HzY?/W as reported for a MWIR nBn photodetector based on InAs/InAsSh
superlattice [38], which is due to the high dark current as measured in Chapter 2.3.3. The

cause for the high dark current is explored in the following chapter.
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Figure 22 Specific detectivity spectra at 77 K for 2.5 um thick devices with different

absorber doping concentrations.
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2.3.5 Charge Storage
2.3.5.1 Type-Il Bandedge Alignment

A type-11 bandedge alignment of the barrier layer and the absorber layer, as in
Figure 23, is suggested through off-axis electron holography measurements at room
temperature. The voltage profile of the cross-section shows the presence of positive
charge with an estimated density of 1.81x10%" c¢cm™ in the barrier layer at room
temperature [43]. This positive change is not due to ionized donors in the
unintentionally-doped barrier layer because no positive charge is observed in the
unintentionally-doped InAs/AlGaSb(As)-superlattice barrier layer of a similar nBn
photodetector grown in the same chamber, in which the absorber layer and the barrier
layer have a type-I bandedge alignment [43]. As a result, the observed positive charge at
room temperature is attributed to trapped and accumulated holes in the barrier layer,

indicating the presence of a potential well in the valence band of the barrier layer.
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Figure 23 A schematic bandedge diagram of the devices under a negative bias. The
carriers are generated by either optical or thermal excitation in the absorber, or electron
band-to-band tunneling from the barrier layer to the absorber layer. Due to the type-I1I
bandedge alignment, the electrons and holes get accumulated at the

top-contact-layer/barrier-layer interface.

The potential well in the valence band is further confirmed by the observed
exponentially increasing dark current as in Figure 20. As our device simulation suggests,
the dark current should saturate if the valence bandedge was aligned or has a bump. By
contrast, if the bandedge alignment is type-Il as in Figure 23, the electrons can easily
tunnel from the barrier-layer valence band to the absorber-layer conduction band, with a
much lower triangular tunneling barrier than that if the valence bandedge was aligned or
has a bump. On the other hand, the carrier recombination current and hole thermionic
emission current at the top-contact-layer/barrier-layer interface increases exponentially as
the bias increases. These two processes connected in series cause the exponentially
increasing dark current.

The observed low D* as in Chapter 2.3.4 can be explained by the potential well in
the valence band of the barrier layer. At low biases smaller than —0.3 V, the well traps the
photogenerated holes and the responsivity is too low even though the dark current is low.
Whereas at high biases greater than —0.3 V, band-to-band tunneling current is triggered
and the noise is too high even though the responsivity is high. Consequently, it is very

difficult to achieve a high responsivity and low dark current at the same time if a
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potential well is present in the valence band, and therefore the D* is much lower than the

expected.

2.3.5.2 Charge Storage Time

Experimental evidence has suggested that, for the InAs/InAsSb superlattice nBn
photodetectors with a potential well in the valence band of the barrier layer,
photogenerated charge can be stored in the potential well. This charge storage effect has
been observed for samples with shallowly etched mesa, under low bias ~ —0.2 V that
ensures low dark current <10° A/cm?, by using photo-capacitance and photocurrent
decay measurements.

Photo-capacitance decay measurement result is as shown in Figure 24. The
measurement was conducted at -0.1 V and 16.5 K which ensure an extremely low dark
current of 108 A/cm?. The device is initially illuminated by a 3.39 um CW laser with a
power of ~ 1 mW, and then the laser beam is blocked with a partial blocking time shorter
than 0.1 ms. It is observed that under the light, the device capacitance is enhanced by
0.39 pF, and after the laser beam is blocked, the capacitance drops abruptly first and then
decays slowly with a time constant of about 40 s. This slow decay is not due to surface
defect states given the absence of side-walls in the absorber layer and barrier layer, and
instead it is attributed to the hole de-trapping processes from the potential well in the
barrier layer. The de-trapping processes include hole thermionic emission from the

potential well and electron-hole recombination at the type-Il interfaces.
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Figure 24 The capacitance is enhanced by 0.39 pF under light, which suggests the
collection of the photogenerated holes by the barrier layer, and after the light is turned off,

the capacitance decays slowly with a time constant of 40 s at 16.5 K under —0.1 V.

Furthermore, it is observed that the device current also has a long decay time after
the light is turned off. Figure 25 shows the current decays at —0.25 V and 77.6 K. The
current decays with a relatively short time constant of 5 s first, and then decays slowly
with a long time constant of 60 s. Also, it is observed that, the slow decay part of the
current has a nonlinear relation with the incident light power. As in Figure 25, By
increasing the light power by 100 times from 0.05 mW to 5 mW, the slow decay part is
enhanced by only 4.6 times from 0.045 pA to 0.206 pA. The long decay time of the
current is also attributed to the slow hole de-trapping process from the potential well of

the barrier layer. By contrast, this slow current decay is not observed in the MWIR PIN
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photodetector based on an InAs/InAsSb superlattice without any heterostructure

interfaces as in Chapter 2.3.3.1.

53 T T T T T T T T T T T
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Figure 25 Current decay characteristic of the InAs/InAsSb nBn photodetector at 77.6 K,

-0.25 V after light is turned off

In general, the observed long decay time of the capacitance and the current can be
attributed to a low hole thermionic emission current from the potential well, and a long
electron-hole recombination lifetime due to charge separation in space [48][49]. This
long decay time suggests a long charge storage time in the potential well and indicates
that it is possible to read out the stored charge before they vanish. As in charge coupled
devices (CCD)[50], the stored charge can be readout laterally through transferring the
charge between pixels in a focal plane array using multi-phase voltage clock. It is

expected that such devices have greatly reduced noise for the following two reasons. On
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the one hand, by accumulating the photogenerated holes in the barrier layer, the
photocurrent signal is integrated over time and therefore the noise is suppressed
significantly. This signal integration process in device level has a lower noise than that
conducted in peripheral circuitry. On the other hand, a low voltage bias is required to
collect the photogenerated holes due to the heterostructure potential well in the valence
band. The low voltage ensures the absence of depletion in the absorber layer, and

therefore low dark current and low noise.

2.4 Chapter Il Summary

We have demonstrated MWIR nBn photodetectors based on InAs/InAsSb
superlattices with a cut-off wavelength of 4.9 um. The device growth, processing, and
characterization are discussed comprehensively. It is observed that the highest sepecifity
detectivity D* is < 10'* cm-HzY?/W, which is much lower than the expected >5x10%2
cm-HzY?/W at 77 K. After careful investigation, the low D* is attributed to the presence
of a potential well in the InAs/AlGaSb(As) superlattice barrier layer. This potential well
makes it very difficult to achieve both a high responsivity and a low dark current as the
bias voltage varies, and therefore makes the D* low.

Even though the D* is low if photocurrent through top contact is treated as the
output signal, experimental evidence has shown that it is possible that photogenerated
charges are stored in the potential well and stored charges are treated as the output signal.
At very low voltage bias smaller than -0.2 V, which ensures a dark current smaller than
10° A/cm?, photogenerated holes can be collected and stored in the potential well of the
barrier layer. A charge storage lifetime up to 40 s is determined by measuring the
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photocurrent and photo-capacitance decay time after the light is turned off. Rather than
being read out vertically via the top contact, this stored charge can be read out laterally
along the barrier layer in the barrier layer in future devices. Such charge-output nBn
photodetectors will not only leverage the advantage of conventional nBn photodetectors,
such as a depletion-free absorber, but will also possess an in-pixel signal integration and

averaging feature that can further reduce the random noise of infrared photodetectors.
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111 MONOLITHICALLY INTEGRATED VISIBLE/MWIR CDTE-NBN/INSB-PN
TWO-COLOR PHOTODETECTORS

3.1 Chapter Il Introduction

Compound semiconductors with a lattice constant near 6.5 A, such as InSb, CdTe,
MgTe, and HgTe have broad applications including photovoltaic and photodetection. For
example, HgCdTe and InSb are widely used for infrared photodetectors [1].
Multi-crystalline CdTe are extensively applied for photovoltaic energy generation, with
an energy conversion efficiency of 22.1% demonstrated [52], and single-crystalline CdTe
and CdZnTe are broadly used for X-ray and gamma ray photodetectors [53].

Herein, we demonstrate monolithically-integrated visible/MWIR 2CPDs using
lattice-matched CdTe and InSb sub-detectors, with cutoff wavelengths of 780 nm and 5.5
um at 77 K, respectively. Recently, high-quality CdTe and CdTe/MgCdTe double
heterostructures on lattice-matched InSb substrates have been demonstrated with minority
carrier lifetimes of up to 3.6 ps, and interface recombination velocities of 1.2 cm/s
[54][55][56][57], which suggests the potential to achieve photodetectors with high
performance. However, due to the difficulty in doping CdTe to be p-type [58], the CdTe
sub-detector of the 2CPD needs to possess a heterostructure to circumvent the difficulty
in developing a high quality homojunction. This can be accomplished in one of two ways,
utilizing a CdTe PN structure with an a-Si:H p-type layer and MgCdTe passivation layers
[57], or by using a CdTe nBn structure with a ZnTe barrier layer [59]. On the other hand,
InSb PN structures have been well developed and can be used as a simple InSb

sub-detector within the 2CPD [60].
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3.2 CdTe/InSb Tunnel Junction

To realize the monolithic integration of CdTe and InSb photodetectors, it is vital
to achieve a highly conductive CdTe/InSb hetero tunnel junction to connect the
sub-detectors. Two samples as in Figure 26 are grown, processed and characterized. They
consist of an n-type CdTe layer doped by In with a concentration of 1x10'® cm, and an
n-type(p-type) InSb layer doped by Te(Be) with a concentration of 1x10% cm= (1x10%°
cm®). IV measurements have shown that the n-CdTe/n-InSb and n-CdTe/p-InSh
interfaces have resistances of 0.005 Q-cm? and 0.04 Q-cm?, respectively at 80 K, as in
Figure 26. These low resistances ensure negligible voltage drop at the CdTe/InSb
interface of the monolithically integrated CdTe/InSh two-color phtodetectors, and can be
attributed to the diffusion of the atoms at the interface. The In atoms from InSb diffuse
into the CdTe and serve as an n-type dopant for CdTe, which causes a local high doping
region and lowers the tunneling barrier significantly.

In

500 nm n-CdTe:ln
Np= 1%x1018 cm3 Ti/PY/Au

1 1

500 nm n(p)-InSb:Te(Be)
Np=5x%10"8 cm= or Ny= 1%x10"® cm

500 nm undoped InSb Buffer

n-InSb Substrate

-

Figure 26 Device structure of the n-CdTe/n-InSb and n-CdTe/p-InSb tunnel junction

samples.
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Figure 27 Dark I-V curves of the highly conductive n-CdTe/n-InSb and n-CdTe/p-InSb

hetero tunnel-junctions at 77 K

3.3 Visible CdTe nBn Photodetector
3.3.1 Device Structure and MBE Growth

We here demonstrate a visible-to-NIR CdTe heterostructure nBn photodetector
grown on an InSb substrate using molecular beam epitaxy (MBE). ZnTe is a simple and
effective barrier layer for the CdTe nBn photodetector due to its near zero valence band

offset of —0.05 eV, and large conduction band offset of 0.85 eV to CdTe, as revealed by

X-ray photoelectron spectroscopy [61][62]. Even though the critical thickness of ZnTe on
CdTe is only 1.6 nm, fully relaxed ZnTe layers with a film thickness of over 30 nm
grown on CdTe using MBE show good crystalline quality [61]. The nBn structure
circumvents the p-type doping difficulty for CdTe, and keeps the dark current as low as a
CdTe PIN structure whose G-R dark current is already very low. Meanwhile, the nBn

structure has a dark current lower than a Schottky diode, because the

53



majority-carrier-blocking heterostructure barrier in the nBn can be intentionally made
thicker, and higher than the built-in barrier in the Schottky diode.

The CdTe nBn photodetectors were grown on an n-type 2-inch InSb (100)
substrate with a doping concentration of 5x10'7 cm™ using a VG V80 solid-source MBE
system. The layer structure is plotted in Figure 28(a). The growth of the CdTe nBn
sample was started with the growth of a 500-nm-thick n-type InSb buffer layer (5x10'®
cm?) at 390 °C, after thermal in-situ InSb oxide removal. Then the sample was
transferred under ultra-high vacuum from the III-V to the II-VI chamber, where the
1-um-thick CdTe layer with an indium doping concentration of 10'® cm™ was grown.
Next, a 1-pm-thick undoped CdTe absorber layer was grown, followed by an undoped
ZnTe barrier layer with a thickness of 50 nm. Lastly, the 20 nm undoped CdTe top
contact layer was grown. During the growth of the II-VI layers, the substrate temperature
(measured by a pyrometer) started at 280 °C and then decreased to 265 °C due to changes
in surface emissivity. After the growth, an ITO layer with a thickness of 70 nm was
deposited as the top contact. Finally, a bottom Ohmic contact of Ti (20 nm) / Pt (20 nm) /
Au (200 nm) was deposited on the back-side of the n-type InSb substrate. The band edge

alignment of the CdTe nBn device is plotted in Figure 28(b).
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Figure 28 (a) Device layer structure of the CdTe nBn with a 1 um thick CdTe absorber
and a 50 nm thick ZnTe as the barrier layer. (b) Band edge alignment of the CdTe nBn

photodetector.

ITO/undoped-CdTe is used as the top contact design for several reasons. First, the
ITO is an anti-reflection coating that ensures a reflectance below 10% for the wavelength
range from 450 nm to 800 nm. Second, since all the top undoped layers are nearly
insulating, the top ITO contacts define the photodetector without any etching and
eliminate any possible leakage current and carrier recombination on the side-wall
surfaces if the photodetectors were etched into mesas. Third, experiments have shown
that the top ITO/undoped-CdTe contact is a Schottky contact with a built-in electron
barrier, which serves the purpose of the nBn structure design by allowing the holes to
pass freely. Last, ITO/undoped-CdTe is an alternative, or an even better transparent
conductive contact than the conventional metal/n-CdTe contact. On the one hand, the

undoped CdTe layer ensures much lower electron thermionic emission current over the
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barrier layer than a heavily doped n-type CdTe layer. On the other hand, experiments
have shown that it is very difficult to dope the top CdTe on the ZnTe as n-type, because

of high defect density caused by the lattice mismatch ZnTe layer.

3.3.2 Top Contact Optimization

The top contact of the CdTe nBn photodetector is optimized through trial and
error as in Figure 29. In the first trial (Figure 29(a)), the top CdTe layer is doped as
n-type using indium and an indium metal contact is deposited on the top, as in the
conventional infrared nBn photodetectors. However, it was found that the n-type doping
for the CdTe top contact layer on the lattice-mismatched ZnTe is difficult. In a control
sample with a heavily indium-doped CdTe layer on ZnTe, even though the secondary ion
mass spectrometry (SIMS) has confirmed an indium concentration of 10'® cm™ in the top
CdTe layer, the transmission line measurement (TLM) shows a near-insulating behavior
(10° Q/sq) of the top CdTe layer, which suggests extremely low carrier concentration.
This carrier freezing-out is attributed to the defects induced by the lattice-mismatch
between the CdTe and ZnTe. It is reported [63] that for lattice-matched CdTe grown on
InSb, a heavy indium concentration of 7x10'® cm™ gives a carrier concentration of only
107 ¢cm, which suggests the carriers can freeze out due to the defects induced by the
indium doping. Due to the low carrier concentration in the top CdTe layer, even though
the device in Figure 29(a) has a low dark current of ~ 10° A/cm?, it shows a low EQE of
only 25% due to the poor current spreading in the top CdTe layer.

In the second trial, as in Figure 29(b), the top CdTe layer and the indium contact
are replaced by a layer of ITO to ensure good current spreading and optical transmission.
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As expected, the EQE of this device is enhanced to be 80%. However, the dark current of
this device is greater than 10® A/cm?, which is at least three orders of magnitude higher
than the first trial. The high dark current can be attributed to the built-in electron barrier
of the ITO/ZnTe Schottky contact not being high, and thick enough to block the electron
thermal emission current from the ITO contact.

In the third trial as in Figure 29(c), an undoped CdTe top contact layer with a
thickness of 20 nm is added on the ZnTe barrier layer. This CdTe top layer provides a
conduction band-edge kink to make full use of the ZnTe barrier layer. Compared to the
second trial, the third trial has a thicker and taller heterostructure ZnTe barrier to block
the electrons, than compared to the built-in electron barrier of the ITO/ZnTe Schottky
contact. Finally, this device has shown both suppressed dark current of ~ 10° A/cm? and

high EQE of 80%, which is the high-performance CdTe nBn photodetector discussed in

Chapter 3.3.1.
a) b) c)
In
200 nm, contact, CdTe:In, ITO
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500 pm, substrate, n-InSh,
5e17 cm

500 pm, substrate, n-InSb,
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Figure 29 (a) CdTe nBn with heavily doped top contact layer and indium contact. (b)

CdTe nBn with no top contact and ITO grown on the barrier layer directly. (c) CdTe nBn

with the top contact layer and ITO top contact.
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3.3.3 Dark Current and Responsivity vs. Voltage

The dark 1-V characteristics of the CdTe nBn photodetector at room temperature
are shown in Figure 30(a). The dark current is as low as 5x107'° A/cm? under a bias of
-0.1 V, reflecting a superior crystalline quality and the effectiveness of the nBn structure
design. The responsivity vs. bias curve at the wavelength of 633 nm is also plotted in
Figure 30(a). To collect the photogenerated holes in the absorber, it is necessary to apply
a negative bias on the top contact. Under low negative bias, the depletion region is kept in
the barrier layer. As the bias increases, the depletion region width increases and extends
to the absorber layer. Therefore, the responsivity increases slowly as the bias increases.
At a high bias of -3 V, the absorber is deeply depleted and the responsivity reaches 0.42
A/W, corresponding to an external quantum efficiency of 82%. This deep-depletion is
similar to a charge-coupled device (CCD) [50], where it can be used to enhance the
quantum efficiency, especially for near-band edge absorption with a low absorption
coefficient, and to improve the spatial resolution if the device is used in a focal plane

array (FPA) with ITO-defined pixels.
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Figure 30 (a) I-V and responsivity-voltage characteristics at the wavelength of 633 nm at
room temperature. (b) Arrhenius plot of the dark current as a function of temperature at

-05Vand0.5V.

The bias dependent dark current behaviors in Figure 30(a) are explained as
follows. The nBn device has a low dark current as the ZnTe barrier layer effectively
blocks the majority carriers in the layers. C-V measurements for an undoped CdTe bulk
material sample grown in the same chamber, under the same conditions, reveals an
electron concentration of 5x10'* ¢cm™ due to the unintentional background dopants [63].
This result suggests a near-zero hole concentration of 10> cm™, given the intrinsic carrier
concentration of CdTe is 10° cm™ at room temperature [64]. With the hole concentration
of 102 cm?® and a hole mobility of 100 cm?/V-s, the estimated direct hole drift current is
below 1075 A/em? under -0.5 V. Also, it is calculated that the electron tunneling current
through the ZnTe layer is below 10" A/cm?. Furthermore, detailed calculation suggests
an electron concentration of 2.5%10'® cm™ in the top CdTe layer under the bias of -0.5 V,

which induces a thermionic emission current of 2x107'! A/cm? over the electron barrier of
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the ZnTe layer. Clearly, the measured dark current of 10° A/cm? at -0.5 V is not
dominated by any of the above effects. To clearly explain the origin of the dark current, a
schematic diagram of the carrier G-R and transport processes in the CdTe nBn
photodetector are shown in Figure 31. For instance, if a negative bias is applied on the
top contact, as in Figure 31, the electrons are injected from the top contact into the
conduction band of the top CdTe layer. Since the electrons are blocked by the conduction
band barrier of the ZnTe layer, the continuation of current through the ZnTe layer is
maintained through i) net electron-hole recombination in the top CdTe layer, ii) hole
transport through the ZnTe layer via the valence band, and iii) net electron-hole
generation in the CdTe absorber. Our simulations show that among the above three
processes connected in series, the net thermal generation in the CdTe absorber is the
current-limiting process. Accordingly, the dark current is dictated by the thermal, or
Shockley-Read-Hall (SRH) net generation process in the CdTe absorber. In contrast, if a
positive electrical bias is applied on the top contact, the dark current is dictated by the
SRH net generation process in the top CdTe layer. As shown in Figure 30(a), the dark
current at positive bias is more than three orders of magnitude higher than that under
negative bias, because the top CdTe layer grown on the lattice-mismatched ZnTe has
significantly more defects than the CdTe absorber which is grown on the lattice-matched
InSb. A higher defect density induces higher SRH G-R current.

The dominance of G-R dark current from the CdTe layers is confirmed by
temperature dependent measurements which reveal activation energies near half the
bandgap energy of 0.75 eV, as shown in Figure 30(b). Furthermore, detailed calculations
show the measured dark current corresponds to a SRH generation lifetime of 16 ns in the
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depletion region, which is mainly due to the CdTe/ZnTe and the CdTe/InSb interface
generation, rather than the generation in the bulk CdTe material. This is because CdTe
materials with better interface grown in the same chamber, such as CdTe/MgCdTe double
heterostructures have shown a long recombination lifetime of 3.6 pus, as measured by time
resolved photoluminescence [57]. Similar single CdTe layers grown on InSb without
MgCdTe barriers give poor photoluminescence and short recombination lifetimes, on the

order of 10 ns, due to the recombination at CdTe surface and CdTe/InSb interface [65].

Thermal generationfordark current.
Optical generation for photocurrent.

Bottom

Figure 31 The schematic band diagram of the CdTe nBn photodetector under a negative
bias applied to the top contact, and with the bottom contact grounded. The carrier

generation-recombination and transport processes are shown.

The photocurrent has a similar bias-dependent behavior with the dark current
because photogenerated carriers have to go through the same processes (Figure 31) as the
dark current, except that the generation process in the absorber is realized by optical
excitation rather than thermal excitation. Consequently, if a negative (positive) bias is

applied on the top contact, the photocurrent signal exclusively originates from the photon
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absorption in the absorber (top contact layer). This is the voltage-bias-addressed
photodetection characteristic of nBn photodetectors. As in Figure 30(a), the saturated
responsivity under negative bias in our device is 10 times as high as that under the
positive bias. This can be attributed to the much thicker CdTe absorber (1 um) than the
top CdTe layer (20 nm), ensuring that the 633 nm light is absorbed dominantly by the

CdTe absorber.

3.3.4 Spectral Responsivity and D*

The spectral responsivity and external quantum efficiency are measured and
plotted in Figure 32. The external quantum efficiency is higher than 70% from 550 nm to
800 nm, reflecting the aligned valence band edge of the CdTe and ZnTe layers, and the
effective carrier collection of the ITO top contact layer. At 500 nm, the responsivity of
the CdTe nBn photodetector is 3.3 times higher than the 0.075 A/W of a commercial
GaAs PIN photodetector [66]. Such a high responsivity at short wavelengths can be
attributed to the passivation effect of the ZnTe layer for the front surface of the CdTe
absorber, which can suppress surface recombination greatly, especially of those carriers
photogenerated by short-wavelength light with shallow penetration depths. However, in
this specific CdTe nBn photodetector, the UV responsivity is not as high as expected due
to the parasitic UV-absorption of the ITO layer and the top CdTe layer.

The specific detectivity (D*) spectrum is shown in Figure 33. A relatively flat D*
plateau reaching 3x10% cm-HzY?/W that covers the visible range from 400 nm to 800 nm
is demonstrated under a bias of -0.1 V at room temperature. This D* is close to those of
the commercial Si, InGaAs, GaP and Ge photodiodes, which are ~10% cm-HzY?/W at -5
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V or -10 V [67][68]. In the UV regime, the D* is around 1x10'2 cm-HzY2/W. The D* is

calculated from Equation (15), assuming Johnson and shot noise is limiting.
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Figure 32 The spectral responsivity and external quantum efficiency

photodetector under an electrical bias of -0.1 V at room temperature.
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Figure 33 A high specific detectivity of up to 4x10'® cm-HzY?/W at room temperature is

achieved for the CdTe nBn photodetector. A flat detectivity plateau covers the whole

visible light range
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3.4 MWIR InSb PIN Photodetector

As the MWIR part of the CdTe/InSb two-color photodetector, InSb PIN
photodetectors grown an n-type 5x10" cm™ InSb substrate have been fabricated and
characterized. As in Figure 34, the photodetector consists of an undoped 1-um-thick InSh
absorber with an unintentional n-type doping concentration of ~10% c¢m=, and a p-type
200-nm-thick top InSb layer with a doping concentration of 10*° cm™ by Be. Mesas with
a size of 400 x 400 um? are defined by wet etch using citric acid solution (1 g citric acid:
1 mL water): H2O> solution with a volume ratio of 50:1 after photolithography. The wet
etch is stopped at the middle of the 500-nm-thick InSb buffer layer. Ti (20 nm) / Pt (20
nm) / Au (2000 nm) metal layers are deposited at the center of the mesa tops with a
diameter of 200 um, and are deposited at the backside of the substrate as the bottom

contact.

Ti / Pt/ Au
200 nm InSb p-10° cm3

1 um InSb undoped n-10'% cm

500 nm InSb buffer n-10 cm=

InSb substrate n-5 X 10 cm3
R

Ti/ Pt/ Au

Figure 34 Layer structure of the InSb PIN photodetector
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The InSb PIN photodetector shows a cut-off wavelength of 5.5 pm with a peak
responsivity of 1.8 A/W at 4.5 um, as in Figure 35. A plateau of external quantum
efficiency over 50% covers the SWIR and MWIR regime from 1.5 um to 4.5 pum,
suggesting high material quality and effective collection of the photogenerated carriers by

the Ohmic contacts.
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Figure 35 Spectral responsivity and eternal quantum efficiencies of the InSb PIN

photodetector under O bias at 77 K

The dark 1-V measurements show a high dark current of 0.5 A/cm? under -0.1 V
bias and at 77 K, as in Figure 36. After submerging the sample in ammonium sulfide
(20%): water solution with a volume ratio of 1: 1 for 30 min at room temperature, the
dark current under -0.1 V is suppressed to 0.01 A/cm?. The 0.01 A/cm? can be attributed

to band-to-band tunneling current occurring in the unintentionally doped absorber layer
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with an n-type doping concentration of ~ 10'® c¢cm=. By reducing the n-type doping
concentration of the InSb, it is possible to suppress the dark current further. It is reported
that if the absorber layer of an InSb PN structure has an n-type doping concentration of ~

10'* ¢cm?, the dark current under -1 V at 77 K is below 10 A/cm? [60].
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Figure 36 Dark I-V curves of the InSb PIN photodetector at 77 K before and after the

ammounium-sulfide surface treatment

3.5 CdTe/InSb Visible/MWIR Two-Color Photodetector

After the demonstration of CdTe/InSb tunnel junctions, CdTe nBn photodetectors,
and InSb PIN photodetectors, it becomes feasible to make a monolithically-integrated
CdTe/InSb visible/MWIR two-color photodetector (2CPD). The design, growth,
processing and characterization of such 2CPDs are discussed comprehensively in this

chapter.
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3.5.1 One Optical Bias

Only one external visible-light biasing source is required to optically address the
CdTe/InSb 2CPDs because, in the dark, the CdTe sub-detector has a resistance much
greater than that of the InSb sub-detector. This feature was reported in a near infrared and
long-wave infrared 2CPD using GaAs PIN and GaAs/AlGaAs quantum well infrared
sub-detectors [69]. Without any optical bias illumination, the CdTe/InSb 2CPD is
dominated by the visible light response band, because the greater-resistance CdTe
sub-detector limits the current through the device. To switch to the MWIR band, a visible
optical bias with sufficient power is required to make the resistance of the CdTe
sub-detector much smaller than that of the InSb sub-detector. However, the InSb
sub-detector usually has a very small resistance due to its narrow bandgap, and the
required optical bias power becomes impractically high. Undoped InSb grown using
molecular beam epitaxy (MBE) usually has an unintentional n-type doping concentration
higher than 10'® cm?, which gives a dark current higher than 10 A/cm? under -1 V at 77
K [60]. Therefore, an optical bias power of > 30 W/cm? is required to turn on the InSb
sub-detector, which is so high that it damages the CdTe material. To minimize the
required power of the optical bias, we use commercial undoped InSb substrates with

unintentional n-type doping concentrations of ~ 10'* cm™

as the absorber layer of the
InSb PN structure, which ensures a dark current below 10° A/cm? under -1 V at 77 K
[60]. Even though the InSb substrate is as thick as 500 um, and has a low electron
concentration of ~ 10! cm™, the high electron mobility in the InSb (8x10° cm?V-!s™)

ensures a negligible series resistance of 0.004 Q-cm” induced by the InSb substrate.
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Furthermore, an In/InSb Ohmic contact can be easily made on the back side of the

undoped InSb substrate after proper annealing [70].

3.5.2 MBE Growth and Device Processing

Two CdTe/InSb 2CPD samples were grown on undoped, 2-inch InSb (100)
substrates using a VG V80 solid-source MBE system. The layer structure in Figure
37(a) shows a CdTe-PN/InSb-PN structure (PN/PN for short) while Figure 37(b) shows a
CdTe-nBn/InSb-PN structure (nBn/PN for short). For both of these structures, before
the growth, the surface oxide of the InSb substrate is removed by heating the substrate to
480 °C for 60 min so that the defect density at the metallurgical junction of the InSb
photodiode is minimized. The reflection high-energy electron diffraction (RHEED)
shows a streaky 3x1 pattern when the oxide is removed. After the oxide removal, two
20-nm-thick p-type InSb layers with doping concentrations of 5x10'7 ¢cm™ and 1x10"

cm?

respectively, are grown in sequence. The samples are then transferred directly
from the III-V chamber to a II-VI chamber in ultra-high vacuum. The II-VI material
growth starts with a 20-nm-thick n-type CdTe contact layer with a doping concentration
of 2x10" ¢cm, which is followed by a 2.5-um-thick undoped CdTe absorber layer. For
the first sample with a CdTe PN structure, as in Figure 37(a), a 10-nm-thick Mg 3Cdo7Te
surface passivation layer is grown on top of the CdTe absorber layer, and a post-growth
8-nm-thick p-type amorphous silicon contact layer is deposited on the top, with a doping

concentration of 1x10'® ¢m?.

For the second sample with a CdTe nBn structure, as in
Figure 37(b), a 300-nm-thick undoped CdZnTe alloy barrier layer with a graded Zn

composition, from 0.5 to 1 is grown on top of the CdTe absorber to accommodate the
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lattice mismatch between ZnTe and CdTe. Afterwards, a 50-nm-thick undoped ZnTe
barrier layer and a 20-nm-thick undoped CdTe top contact layer are grown. Finally,
circular 70-nm-thick ITO contacts with diameters of 0.5 mm are deposited on top of the
two 2CPC samples, and a 200-nm-thick indium contact is deposited on the back side of
the InSb substrates. The samples are annealed at 200 °C in air for 1 min to ensure an
Ohmic indium/InSb contact. It is confirmed that the hetero p-InSb/n-CdTe interfaces in
these 2CPDs have a low resistance of 0.04 Q-cm? at 77 K by a stand-alone sample, which

comprised of an n-type 10'® cm™ CdTe layer grown on a p-type 10" cm™ InSb layer.

(a) (b)
| 70nmITO |
20 nm CdTe undoped
50 nm ZnTe undoped
300 nm ZnTe
70 nm ITO " .
8|nm a-Si p-1078 cn"r3 ... (Cd composition grading)
10 nm Mg, sCd, 7 Te undoped CdysZngsTe, undoped
2.5 um CdTe n-1016 cm-3 2.5 pm CdTe n-10'¢ cm?3
20 nm CdTe n-10'8 cm-3 20 nm CdTe n-10'8 cm?
20 nm InSb p-10'¢ cm3 20 nm InSb p-10'° cm-3
20 nm InSb p-5x10'" cm* 20 nm InSb p-5x10'" cm=
500 pm InSb substrate undoped 500 pm InSb substrate undoped
n~ 10" cm> n~ 10" cm3
Indium Indium

Figure 37 (a) Layer structure of the CdTe-PN/InSh-PN two-color photodetector. (b) Layer

structure of the CdTe-nBn/InSbh-PN two-color photodetector.
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3.5.3 Electrical and Optical Addressing

The visible and MWIR responsivities as a function of the applied electrical and
optical bias of both 2CPDs are plotted in Figure 38. The optical bias consists of a 532 nm
CW laser with a power of 0.7 W/cm? with only two states, on or off, which means the
optical bias is, or is not illuminating the devices. The visible and MWIR responsivities
are represented by the responsivities at the wavelengths of 650 nm and 3.39 pm
respectively. As in Figure 38, the responsivities are not only dependent on the optical bias
states, but are also functions of the applied electrical bias. This is because both the optical
and the electrical biases can change the quiescent points of the CdTe sub-detector and the
InSb sub-detector, and then change the small-signal AC resistances of the two

sub-detectors. The output of the 2CPD can be calculated by Equation (16) [71]:

i erTe | + r-InSb H ( 1 6)

= - |
output visible MWIR
r-CdTe + rInSb erTe + If-InSb

where ivisinie and iywr are the AC photocurrents generated by the CdTe and InSb
sub-detectors, rcare and risp are the small-signal AC resistances of the CdTe and InSb
sub-detectors at the quiescent points respectively, and ioupur 1S the AC output current
signal of the 2CPD. According to Equation (16), the output photocurrent signal is
dominated by the photocurrent of the CdTe sub-detector if rcare >> riusp, whereas the

photocurrent of the InSb sub-detector dominates if 7care << rusp.
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(a) CdTe-PN/InSb-PN 2CPD (b) CdTe-nBn/InSb-PN 2CPD

—n ! ) E T T T T T T 1
4 —— Y- EYYVyvy 3 F——w—_, _ ;
10" f : q:'-. "'v\' 3 107 F r/'i:::\..\ 3
F F - n—
b ‘i- [ / 'V\ \
3 L

g 102 \ l < 10° L /'/. - g i
S E w E ;'7. | N
v <L . I7
Z 407 IMIWR (3.39 um): S 1 2 o2 [ MIWR (3.39 um):
= E ) . = 10"F .
@ f—s—OBON « OB OFF g 7 p "~ OBON « OBOFF
S 10* LVisible (650 nm): E o[ =R 1000 EI: ]
8 © . OBON v OBOFF g " [~ OBON—vy—OBOFF
14 L T . [ Optical Bias (OB): 0.7 W/cm” at 532 nm
107 F o e —eatatet* e { @ 10° ]
: T=77TK P P S
10° ;_Optical Bias (OB): 0.7 Wicm” at 532 nm ] 10° . P - T=77K ]
-2 -1 0 1 2 5 4 30 2 A 0 1
Bias (V) Bias (V)

Figure 38 Responsivities of (a) the CdTe-PN/InSb-PN 2CPD and (b) the
CdTe-nBn/InSb-PN 2CPD as a function of the applied electrical bias when the optical
bias (OB) is ON or OFF at a temperature of 77 K. The MWIR and visible responsivities

are measured using light sources at wavelengths of 3.39 um and 650 nm respectively.

3.5.4 Band Switching

As in Figure 39, the devices are switched between the visible band (mode), with a
780 nm cut-off, and the MWIR band (mode), with a 5.5 pm cut-off, at 77 K under
selected optical and electrical bias conditions, which are summarized in Table 4 (the
visible-blind visible mode will be discussed later). For the PN/PN 2CPD, the band is
switched by changing the optical bias only, while for the nBn/PN 2CPD, the band is
switched by changing not only the optical bias, but also the electrical bias. In the visible
mode, the two 2CPDs have a visible responsivity of up to ~ 0.3 A/W, covering the whole
visible wavelength range, and a negligible MWIR responsivity of ~ 10> A/W. After
switching to the MWIR mode, the MWIR responsivities are enhanced to 0.25 A/W and

0.75 A/W, and the visible responsivity is suppressed to 7.5 mA/W and 4.8 mA/W, for the
71



PN/PN 2CPD and the nBn/PN 2CPD respectively. The different absorption valleys in the
MWIR spectra, as shown in Figure 39, can be attributed to the presence and absence of
the lattice-mismatched CdZnTe and CdTe layers in the nBn/PN 2CPD and the PN/PN

2CPD, respectively.

Table 4 The electrical and optical bias conditions for different detecting modes of the two

CdTe/InSb 2CPDs.

Visible Mode MWIR Mode
CdTe-PN/InSb-PN 2CPD 0 V, optical bias off 0 V, optical bias on
CdTe-nBn/InSb-PN 2CPD -5V, optical bias off -1.64 V, optical bias on
(a) CdTe-PN/InSb-PN 2CPD (b) CdTe-nBn/InSb-PN 2CPD
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Figure 39 (a) The responsivity of the CdTe-PN/InSb-PN 2CPD can be switched between
the visible band and the MWIR band by changing the optical bias only under a zero
electrical bias. (b)The CdTe-nBn/InSb-PN 2CPD has responsivity bands of visible,
MWIR and red-blind visible which are switchable by changing both the optical bias and

the electrical bias.
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The nBn/PN 2CPD has an extra band with a cutoff wavelength of ~ 550 nm and a
responsivity of ~ 0.12 A/W (as in Figure 39(b)) under zero electrical bias, and with
optical bias off, which is referred to as the red-blind visible mode. In this mode, the
red-light responsivity is only 4.3 mA/W and the MWIR responsivity is as low as 3.5
pA/W. This feature is due to the absorption of the 350-nm-thick barrier layer and the
particular band alignment of the CdTe nBn structure. Under zero electrical bias, and with
the optical bias off, only the barrier layer is depleted by the built-in voltage. The
photogenerated carriers in the barrier layer can be collected by the contacts whereas, most
of the photogenerated carriers in the absorber layer recombine locally and contribute to a
low red-light responsivity. As the applied electrical bias increases, under -5 V and with
the optical bias off, both the barrier layer and the absorber layer are depleted, and the
photogenerated carriers in both of these two layers can be collected efficiently,
contributing to a responsivity covering the whole visible range, as in Figure 39(b).
Similar phenomena have been reported in a Ga,O3/GaN Schottky-barrier photodetector
[72], in which the Ga;O3; and GaN have nearly-aligned conduction band edges and a
barrier in the valence band [73]. In addition, as in Figure 38(b), the feature can be now
explained that, under an electrical bias from -1 V to 1.5 V, the 650-nm responsivity is
enhanced significantly after turning on the optical bias. This is because the 532-nm
optical bias reduces the barrier layer resistance significantly, and makes it more efficient

at collecting photogenerated carriers from the absorber.
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3.5.5 Device Specifications

Table 5 summarizes the specifications of the two devices including the peak
responsivities, the BRRs, and the CTs for the visible and MWIR bands. To depict how
much the responsivity is enhanced or suppressed, we use the band rejection ratio which is

defined in Equation (17) [69].

BBR =10log o (17)

FF
where log stands for denary logarithm, Row is the responsivity of a specific band when
this band is switched on, and Rorris the responsivity of this band when it is switched off.
On the other hand, to depict how much the undesirable MWIR (visible) photo response is
when the devices are in the visible (MWIR) mode, we use visible to MWIR crosstalk

(CT), and MWIR to visible CT which are defined as Equations (18) and (19),

respectively [74].
N "Ry (A)dA
CTme =10l0g 52 om (1 (18)
Ruwir (4)d 2
) isible /1 dﬂ“
CTM¥R _10l0g Ig Ruswe (2) (19)
lem Rvisible (j“) d;t

where R is the responsivity, 4 IS the wavelength of the light, the subscript of the letters
stands for which mode the device is in, and the superscript of the C7s stands for which
band is undesirable. A higher CT value means lower undesirable photo response for each

mode.
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Table 5 The specifications of the CdTe-PN/InSb-PN and the CdTe-nBn/InSb-PN 2CPDs

Peak Peak Visible MWIR | Visibleto | MWIR to
Ruisible Rmwr BRR BRR MWIR CT | Visible CT
(A/W) (A/W) (dB) (dB) (dB) (dB)
CdTe-PN
/InSb-PN 0.31 0.25 16 40 26 29
2CPD
CdTe-nBn
/InSb-PN 0.30 0.75 18 52 31 40
2CPD

By using both optical and electrical addressing, the nBn/PN 2CPD has achieved
better specifications than the optically addressed PN/PN 2CPD, except for the peak
visible responsivity. However, the MWIR responsivity of both of the two devices in the
MWIR mode is still lower than the 1.8 A/W of a stand-alone InSb PIN photodetector,

which is attributed to the free-carrier infrared absorption in the ITO contacts.

3.6 Chapter 111 Summary

Three building blocks to achieve a visible/MWIR CdTe/InSb two-color
photodetector are studied, including a CdTe/InSb tunnel junction, a CdTe nBn
photodetector and an InSb photodiode. n-CdTe/n-InSb and n-CdTe/p-InSb tunnel
junctions have been demonstrated with very low resistances of 0.005 Q-cm? and 0.04
Q-cm?, respectively at 80 K. A visible CdTe nBn photodetector with a cut-off wavelength
of 820 nm has shown a specific detectivity of 3x10% cm-HzY?/W at room temperature. A
5.5-um-cutoff epi-grown InSb PIN photodetector has been demonstrated a high dark
current of 0.03 A/lcm? at 77 K even after surface passivation. Such high dark current is

attributed to a high unintentional doping concentration of 10*® ¢cm™ in the undoped
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epi-grown InSb, and it can be suppressed significantly by using a commercial undoped
InSb substrate with an unintentional doping concentration of <104 cm™ as the absorber.

Furthermore, we have demonstrated two visible/MWIR two-color photodetectors
(2CPD) grown on unintentionally doped InSb substrates using lattice-matched CdTe and
InSb sub-detectors, which are monolithically integrated by an n-CdTe/p-InSb tunnel
junction with a resistance of 0.04 Q-cm? at 77 K. In these two 2CPDs, the CdTe
sub-detector has a PN or nBn device structure, and the InSb sub-detector has a PN
structure. By using selected optical bias and electrical bias conditions, the responsivity of
these 2CPDs can be switched between a visible band with a cut-off of 870 nm and a
MWIR band with a cut-off of 5.5 pum. The specifications of the optically-and-electrically
addressed CdTe-nBn/InSb-PN 2CPD are generally superior compared to the optically
addressed CdTe-PN/InSb-PN 2CPD. A MWIR responsivity of 0.75 A/W and a visible
responsivity of 0.30 A/W, with band rejection ratios of 18 dB and 52 dB have been
realized for the MWIR band and the visible band respectively.

The combination of electrical and optical addressing can be applied for future
multicolor photodetectors based on other material systems. By changing the electrical
bias, the required number of optical biases for addressing can be reduced compared to
conventional pure optical addressing with many optical biases and under a constant

electrical bias.
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IV DEVICE PHYSICS OF NBN PHOTODETECTORS
4.1 Chapter 1V Introduction

nBn photodetectors can be considered as an n-type photoconductor with a
hetero-structure layer having a conduction band barrier to block the electrons, while a
valance band edge aligned to the absorber layer to let the holes pass freely. In theory, it is
plausible that if the n-type doping concentration is extremely high, the nBn
photodetectors have extremely low dark current because the minority carriers have
extremely low concentration and drift current. However, an nBn photodetector cannot be
simply considered as a photoconductor with the drift current of the minority carriers only.
Due to the band-to-band transitions, such as the thermal generation-recombination (G-R)
process and band-to-band (BTB) tunneling process in the absorber, the dark current is
actually enhanced if the n-type doping concentration is too high. The doping atoms can
induce a lot of G-R trap centers and a high field that results in high BTB tunneling
current.

Even though numerous experimental results have been reported to develop nBn
photodetectors based on different materials [26][28][29][30][31][32], theoretical
understanding of the device physics of nBn photodetectors was lacking until recently,
however, now a range of numerical simulations and analytical modeling results have been
reported [75][76][77][78][79]. Reine et al. [76] pointed out that an ideal nBn with
identical doping concentration for the top contact layer and the absorber can be modeled
by serially connected back-to-back double diodes. Under a negative voltage bias applied
on the top contact, which can collect the photogenerated holes from the absorber layer,
the top contact layer acts as a forwardly biased diode, and the absorber acts as a reversely
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biased diode. In conventional pn junctions, people use the depletion approximation, and
the boundary conditions of the minority carriers are as follows at the

quasi-neutral-region/depletion-region interfaces.

P, (V)= p,,exp(eV /KkT) (20)
n,(V)=n_exp(eV /kT) (21)

Equations (20) and (21) stand if assuming the hole quasi Fermi level is flat in the
depletion region and the p-type region, and the electron quasi Fermi level is flat in the
depletion region and the n-type region. As shown in Figure 40, Reine et al. attributed the
effectiveness of the back-to-back double diode model to the identical boundary
conditions of the holes in the n-type layers of nBn, and in the n-type layers of the
back-to-back double diodes [76]. This identicalness of the hole boundary conditions
relies on the assumption that for the back-to-back double diodes, the hole quasi Fermi
level is flat trough the depletion regions and the p-type layers, and for the nBn, the hole

quasi Fermi level is flat through the barrier layer.
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Figure 40 Equivalence of the boundary conditions on hole dark current in the
back-to-back diode structure (above), and the nBn structure (below). The identical
boundary conditions in both cases justify the use of the back-to-back photodiode

equations to describe the nBn detector [76].

However, this back-to-back double diode model may be oversimplified under
several circumstances. First, in practical nBn photodetectors, the top contact layer and the
absorber layer may have different n-type doping concentrations, which is not the case as
Reine et al. assumes. The absorber layer is unintentionally doped to ensure high material

quality, whereas the top contact is heavily doped for Ohmic contact purposes. This

79



difference of doping concentrations gives rise to a built-in voltage that is not included in
the back-to-back double diode model. Second, at high biases, due to the finite hole
mobility of the barrier layer, the hole quasi Fermi level may tilt, as confirmed by
simulations. This hole quasi Fermi level tilting in the nBn barrier layer may be different
from that in the diode depletion regions, and therefore the hole boundary conditions
becomes different under high bias and it undermines the effectiveness of the back-to-back
diode model.

In this chapter, the device physics of nBn photodetector will be discussed from
very fundamental aspects, such as the carrier generation, recombination, and transport in
the nBn device. A novel concept of hole resistance is presented as possibly a more
straightforward model than the back-to-back double diode model. In addition, analytical
equations for dark current and the multicolor photodetection behavior of nBn

photodetectors will be discussed.

4.2 Origin of the Dark Current
4.2.1 Carrier Generation, Recombination and Transport

The carrier transport and G-R process in the nBn structure are shown in the band
edge diagram in Figure 41. For the sake of simplicity, the electron direct-tunneling
current, the electron thermal emission current, the band-to-band tunneling current, and
the surface leakage current are not considered. These currents are parallel to the dominant
dark current to be discussed, and they can be simply added to the dominant dark current.
In the top contact layer (TCL) on the left, the electrons are injected from the top metal
contact, and accumulated due to the blocking of the barrier layer (BL). The holes are also
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injected into the TCL by the field, resulting in excess n and p deviating from the
equilibrium concentrations. Hence, the thermal recombination rate is larger than the
thermal generation rate, and the net is thermal recombination in the TCL, which is
referred to as net thermal recombination in the following text. In the absorber layer (AL),
the electrons are collected by the bottom metal contact, and the holes in the AL are swept
away by the high electrical field around the BL, resulting in lower electron and hole
concentrations than that of equilibrium concentrations. Consequently, the thermal
generation rate is higher than the recombination rate, and the net is thermal generation in

the AL, which is referred to as net thermal generation in this essay.

Excess carrier
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Figure 41 Carrier transport and G-R processes in the nBn structure
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The carrier transport and G-R processes in the nBn structure can be further
elucidated as follows. At steady state, we have the particle conservation equation for

holes,

V-1, =q(G-R) (22)

where Jp is the hole current density, G and R are the thermal generation and

recombination rate in the T2SL respectively. Apply the Gauss theorem:

@ﬂ-dézmv-idv:qﬂj(G—R)dv (23)
If the Gaussian surface of the AL is chosen, as in Figure 42, the hole current

density in the BL, IppL, equals the hole current density I at interface of the AL and

bottom contact layer (BCL), plus the G-R process integration over the AL:

|l eom »

where A is the area of the nBn device. Similarly, if the Gaussian surface of the TCL is
chosen as in Figure 42 (the left Gaussian surface is in the top metal contact), since the
hole current in the metal contact is 0, the Iy gL equals the G-R process integration over the

TCL and on the surface of the top metal contact:

_ qj.f.[TCL(R_G)dV n q.”-contact(RS ~G;)dS

oo A A

(25)

where Rs and Gs are the surface thermal recombination and generation rate respectively,
at the top metal contact. In the BL, the electron current is almost 0, and there is negligible
G-R in the BL, as a result the total dark current density equals the hole current density in
the BL. If the hole diffusion length is assumed to be less than the AL thickness, the Ippc

term in Equation (24) is close to zero. So,
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To summarize, Equation (26) means that the dark current of nBn structure, or the
hole current flowing through the BL mainly originate from the net thermal generation in
the AL, and they recombine with the electrons in the TCL and at the surface of the top

metal contact.
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Figure 42 The Gauss theorem analysis of the hole current in the nBn structure.

4.2.2 Hole Impedance and Electrical Addressing
Because the AL and the TCL are connected in series, an important question is,

which one, AL or the TCL is more resistive? The more resistive one should limit the total
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current. In this chapter, the author proposes a novel way to depict how resistive the layers
are in the nBn structure.

Generally speaking, the dark current is sufficiently determined by the profile of
conduction/valence band edges, the profile of the electron quasi Fermi level (EQFL), and
the profile of the hole quasi Fermi level (HQFL) for a given device. For the sake of
simplicity to make the points clear, we consider the near flat band condition first: under
small biases of 0 to -0.26 V near the Vi, of -0.13 V, the band bending in either the TCL or
the AL is zero because of depletion or accumulation is negligible. As a useful fact,
because the electrons are majority carriers and are blocked by the BL, the EQFL is
nearly flat in both the TCL and the AL. As a consequence, in the near flat band
condition, the current is only determined by the HQFL profile, which is determined by
the two boundary conditions at the two ends, either in the TCL or the AL. In the TCL, the
left end is the Ohmic contact, giving a boundary condition for the HQFL pinned to the
equilibrium position at the contact surface. The other boundary condition is determined
by how much the HQFL deviates from the equilibrium at the TCL/BL interface, which is
referred to as 4EmcL, as in Figure 43(a). Once the boundary condition of AEmcL is
given, the dark current in the TCL is determined. Similarly in the AL, because the
diffusion length is assumed to be much less than the AL thickness, at the AL/BCL
interface, the HQFL is very close to the equilibrium, and the dark current is only
determined by how much the HQFL is separated from the equilibrium at the BL/AL
interface, referred to as 4EmaL, as in Figure 43(a). If the HQFL in the barrier is flat,
which can be confirmed by Silvaco at low biases, 4EmtcL and AEmaL are related to the
applied voltage of V on the entire nBn, as in Figure 43(a):
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g 27)

V =

The current in the TCL and the AL should be identical because they are connected

in series:

hee =la (28)
where ltcL and laL are functions of AEmrcL and A4EmaL, respectively. Now we have
something very similar to voltage drop, but actually different from the voltage drop of the
TCL and the AL: AEstcL and AEmaL. They are “applied” to the AL and the TCL layers,
and generate some current. The "hole impedance™ of the TCL and the AL can be then

defined as Equations (29) and (30).

AE
iRh,TCL: qlfh,TCL
TCL (29)
AE
ERh,ALz qlfh,AL
AL (30)

Equation (27-30) show, an nBn structure can be interpreted as two hole
impedances of the TCL and the AL connected in series. Once we know their I- AEm
curves, the dark current of the nBn structure can be calculated at any bias, just as how the
current is determined for two non-linear impedances connected in series.

Here, the author proposes a numerical method to calculate the I- 4E% curves of
the AL and the TCL in the near flat band condition using Silvaco. Take the calculation
of the I- 4EmaL of the AL for example. In Silvaco, the |- 4EmaL of the AL can be
calculated by setting the hole impedance of the TCL to be 0 artificially: simply set the
hole mobility in the TCL and the BL to be extremely large (1x10'? cm?/Vs), the minority
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carrier lifetime in the TCL to be extremely short (1x10° ns), and leave all the other
parameters as normal. We call this artificial nBn as nBn_AL. Figure 43(c) shows the
simulation confirms the hole impedance of the TCL is 0 according to Equation (29),
because the 4Em tcL is always 0 regardless of how much the applied bias and current are.

As Figure 43(c), in the nBn_AL, the total bias V equals 4EmaL/q, and the dark
current of the whole nBn_AL equals that of the AL, so we get the |- AEmaL curve of the
AL by calculating the I-V curve of the artificial nBn_AL. Admittedly, the band edges of
the AL in the nBn_AL deviates slightly from that in the nBn, which would render a
difference of the dark current, but in the near flat band condition, the difference can be
negligible.

Similarly, as Figure 43(b), we can get the |- 4EmcL curve of the TCL by setting
artificially extreme material parameters for the BL and the AL, as in Table 6, and then

calculating the 1-V curve of the artificial nBn_TCL.

Table 6 The artificial material parameters of nBn_TCL, nBn_AL and nBn used in Silvaco

The minority carrier life time (ns)
Top contact layer Barrier Absorber
nBn_TCL 100 1x10°
nBn_ AL 1x10 100
nBn 100 100
The hole mobility (cm?V-1s?)
Top contact layer Barrier Absorber
nBn TCL 5 1x10%2 1x10%2
nBn_ AL 1x10%2 1x10%2 5
nBn 5 10 5
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Figure 43 (a) The simulated four characteristic profiles: conduction and valence band
edges, electron and hole quasi Fermi levels of the nBn at -0.14 V, (b) the four
characteristic profiles of the artificial nBn_TCL at -0.1 V (c) the four characteristic
profiles of the artificial nBn_AL at -0.05 V, (d) The dark I-V curves of the nBn, the

nBn_TCL and the nBn_AL. (-0.1) + (-0.05) = - 0.14 V! Temperature: 150K. The contacts

are set to be Ohmic.

It is interesting to note that the band edges and quasi Fermi levels of the AL in
Figure 43(a) imitates that in Figure 43(c), while the TCL in Figure 43(a) imitates that in
Figure 43(b). Approximately, we have - 0.1 + (-0.05) = - 0.14 V, which confirms

Equation (27). Furthermore, the I-V curves of nBn, nBn_AL, and nBn_TCL in Figure
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43(d) show that, for any other given current, the sum of the voltages of the nBn_AL and
the nBn_TCL always equals the voltage of the nBn. In other words, Equation (27) stands
always.

The numerical simulation shows that, an nBn structure can be considered as two
non-linear hole impedances of the AL and the TCL connected in series. The I-4Em
curves of the AL and the TCL are shown in Figure 43(d). The exponentially increasing
I-V curve of nBn_TCL, in Figure 43(d), suggests that the TCL in the nBn behaves like a
forwardly biased PN junction. While the saturated I-V curve of nBn_AL indicates that
the AL in the nBn is like a reversely biased PN junction. At a low bias regime (0 ~ -0.13
V), the TCL has higher hole impedance and it limits the dark current as a forward PN
junction, while at a higher bias regime (-0.13 V ~ -0.5 V), the AL has higher hole
impedance and it limits the dark current as a reverse PN junction.

In summary, the hole impedance model clearly shows that the dark current of nBn
photodetectors has an electrical-addressing behavior. If a negative electrical bias is
applied on the top contact, the dark current is dictated by the thermal, or
Shockley-Read-Hall (SRH) net generation process in the CdTe absorber. In contrast, if a
positive electrical bias is applied on the top contact, the dark current is dictated by the
SRH net generation process in the top CdTe layer. At high voltage biases, the hole quasi
Fermi level tilts in the barrier layer, and the sum of 4EmtcL and 4EmaL as in Equation
(29) and (33) is less than the applied total voltage. Therefore, at high voltage biases, the
dark current of nBn is in theory lower than the dark current calculated by using the dark

I-V curves of the artificial nBn_TCL and nBn_AL photodetectors as in Figure 43(b).
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4.3 Two-color Photodetection

The photocurrent of an nBn photodetector has a similar electrical-addressing
behavior as the dark current, because photo-generated carriers have to go through the
identical process as Figure 41, except the generation step is realized by photo-excitation
rather than thermal excitation as the dark current. Consequently, if a negative (positive)
bias is applied on the top, the photocurrent signal exclusively originates from the photon
absorption in the absorber (top contact layer). This characteristic can be utilized to make
an electrically-addressed two-color photodetector by making the TCL in the nBn
structure optically thick, and have a bandgap greater than the AL, but still smaller than
the BL. A bias-selectable dual-band mid-/long-wavelength nBn infrared photodetector
has been reported based on InAs/InAsSb type-I1 superlattices [80].

Furthermore, an alternative way to make a two-color photodetector based on an
nBn structure is to make the BL optically thick, while keeping the TCL much thinner
than optical penetration depth. As discussed in Chapter 3.5.4, an extra red-blind visible
band of the CdTe nBn photodetector is due to the absorption of the 300-nm-thick
Zn(Cd)Te barrier layer. Similarly, Weng et al. reported a f-Ga>,0O3/GaN Schottky-Barrier
Photodetector which has a responsivity spectrum dependent on the applied voltage [72].
The Ga203 is 200 nm thick on the GaN with an aligned conduction band edge and a large

valence band offset [73].

4.4 Analytical Equations
At operating (negative) bias when the AL limits the current, the BL can be

considered as a capacitor with two-dimensional electron gas (2DEG) in the TCL, and a
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uniform positive space charge region distributed in the AL. If using the depletion
approximation, positive charge with a density of Np is distributed uniformly in the
depletion region with the width of Wagep. The BL has fully ionized doping atoms and a
uniform positive charge density of Np. Therefore, in the electron accumulation layer of
the TCL the negative sheet charge density is Np(to + Wagep) to meet the charge neutrality
principle. The total potential drop across the entire device equals the total applied voltage
V minus Vi, namely the sum of the potential drops in the TCL, in the BL, and in the AL:
P=V Vi = oL +Pu +Pu (31)
where Vi, is the flat band voltage. It equals the change of Fermi level at equilibrium
induced by the different doping concentration in the TCL and the AL.
The TCL is heavily doped and the potential drop due to the 2DEG in the
accumulation layer is negligible:
Pre. =0 (32)
The potential drop in the absorber layer can be calculated by solving the Poisson's
equation:

q N DWdip

= 33
2 2. (33)

where ¢s is the static dielectric constant of the InAs/InAsSb T2SL.

The barrier layer is un-intentionally doped, so:

_ qNDWdep + qND,BLtBL
CBL 2CBL

Z0 (34)
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where CgL equals to esi/tsL, Which is the capacitance per unit area of the barrier layer, es
is the dielectric constant of the barrier layer, egL is the thickness of the barrier layer, Np
and Np,gL are the donor concentration in the AL and the BL respectively.

Remarkably, the highest allowed bias to avoid depletion of the absorber layer can

be calculated using Equation (35), by combining Equations (31-34) and letting Wgep = 0.

N, gt
Vmax =Vfb + q —— (35)
2C,,
The width of the depletion region Wqep of the absorber layer under a voltage V

greater than Vmax can be calculated as Equation (36) by combining Equations (31-34).

2 —
w,, - [ lelj )

CeL deN,

The total current of nBn photodetectors can be then analytically expressed as [25]:

i "dep

nW L n?
I 5T (37)

liark = lo_r * Lgittusion

Tsrn rpND

where nj is the intrinsic carrier concentration of the T2SL, Np is the unintentionally doped
density in the AL, zsrH IS the Shockley-Read-Hall carrier lifetime in the depletion region
of the AL, Vi is the flat-band voltage, q is the elementary charge, Lp is the vertical hole
diffusion length in the absorber and zp is the hole carrier lifetime in the quasi-neutral
region of the absorber. It is important to note that in Equation (37), the first term is the
G-R current originating from the depletion region, and the second term is the diffusion
current originating from the quasi-neutral region in the AL. All the other currents are

parallel to this current and can be simply added to Equation (37), such as the electron
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direct-tunneling current, the electron thermal emission current, the band-to-band

tunneling current, and the surface leakage current.

4.5 Chapter IV Summary

The device physics of nBn structure with a perfect valence-band edge alignment
iIs comprehensively discussed. The origin of the dark current is elucidated from a
fundamental aspect by analyzing the carrier generation, recombination and transport in
the nBn structure. Furthermore, a physical model of hole impedance is presented as a
more straightforward model than the back-to-back double diode model to understand the
device physics of nBn photodetectors.

Remarkably, a typical characteristic of nBn photodetector, electrical addressing, is
well explained after this careful analysis of the device physics of the nBn structure. By
applying a voltage bias with different polarities, the dark current is limited by the net
thermal generation, or the photocurrent is dominantly contributed by the light absorption
in different layers of the nBn photodetector. By making the top contact layer and the
absorber layer optically thick, and the former with a greater band gap than the latter, it is
possible to have an electrically-addressed two-color photodetector.

In addition, analytical equations are presented to estimate the depletion width of
the absorber layer, highest bias allowed to avoid depletion of the absorber layer, and the

dark current of nBn photodetectors.
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V CONCLUSIONS
This work develops the concept of nBn photodetectors by demonstrating a
mid-wave infrared (MWIR) InAs/InAsSb superlattice nBn photodetector with charge
output and a visible CdTe nBn photodetector with current output. Furthermore, the CdTe
nBn photodetector is integrated monolithically with an InSb photodiode to achieve a
visible/MWIR two-color photodetector (2CPD). In addition, the device physics of nBn

photodetectors with aligned valence band edges is elucidated comprehensively.

The MWIR nBn photodetector has an absorber layer and a barrier layer with
type-11 band edge alignment, so that a potential well is present in the barrier layer as
confirmed by electron holography measurements. Under light illumination at
temperatures below 77 K, photogenerated holes are collected and stored in this well
under low biases < — 0.2 V, which induce low dark current of <10 A/cm?. A lifetime of
up to 40 s for the stored holes is confirmed by photocurrent and photo-capacitance decay
measurements. The number of the photo-charge stored in the well is an integration of the
photocurrent over time, and therefore the photo-charge signal has a noise much lower
than the photocurrent signal. Also, the photo-charge can be collected by the well at
near-zero voltage, which ensures low dark current and dark noise. Since the charges can
be read out laterally along the barrier layer as in charge-coupled devices (CCD), it is
possible to make nBn photodetectors with charge output which have much improved

noise figures than the conventional nBn photodetectors with current output.

The visible nBn photodetector with conventional current output is achieved by
using high-quality CdTe as the absorber layer, and ZnTe as the barrier layer. These two

93



materials as a nearly perfect valence band alignment with an offset of only -0.05 eV. By
using an novel 1TO/undoped-CdTe top contact design, the 820-nm-cutoff CdTe nBn
photodetector has reached a peak specific detectivity (D*) of 3x10'® cm-HzY4/W at room
temperature under -0.1 V. This high-quality CdTe nBn photodetector is further integrated
with a 5.5-um-cutoff InSb photodiode monolithically to achieve a visible/MWIR 2CPD.
The nBn structure of the CdTe sub-detector makes it necessary to use both electrical
optical biases to switch the photo response of the 2CPD between the two colors. At 77 K,
the photo responsivity can be switched between a visible band with peak responsivity of
~ 0.3 A/W, and a MWIR band with peak responsivity of ~ 0.75 A/W. The band rejection
ratio is 18 dB for the visible band, 52 dB for the MWIR band. This monolithically
integrated visible/MWIR 2CPD enables future focal plane arrays with high fill-factor and
the capability of switching between visible and MWIR colors.

In addition, the device physics of nBn photodetectors with aligned valence band
edge  isclarified  comprehensively.  After  careful analysis of carrier
generation-recombination and transport processes, a ‘hole impedance” model is
presented to explain the origin of the dark current and the electrically-addressed
two-color photodetection characteristics. This model is more straightforward than the
conventional back-to-back double diode model and can be used for future nBn

photodetectors based on different materials.
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