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Abstract

The mid-wave infrared (MWIR) spectrum, typically referring to the wavelength range of 2 - 5
um, has the potential to enable next-generation breakthroughs in photonics applications. Therefore,
high-performance photodetectors that operate in this range are of high interest. However, high signal-
to-noise ratio (SNR), a critical figure of merit for photodetectors, is extremely difficult to achieve in
the MWIR range. The challenge is twofold, one is the low signal power level, determined by the
application scenario in the MWIR range, and the other is the high noise level, which originates from
the high dark current of the narrow bandgap material. To address these challenges, my PhD research
focuses on developing high performance MWIR photodetectors based on the AlInAsSb digital alloy
materials system. The primary goal is to achieve high SNR. The solution is twofold.

The first approach is to achieve a high signal level by using the internal gain of avalanche
photodiodes (APDs). To maximize the SNR performance, I designed a new separate absorption,
charge, and multiplication (SACM) APD with an ultra-thin absorber to suppress dark current, while
the quantum efficiency of the device is maintained at a high level by using photo-trapping structures.
The device exhibits dark current level more than 2 order lower than the previous record result at 2
um, and the quantum efficiency reaches ~ 22 % by using surface metal gratings and ~ 24 % through
edge coupling. Moreover, the maximum gain of the device is as high as ~ 1000 at 240 K.
Consequently, record high SNR performance is demonstrated by the thin SACM APD. Additionally,
the thin absorber design also improved the speed performance. The frequency response measurement
shows that the maximum bandwidth reaches ~ 7 GHz, and the gain-bandwidth product is over 200
GHz. Both of these two values are more than 4 time higher than the previously record bandwidth for
2 um APDs. In the future, this idea of using the combination of an ultra-thin absorber and photon

trapping structures can be applied to longer wavelength cut-off APDs in the MWIR range.



Instead of boosting up the signal level by using an APD, another solution to improve the SNR is
to suppress the dark current by using an n-barrier-n (nBn) photodetector design. Although nBn
photodetectors have been substantially improved using superlattice materials systems, their
performance is limited by their valence band discontinuity, especially in the long wave infrared
range. However, the AlInAsSb digital alloy materials system has been found to have minimal valence
band discontinuity, which provides the potential to improve the performance nBn photodetectors
fabricated from conventional materials. Therefore, I designed and demonstrated the first AllnAsSb
nBn, and the detectivity of the device at room temperature achieved record high value at 2 pm.
Additionally, since the target of the previous research on nBn photodetectors is high SNR, the
frequency behavior and bandwidth have not been studied. To enable high-speed applications, I
proposed the first equivalent circuit model and the bandwidth theory for the nBn photodetector. The
new model provided good fits to measurements, and moreover, it reveals the limiting factor of the
bandwidth of nBn photodetector and the methods to improve the frequency response. This work lays
the foundation for extending the application sphere of nBn photodetectors to high-speed scenarios
in the MWIR range.

Additionally, I developed a special double mesa approach that is easy and straightforward to
determine the background doping density and polarity of an unintentionally doped layer, which is a
critical parameter for the design of both the SACM APD and the nBn photodetectors in my PhD
work. Moreover, my research on the double mesa also reveals its potential to suppressing surface
leakage dark current and extend surface breakdown voltage, which will be a promising area of

research in the future.
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1. Introduction

Mid-wave infrared (MWIR) photonics possesses the potential for realizing next-generation
breakthroughs in a wide range of areas including spectroscopy [1, 2], medical diagnostics [3, 4],
environmental monitoring [5], communication [6] and defense. Consequently, photodetectors that
operate in this spectral range are attracting growing interest [7].

The primary figure of merit for the MWIR photodetectors is the signal-to-noise ratio (SNR),
which is the ratio between the desired power of the signal and the undesired power of the noise. In
analog photodetection such as imaging, high SNR provides an output signal above the circuit noise
floor and increases the sensitivity of the detection system. In digital logic applications such as
photon-counting receivers, high SNR generates output strong enough to minimize the bit error rate
(BER) of the following decision circuit.

However, improving the SNR is challenging for MWIR photodetectors. The first challenge is the
low signal level. Different from optical telecommunications where the signal is guided by a fiber and
can be amplified by an optical amplifier, many applications in MWIR range, such as imaging and
spectroscopy, are required to detect radiation signals from a long distance through free space.
Therefore, the optical signal that reaches the photodetector is usually weak and in some instances
reaches the few-photons level. Consequently, low noise is crucial for MWIR detectors to avoid weak
signals being overwhelmed by the noise floor. However, achieving low noise is also challenging in
the MWIR range. One of the primary noise sources of photodetectors is dark current, which refers
to the current that is measured in the absence of illumination. Due to the narrow bandgap material
used to absorb the mid-wave optical signal, such as HgCdTe, InAs/GaSb type-II superlattice (T2SL)
and InAs/InAsSb type-II strained-layer superlattice (T2SLS), the dark current of the device is usually

exceedingly high due to the Shockley-Read-Hall (SRH) generation, tunneling, or even thermal
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generation in the narrow bandgap. Therefore, MWIR photodetectors, such as HgCdTe detectors,
need to be cooled to cryogenic temperatures to avoid excessively high dark current, and this adds
cost and creates difficulties in packaging and system design.

While efforts toward enhancing the SNR of conventional MWIR photodetectors are ongoing,
another promising approach is to develop new materials systems that may overcome the limits of
conventional photodetectors. Recently, high performance avalanche photodiodes (APDs) have been
demonstrated in the AlxIni-xAsySbi-y (referred to as AllnAsSb) digital alloy material system [8, 9].
These devices show high gain, low dark current, extremely low excess noise and high temperature
stability compared to conventional III-V materials. Moreover, AllnAsSb can be lattice matched to
GaSb and InP substrates for a broad range of bandgap energies (from 0.25 eV to 1.3 eV). This
characteristic provides high flexibility for designing complex photodetector structures, such as
staircase APDs [10], and is also beneficial for developing complex designs for MWIR
photodetectors.

To address these challenges, my PhD research focuses on high performance MWIR
photodetectors based on the AllnAsSb digital alloy materials system. The primary goal is to achieve
high SNR, but my approach is twofold. One is toward achieving a higher signal level by using
avalanche photodiodes with internal gain to boost signal power, and also introducing photo-trapping
structures to further improve quantum efficiency. The other direction is to reduce the noise level of
the photodetector using an n-Barrier-n structure. Additionally, my PhD work investigates the high
frequency behavior of MWIR photodetectors so as to promote its use in high-frequency scenarios in

the MWIR spectral range.
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2. Infrared SACM avalanche photodiodes

2.1. Motivation

To improve SNR, one approach is to boost the signal level. However, many applications in the
MWIR range need to detect weak optical signals from free space, where it is hard to amplify the
optical signal using an optical amplifier. An alternative method is to utilize the internal gain of the
photodetector itself. Therefore, owing to their low-noise internal gain, avalanche photodiodes (APDs)
have become a widely used detector in optical receivers.

APDs are semiconductor devices that convert photons to electrons and then multiply the number
of electrons, resulting in an amplified photocurrent signal. The internal gain of an APD originates
from impact ionization. Under high reverse bias, a high electric field exists in the depletion region
along which the progenerated carriers accelerate. However, the velocity of the photogenerated
carriers does not continue to increase with higher field but will saturate due to collisions in the crystal
lattice. During this process, the excess carrier energy is transferred to the crystal. Once the crystal
energy is higher than the threshold energy, bound electrons can be excited across the energy gap and
generate a free electron-hole pair. Subsequently, the generated carriers will continue to accelerate
along the electric field, collide with crystal and generate more electron-hole pairs. This impact
ionization process is figuratively referred as an “avalanche” process. The resulting internal gain can
amplify weak optical signals above the noise floor, which makes APDs very useful for sensing weak
optical signals in MWIR applications.

However, designing APDs in MWIR range is challenging. Since the internal gain of APDs result
from impact ionization, a high electric field is required. However, due to the narrow bandgap
materials used for MWIR absorption, Shockley-Read-Hall (SRH) generation and tunneling in the

narrow-bandgap material will significantly increase under high electric field, which will lead to
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excessively high dark current. An APD design has been developed to address this issue, the separate
absorption, charge, and multiplication (SACM) APD. Since the challenge is the conflict between the
high electric field required for high gain, and the low electric field required to maintain low dark
current in narrow bandgap material, the SACM structure partitions the absorption and the impact
ionization process into different materials. In a typical SACM APD, a narrower-bandgap absorber
and a wider-bandgap multiplication layer are positioned on opposite sides of a lightly doped charge
layer [8]. Consequently, when the depletion extends into the absorber, a high electric filed is already
built up in the multiplication layer due to the voltage needed to deplete the charge layer. This
achieves high electric field in the multiplication layer, providing high gain, and a low electric field
in the absorber, minimizing the dark current from the narrow bandgap material. The SACM design
has significantly improved the SNR of infrared APDs.

Recently, our group has demonstrated high performance 2 um SACM APDs based on the
AllnAsSb digital alloy materials system and has achieved start-of-the-art performance at ~100K
higher temperature than HgCdTe APDs [8]. In order to further increase the SNR, lower dark current
is required. Since the primary source of dark current is the narrow bandgap absorber, one of the most
straightforward solutions is to reduce the thickness of the absorber. However, a thinner absorber also
results in less absorption and low quantum efficiency. Therefore, the challenge is to maintain a high
quantum efficiency while decreasing the thickness of the absorber. Two conventional approaches to
achieve this are to incorporate an anti-reflection (AR) coating and using back-illumination structures.
While an AR coating can be used to improve the efficiency, its affect is limited, particularly for thin
absorbing layers. Back-illumination can ideally increase the quantum efficiency by 2 times by taking
advantage of reflection from the top contact if absorption in the substrate is not significant, however,

packaging and measurement are more complicated. An alternative solution is to utilize photon-
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trapping structures without increasing or even decreasing the absorber thickness. Recently,
photodetectors that incorporate various photon-trapping structures such as photonic crystals [11-13],
metal gratings [14, 15] and metallic nanoantennas [16-18] have been reported. The primary
motivation for these approaches is to diffract and couple normal incident light into the laterally-
propagating mode inside the absorber. This can significantly improve the quantum efficiency
compared to conventional structures. However, these approaches have not been applied to APDs for
2-um detection. In this section, I describe two approaches, photonic crystals, and metal gratings, that
I have investigated to enhance the absorption at 2 pm in the AlxInixAsySbi.y SCAM APDs reported
in [8]. The goal is to enable a thin absorber design to minimize dark current.

At the same time, a thinner absorbing layer also increase the transit-time component of the
bandwidth, and therefore provide the potential to achieve higher speed. With rapidly expanding
applications in the MWIR and LWIR range, device speed is attracting more and more attention.
However, bandwidth performance of MWIR APDs, especially at room temperature, has rarely been
reported except for a few low bandwidth results [19, 20]. Therefore, addressing the thin absorber and
photo trapping designs also has the potential to enable high bandwidth 2 um APDs, which is another

important research that will be introduced in this section.
2.2. Photon-trapping structure simulation and design
2.2.1. Photonic crystal

Various types of photonic crystals have been shown to enhance the absorption of photodiodes by
diffracting and coupling the normal incident light into the laterally propagation mode formed by the
epitaxial layers and the photonic crystal. For the SACM APD, the fundamental condition for
achieving absorption enhancement with a photonic crystal is that a waveguide structure containing
the absorber layer is supported. AlxInixAsySbi-y is an excellent material system to satisfy this
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condition. Based on our experimental measurements, AlxIni-xAsySbiy with a lower Al content has a
higher refractive index and a narrower bandgap, thus the absorption layer functions as the core of a
waveguide. An epitaxial layer stack of the AlxInixAsySbiy SACM APDs for which the absorption
enhancement approaches have been designed is shown in Fig. 2.2-1 (a). The epitaxial layers were

grown on n-type Te-doped GaSb (001) substrates by solid-source molecular beam epitaxy (MBE).

(a) (b)
GaSb P* 30 nm, p cap layer
Aly;InAsSb P* 50 nm, p contact layer
Alg5InAsSb P 100 nm, blocking layer
Aly sInAsSb P 100 nm, blocking layer

Al ;InAsSb UID 500 nm, absorber

Aly;InAsSb P 80nm, charge layer

Al ;InAsSb UID 500nm, multiplication layer

Al ;InAsSb N* 400nm, n contact
GaSb N* Substrate

Fig. 2.2-1 (a) Schematic cross-section of the AlIn;xAsySbi.y SACM APD. (b) One unit cell of the
triangular-lattice photonic crystal. (c) Normalized distribution of the electric field intensity square |E|?
in the x-z plane. (d) Normalized distribution of the electric field intensity square [EJ? in the x-y plane
at the center of the resonance.

Fig. 2.2-1 (b) illustrates a triangular-lattice photonic crystal with air-hole arrays etched into the

layers; spacing a, diameter d, and depth h of the air-holes were optimized to obtain the highest
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absorption. To calculate the field distribution and absorption, the finite-difference time-domain
(FDTD) method was used with periodic boundaries set in the x and y directions, by which the
simulation region can be reduced to one unit cell as shown in Fig. 2.2-1 (b). In the z-direction,
perfectly matched layer (PML) boundaries were set to avoid an artificial resonance between the top
and bottom boundaries in the vertical direction. For the 2-um optical input, a normal-incidence,
plane-wave source was configured above the device with TEM polarization and the electric field
direction parallel with the y-axis. All the refractive indices and absorption coefficients used in the
simulation were obtained by experimental measurements and Sellmeier dispersion fitting, as listed

in Table 2.2-1.

Table 2.2-1 Optical Constants at 2 pm wavelength of the materials used in the simulation

Materials Real refractive index n Imaginary refractive index k
Alp3InAsSb 3.52 0.053
A10_3_0A7IHASSb 343 0
Alp7InAsSb 3.34 0
GaSb 3.88 0
Ag 0.65 12.2

The optimal dimensions of the air-holes were determined to be a = 680 nm, d = 520 nm, and / =
260 nm. Fig. 2.2-1 (c) shows the electric field intensity distribution in the x-y plane with these
dimensions. There are multiple resonance peaks, among which the strongest is in the Alo3InAsSb
absorption layer. Weaker resonance peaks are also found in the GaSb cap layer, Alo3-0.7InAsSb
grading layer, and Alo7InAsSb multiplication layer. This is due to the diffracted light coupled into
multiple resonance modes supported by the complex layer structure. Fig. 2.2-1(d) shows a cross-
section at the center of the resonance peak in the absorber, the electric field intensity, and vector

distribution in the x-y plane. The resonance mode in the absorber is TE mode with resonance peaks
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located beneath the airhole region, where the electric field tends to distribute in the same direction

(y-direction).

28 { — Photonic crystal -
AR coating
Flat surface

Absorption (%)

1.8 190 195 200 205 210 215
Wavelength (um)

Fig. 2.2-2 Calculated absorption spectra of the SACM APD with the photonic crystal, anti-
reflection coating, and flat surface. Anti-reflection coating is set as a quarter wavelength thick SiO,

layer on the device, and the flat surface is set with no additional structures.

The absorption spectra of the APD with a photonic crystal, an SiO2 AR coating, or the bare as-
grown structure are plotted in Fig. 2.2-2. For the photonic crystal, the absorption was enhanced to ~
27 %, which is double that of the bare surface (~ 13 %) and even higher than the AR coating (~
18 %). Moreover, there are two resonance peaks found in the absorption spectra of the photonic
crystal, one at 2 um, and the other around 1.9 um. This is due to the multiple resonance frequencies
of the triangular-lattice photonic crystal. The enhancement provided by the photonic crystal is due
to the interaction of light with both the photonic crystal and the layer structure. This can be

understood by analysis of two effects. First, the normal incidence light is diffracted when it
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illuminates the top of the photonic crystal due to the periodic refractive indices. Subsequently, part
of the diffracted light is coupled into the laterally propagating photonic-crystal-slab mode formed by
the photonic crystal and the absorption layer, with the result that the absorption is enhanced by
photon-trapping. Hence, the absorption is determined by the combination of the coupling process
(how much light is coupled into the photonic-crystal-slab mode), the fractional mode intensity within
the absorber layer, and the fraction of light transmitted through the absorber without being coupled
into any mode. As for the photonic-crystal-slab mode, in the vertical direction (z-direction), the light
is confined by total internal reflection due to the refractive index difference between the Alo3InAsSb
layer (n ~3.52 at 2 um) and the surrounding Alo.7InAsSb layers (n ~ 3.34 at 2 um). In the transverse
directions (x-y plane), the field profile is determined by the 2D photonic crystal. In order to
investigate the transverse intensity distribution of the photonic-crystal-slab mode, the photonic band
diagram was calculated based on both the Monte Carlo method and FDTD simulation. The
simulation region was one unit cell in the x-y plane with a z range from the top of the photonic crystal
to the bottom of the air-holes. As shown in Fig. 2.2-3, a photonic bandgap is created by the photonic
crystal structure. Moreover, the two peak wavelengths in the absorption spectra, 2 um and 1.9 um,
are exactly at the M and K points in the first Brillouin zone, respectively. Consequently, the light
propagates as a Bloch wave with zero group velocity in the transverse direction at these two
wavelengths and thus the absorption is significantly increased. Furthermore, it is notable that both 2
pm and 1.9 pm wavelengths are on the upper band above the bandgap, which is generally referred
to as the “air band” for a photonic crystal, where the electric field intensity is concentrated in the
region with a lower effective refractive index. This phenomenon is consistent with the mode profile
shown in Fig. 2.2-1 (d), where the electric field intensity is concentrated under the air-holes. If the

size of the photonic crystal is modified and the lower band under the bandgap, generally referred to
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as the “dielectric band” where the electric field is concentrated in the region with a higher effective
refraction index, is shifted up, the 2 um wavelength can be coupled into the dielectric band. However,
for the present case, I found no hole dimensions where the mode exists at the edge of the Brillouin
zone in the dielectric band, i.e., the absorption is not enhanced at all when the mode exists in the
dielectric band. This is reasonable if we look into the layer structure of the device. If the light is
coupled into the dielectric band, the electric field will be primarily concentrated in the higher index
region where the GaSb contact layer and p-type Alo7InAsSb layer exist, in which little light is

absorbed at 2 um.
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Fig. 2.2-3 Photonic band diagram for the TE mode in the triangular-lattice photonic crystal. The y-
axis represents the frequency, and the x-axis represents the transverse component of the wavevector.
The left inset shows the Brillouin zone with the irreducible zone filled by red, and the right inset shows
a cross-section of the air-hole arrays of the photonic crystal. The cyan solid line and the black solid

lines represent the light lines in the air and in the semiconductor, respectively.

For the coupling process, not all the diffracted light that is coupled into the photonic-crystal-slab

mode overlaps the absorber. Part of the optical field in the mode is in the GaSb, Alo.7InAsSb, and
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Alo3-07InAsSb layers, as indicated by Fig. 2.2-1 (c). As a result, the coupling efficiency of the
photonic crystal is lower than it would be for a higher confinement factor.

In summary, for the photonic crystal approach the mechanisms for the absorption enhancement
are two-fold. First, it supports a photonic-crystal-slab mode in the absorber, where the light is
confined in the vertical direction by total internal reflection and forms a standing wave in the
transverse direction. Second, it also serves as a lateral coupler that diffracts the normal incidence

light and couples it into the laterally-propagating photonic-crystal-slab mode in the absorber.
2.2.2. Metal grating

Metal gratings have also been proved to be an effective approach to enhance the light absorption
of photodiodes [14, 15] and other optoelectronic devices [21-23]. The mechanism is generally more
complex due to the metal plasmon, but similar to the photonic crystal approach, lateral coupling is
beneficial in most cases.

In order to study the physics of light absorption using metal grating structures, the structure was
simulated using FDTD. The simulation setup is similar to that for the photonic crystal approach,
except the air-hole arrays were replaced by an Ag metal grating. As shown in Fig. 2.2-4 (b), the
grating has period a, strip width b, and metal thickness /4. The simulation region is one grating period
in the x-y plane with periodic boundary, and from the top of the metal grating to the GaSb substrate
in the z-direction with PML boundary. A normal-incidence plane wave source with TEM
polarization was set above the device, and the electric field direction was set to be parallel with the
X-axis.

The dimensions of the metal grating were optimized to be a = 586 nm, b = 370 nm (fill factor b/a
~0.63 ), and 4 = 420 nm for maximum absorption at 2 pm wavelength. As indicated in Fig. 2.2-4

(c), significant resonance was found in the absorber, but the mode is different from that of the
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photonic crystal. As indicated in Fig. 2.2-4 (d), the resonance mode is TM mode with the magnetic
field in the y-direction. The orientation of the magnetic field is reversed in the region under and
outside the metal grating. Moreover, different from the photonic crystal, there is no obvious
resonance peak found outside the absorber, which indicates high coupling efficiency for the metal
grating.
GaSb P* 30 nm, p cap layer

Al ;InAsSb P* 50 nm, p contact layer

Al -InAsSb P 100 nm, blocking layer

Alp3InAsSb P 100 nm, blocking layer

Al 3InAsSb UID 500 nm, absorber

Alg;InAsSb P 80nm, charge layer

Al -InAsSb UID 500nm, multiplication layer

Al ;InAsSb N* 400nm, n contact
GaSb N™ Substrate

Fig. 2.2-4 (a) Schematic cross-section of the AlIn;xAsySbi.y SACM APD. (b) One unit cell of the
metal grating structure. (c) Normalized distribution of the magnetic field intensity square [H[? in the x-
z plane. The region between the two dash lines represents the intrinsic Alo3InAsSb layer, and the solid
line represents the top of the GaSb substrate. (d) Normalized distribution of the magnetic field intensity
square [H? in the x-y plane at the center of the resonance peak in the absorber. The white arrows
represent the magnetic field vectors and have no z component. The region between two solid lines

indicates the position of the metal stripes. Incidence wavelength in (c) and (d) is 2 pm.
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Fig. 2.2-5 shows the calculated absorption spectra with metal grating on the surface. A strong
absorption enhancement is achieved, where the absorption with the metal grating (~ 65%) is nearly
5 times higher than the bare surface (~ 13%) and 2.5 times higher than the photonic crystal approach
(~ 27%). It should be clarified that the absorption calculation here only takes the semiconductor
region into account, i.e., from the top of the GaSb contact layer to the GaSb substrate; the metal is
not included. The absorption in the metal grating was calculated separately to be less than 5%, which
is negligible compared with the absorption in the absorber.

The strong absorption enhancement by the metal grating is the result of multiple effects. First, it
is worth noting that with nearly 63% of the surface covered by metal, the calculated reflection is only
~10%, which is much lower than the reflection of a bare GaSb surface (~ 35% at 2 um). This
phenomenon is generally known as the plasmon-enhanced transmission effect of subwavelength
metal slits [24-26]. As reported in previous studies [25], periodic subwavelength metal structures are
able to assist the coupling of the incident electromagnetic wave into the TEM waveguide modes
inside the metal slits, and the far-field transmission can be nearly 100 % with an appropriate grating
size. Moreover, the plasmon-enhanced transmission effect is strongly structure dependent. As a
result of resonances inside the metal slit waveguides, the peak absorption will reappear periodically
with the change of metal thickness. To verify this phenomenon for the metal grating structure,
absorption with varying grating thickness was calculated and plotted in Fig. 2.2-6. The absorption
peaks repeat periodically with metal thickness, which is consistent with the characteristics of the
plasmon-enhanced transmission effect. However, it should be noted that the peak absorption
gradually decreases with increasing thickness. This apparently conflicts with previous studies, but

in fact, it is reasonable for my device design, i.e., the metal grating here not only provides
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transmission enhancement but also gives rise to lateral coupling. Therefore, the thickness to achieve

optimal transmission enhancement may not yield the highest coupling efficiency.
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Fig. 2.2-5 Calculated absorption spectra of the device with metal grating, anti-reflection coating,
and the flat surface. The anti-reflection coating and flat surface are set the same as in the simulation of
photonic crystals. The absorption was calculated from the top of the GaSb contact layer to the GaSb

substrate; the metal is not included.

Although the plasmon-enhanced transmission effect exists, it should not be the primary design
consideration for high absorption. As shown in Fig. 2.2-5, absorption will be merely increased to
about 18 % when a quarter-wavelength-thick AR-coating is deposited on the surface, even though
the surface reflection should be close to zero. Consequently, there must be another effect that
determines the absorption, which is, in fact, the lateral coupling effect similar to that observed for
the photonic crystal approach, i.e., normal-incident light is diffracted by the metal grating and

coupled into the laterally-propagating mode in the absorber.
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Similar to the photonic crystal, the analysis of the metal grating approach can be separated into
to two parts, the resonance mode analysis, and the coupling process analysis. For the resonance mode,
the metal grating does not function exactly as the photonic crystal. In the vertical direction (z-
direction), the two approaches are similar, i.e., light is confined in the absorber by total internal
reflection. It is worth noting that plasmonic modes should be excluded from consideration here
because plasmonic modes exist at the interface between metal and semiconductor. Moreover, mode
analysis, performed by FDTD simulation, shows that the effective refractive index is 3.41 for the
resonance mode in the absorber. This value is between the refractive indices of the Alo3InAsSb
absorber (n ~ 3.52) and the Alo.7InAsSb cladding (n ~ 3.34), which indicates that the nature of the
resonance mode is that of a waveguide. In the transverse direction (x-y plane), the mode profile is
influenced by diffraction. Along the x-direction, the effective wavelength of the mode is equal to the
grating period, i.e., Ao/ner = a, which is exactly the Bragg diffraction condition for achieving the
highest coupling efficiency with a grating coupler. As a result, two intensity centers can be observed
in the x-direction, as shown in Fig. 2.2-4 (¢). In the y-direction, the field intensity is uniform since
no diffraction occurs, and 4y is zero. Thus, the resonance mode generated by the metal grating is

merely a waveguide mode, and the metal grating only serves as a coupler.
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Fig. 2.2-6 The variation of the absorption versus the metal grating thickness.

Even though there are differences in the modes, once coupled, the light will be trapped in the
same waveguide structure for both metal grating and photonic crystal. Hence, higher absorption for
the metal grating is most probably due to its high coupling efficiency, i.e., the metal grating will
couple more light into the resonance mode in the absorber. If the metal grating is replaced by a
dielectric (GaSb) grating, the absorption will be much lower and is comparable to that of the photonic
crystal. Therefore, the material property of metal is the primary contributor to strong absorption
rather than the structural difference. The near-field interaction of the EM-wave with a metal grating
has been reported in previous studies [27, 28]. These provide insight for the high coupling efficiency
of my metal grating approach. The near field generated by the metal grating is a superposition of two
fields, one is a field from the incident plane wave, and the other from dipoles induced at the edges
of the metal strips. Since the induced dipole field is strongly localized within the region near the

metal, the far-field properties of a metal grating are similar to a dielectric grating. However, in the
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near field, the situation is very different. The metal grating induces a much more complicated vector
structure than a dielectric grating. The most distinct characteristic is that the electric field is forced
to be perpendicular to the metal surface underneath the metal strips, due to the boundary condition
of the metal, which requires the electric field to be perpendicular to the metal surface. Therefore, in
my simulation with a TEM wave input, the propagation of the light will be almost transverse under
the metal strips, as clearly indicated by the Poynting vector distribution in Fig. 2.2-7. Further from
the surface, although the direction of the wave vector begins to tilt away from x-direction due to the
decay of the induced dipole field, light still has a large transverse component when it reaches the
upper edge of the absorber. Such an increase in the transverse component will result in more power
being allocated to the non-zero diffraction orders, which ultimately causes more power to be coupled
into the absorber slab and less power carried away by zero-order diffraction with transmission to the
far-field. Simply put, the near-field radiation influenced by the induced dipoles is more likely to be
coupled into the waveguide structure, which is located in the near field rather than being transmitted

to the far-field, and this significantly enhances the absorption if the slab material is absorptive.

" Absorber
\ \ 1 ; P
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Fig. 2.2-7 Poynting vector distribution under the metal grating in the x-z plane with an incidence
wavelength of 2 um, where the normalized magnitude of the Poynting vector is indicated by the scale

bar on the left. The dash line represents the top of the absorber.

It is worth noting that the polarization of the optical input is set to be TM in the simulation.
However, the actual polarization may be unpredictable and may significantly affect the coupling
efficiency. To investigate the influence of the polarization, the polarization angle is changed by
rotating the magnetic field direction of the normal incidence light along the z-axis in the simulation,
as illustrated in Fig. 2.2-8 (a). The angle value is defined as the angle to the original magnetic field
direction (y-axis). Subsequently, the absorption of different polarization angles was calculated and
plotted in Fig. 2.2-8 (b) and Fig. 2.2-8 (¢) for the 1D metal grating and the 2D metal grating,
respectively. It is clear that the absorption of the 1D grating is dependent of polarization, with a
maximum absorption for TM wave and a minimum absorption for TE waves. However, the
absorption of the 2D grating is clearly independent of polarization. This is due to the physics of
plasmon enhanced transmission, where only the components of the TEM wave whose electric field
direction is perpendicular to the metal surface can be coupled into the resonance mode in the metal
slit. Therefore, when the polarization deviates from TM, the sum of the perpendicular component of
the electric field to the side wall of the 1D grating decreases, and the fraction of light that can benefit
from the plasmon enhanced transmission is reduced, with a result that the reflectivity of the grating
becomes higher, and the absorption is reduced. On the other hand, the sum of the perpendicular
component of the electric field to the side surface of the 2D grating is constant. Thus, the fraction of
the light that can benefit from the plasmon enhanced transmission is the same, with a result that the
surface reflection does not change and the absorption is independent of polarization. Consequently,

in the following, a 2D grating will be considered.
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Fig. 2.2-8 (a) Illustration of the polarization angle sweep in the simulation. (b) Absorption and
surface reflectivity at 2 um wavelength of the 1D metal grating with different polarization angles. (c)
Absorption and surface reflectivity at 2 pm wavelength of the 2D metal grating with different

polarization angles.

Another practical concern for the performance of the metal grating is the incidence angle of the
light, which may also significantly affect the coupling efficiency. To investigate this, the incidence
angle was changed by rotating the wavevector direction of the incidence light. The angle value is

defined as the angle to the surface normal (z-axis), as illustrated in Fig. 2.2-9 (a).
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Fig. 2.2-9 (a) Illustration of the incidence and polarization angle sweep in the simulation. (b)

Absorption at 2 pm wavelength of the metal grating with different incidence angles.
As shown in Fig. 2.2-9 (b), at high incidence angles, the decrease of the absorption seems to be
dominated by increased reflection at the surface, which is similar to the photonic crystal. At low
incidence angles, there is a rapid increase in reflectivity and therefore reduced absorption. This is

probably due to the fact that the electric field is no longer perpendicular to the metal when the
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incident angle deviates from normal. As a result, the plasmonic-enhanced transmission is no longer
satisfied. Therefore, incidence angle may need to be carefully controlled.

In summary, two approaches are proposed to enhance the absorption of AllnAsSb SACM APDs
for 2-um detection, along with a thin absorber design. With a triangular-lattice photonic crystal
structure, the absorption is enhanced approximately 2 times relative to the bare surface. The
enhancement mechanism is primarily increasing coupling of the normal incidence light into the
photonic-crystal-slab resonance mode. Significantly stronger absorption, ~ 5 times that of the bare
surface, can be achieved with a metal grating on the surface. The high absorption was found to be
caused by the high coupling efficiency of the metal grating, which originates from the fact that the
near field diffraction of the metal grating has stronger non-zero diffraction order components.

Although based on the simulations, both approaches proposed in this section appear to be
effective, the metal grating is projected to be superior for MWIR APDs compared to the photonic
crystal. This is not only because the photonic crystal shows lower efficiency from the simulation,
but moreover it requires etching air holes into the narrow bandgap absorber which will significantly
increase the surface leakage dark current. Therefore, I focused on the metal grating to enhance the

efficiency for the 2-um SACM APDs.
2.3. Device simulation and design

The metal grating structure enables use of a thin absorber to reduce the dark current while keeping
a high quantum efficiency. Therefore, the original layer structure of the SACM APD in ref. [8], as
shown in Fig. 2.3-1, needs to be modified to satisfy this purpose. The focus of the design is to achieve

high quantum efficiency and high bandwidth while minimizing the dark current.
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Al ;InAsSb UID 1000 nm, absorber

Al ;,InAsSb P 80nm, charge layer

Alj 7InAsSb UID 500nm, multiplication layer

Alj ;InAsSb N* 400nm, n contact
GaSb N* Substrate

Fig. 2.3-1 Schematic cross section of the SACM APD reported in ref. [8].

The first design parameter is the thickness of the absorber. While a thinner absorber is preferred
to minimize the dark current, its thickness should not be less than a half wavelength so as to support
a waveguide mode and enable the photon trapping mechanism. Therefore, the theoretical minimum

absorber thickness can be estimated by the equation

N| =
3|

daps = (23-1)

where is d ;s 1s the thickness of the absorber, A, is the wavelength in vacuum and n is the refractive
index of the absorber material. By substituting the refractive index values in Table 2.2-1, the critical
thickness is calculated to be ~ 300 nm in Alo3InAsSb. Therefore, this value was selected for the
absorber thickness. It is worth noting that although the absorber thickness is selected at a critical
value, the design is still reliable for possible refractive index variations owing to the 100 nm Alo3-
0.7InAsSb grading layer. In addition to providing bandgap grading, the Alo3-0.7InAsSb grading layer
also serves as a refractive index buffering layer that can extend the waveguide core region and

therefore provide flexibility for refractive index variations in practice.



The second design parameter is the thickness of the multiplication layer. To achieve a high gain-
bandwidth product, a thinner multiplication layer is preferred. As shown in Table 2.3-1, the simulated
transit-time bandwidth (without consideration of the avalanche built-up time) increases with a
thinner multiplication layer. However, to maintain the same gain level in a thin multiplication layer,
high bias is needed, and therefore excessive electric field may cause surface break down or even
tunneling which will result in low maximum gain. Therefore, by considering the tradeoff between

the bandwidth and the maximum gain, the multiplication layer thickness was designed to be 250 pm.

Table 2.3-1 Simulated transit-time bandwidth with various multiplication layer thickness

Multiplication layer thickness Transit-time bandwidth

(nm) (GHz)
100 17.6
200 16.5
300 15.1
400 14.5
500 13.1

The third design parameter is the doping concentration of the charge layer. Generally, high charge
layer doping can increase the electric field contrast between the absorber and the multiplication layer,
leading to low dark current and high gain. However, high charge layer doping may also result in
exceedingly high electric field prior to the punch through voltage. This can cause an early device
break-down even before the heterojunction barrier is fully overcome at the charge layer, which may
severely limit the quantum efficiency. Therefore, an appropriate charge layer doping is critical. Fig.
2.3-2 shows the simulated electric field profile with different charge layer doping concentrations.
The estimated gain at the punch through voltage is calculated based on the electric field simulation

and the impact ionization coefficients reported in [29]. The results are listed in Table 2.3-2. We find
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that the proper charge layer doping concentration should be around 3x10'7 ¢cm™, which can give a

moderate gain of ~ 3.5 at punch through voltage.
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Fig. 2.3-2 Simulated electric field profile with different charge layer doping concentrations.

Table 2.3-2 Simulated punch through voltage, bandwidth, and gain with different charge layer doping

concentrations.
Doping concentration Punch through voltage Transit-time bandwidth Estimated gain

(cm™) V) (GHz) (at punch through voltage)
11017 -7 16.7 1.02

2x10"7 -10 16.6 1.4

3x10" -13 16.4 3.5

4x10Y -16 16.5 31.3

5x10"7 -19 16.1 575.9

In addition to the three major parameters introduced, other optimizations were also addressed to
maximize the bandwidth of the device. The Al component of the grading layer was designed to be
continuously graded to facilitate electron transit. Fig. 2.3-3 shows the band diagram comparison of
a continuous grading layer (Al fraction graded continuously from 30% to 70%) and an abrupt grading
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layer (Al fraction graded using an intermediate layer of 50%). The simulated transit-time bandwidth
using these two grading layer designs is compared in Table 2.3-3. It is evident that with a continuous
grading layer, the transit-time bandwidth is improved more than 2 times. The reason for the
improvement can be explained by Fig. 2.3-3, where the bandgap of the grading layer is continuously

varied with a continuously graded Al fraction, and therefore the barrier for electron transport is

significantly reduced.

Table 2.3-3 Simulated transit-time bandwidth with an abrupt grading layer and a continuous grading layer.

Grading layer type Transit-time bandwidth

(GHz)
Abrupt 16.4
Continuous 30.1
(b)

Energy (eV)
Energy (eV)

02 00 02 04 06 08 02 00 02 04 06 038

Position (um) Position (um)
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Fig. 2.3-3 Simulated band diagram with (a) an abrupt grading layer and (b) a continuous grading

layer at equilibrium and under reverse bias.

In addition to the transit-time bandwidth component, the RC time limit bandwidth is another
important contributor to the speed of the device. As expressed by equation fz- = 1/(2nRC), low
series resistance R is critical for achieving high RC bandwidth. Based on investigations in ref. [20],
the metal-semiconductor contact on the N-type Alo.7InAsSb layer with Ti/Au metal stacks is non-
ohmic, and the contact resistance can be as large as 3000 Ohms. Therefore, optimizing the N-type
contact is important. Various approaches have been attempted to optimize the N-type contact, such
as using a GaSb buffer layer as the contact layer, annealing metal contacts on the GaSb buffer layer,
and using a narrow bandgap Alo3InAsSb layer as the contact layer. Fig. 2.3-4 (a) shows the I-V
curves measured from transfer link method (TLMs) with the same pad dimensions and distances. It
is evident that contacts on Alo.7InAsSb and GaSb layer show non-ohmic characteristics where a large
turn-on voltage exists. Annealing contacts on GaSb at 290 °C for 60 s appears to transform the
contact to ohmic, but the TLM current is still lower than that of the contact on a narrow bandgap
Alo3InAsSb layer. To further evaluate each N-contact solution, the series resistance of the device
was estimated from the forward biased I-V curve, as shown in Fig. 2.3-4 (b). Consistent with the
TLM measurements, using Alo3InAsSb as an N contact layer gives the lowest series resistance (less
than 50 Ohms). This result is reasonable as a narrow bandgap is highly preferred for forming a good
ohmic contact on N type semiconductors. Consequently, the Alo.7InAsSb N-type contact layer in the
original design [8] was replaced by an Alo3InAsSb layer to improve the series resistance.
Additionally, the top P-type GaSb cap layer was replaced by a thin InAs layer to avoid possible

oxidation of GaSb. It is worth noting that the Alo3InAsSb N contact layer is absorptive, and therefore
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photogenerated holes may diffuse back into the multiplication layer and increase the noise of the
device. To study this issue, the band diagram of the device with an Alo.3InAsSb N contact layer was
simulated and is plotted in Fig.2.3-5. We see that the hole diffusion will be blocked by the large
barrier formed at the heterojunction between the narrow bandgap Alo3InAsSb layer and the wide
bandgap Alo7InAsSb layer. Therefore, using Alo3InAsSb as a contact layer will not cause a hole

injection problem.

(a) (b)
$ 1.0 -
6 Al ;InAsSb — Al ;InAsSb
T——Aly,InAsSb GaSb annealed
2 4- GaSb ~ 0.84___ Al, InAsSb 1200 Q -
= GaSb annealed <
& 2 E 0.6-
£ ol ] s
e S <50 ohm |/
5 2 = 0.4 --'
O S
0.2-
-6
-8 0.0

6543210123456 05 10 15 20
Voltage (V) Voltage (V)

=
=

Fig. 2.3-4 (a) I-V curves measured from TLMs with different N type contact layer solutions. (b)
forward biased I-V curves of the device and estimated series resistances by using different N type

contact layer solutions.
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Fig. 2.3-5 Simulated band diagram of the SACM APD with a Aly3InAsSb contact layer added

between the GaSb buffer layer and the Aly7InAsSb contact layer.

Finally, based on all the optimizations discussed above, the final epitaxy structure of the thin

absorber SACM APD was fixed and is shown in Fig. 2.3-6.

InAs P*@1E19, 30 nm
Al ;InAsSb P* @ 9%x10'8 cm, 80 nm

Al ;InAsSb P @ 1x10'8 cm3, 100 nm
Al,sInAsSb P @ 1x10%8 cm3, 100 nm

Al ;InAsSb UID, 200 nm

Al ;InAsSb P @ 3x10'7 cm3, 80nm

Al;InAsSb UID, 250nm

Al InAsSb N* @ 5%x10'8 cm-300nm
Aly;InAsSb N* @ 5%x10'8 cm=300nm
GaSb N @ 1x10'% cm3, 200 nm

GaSb substrate

Fig. 2.3-6 Schematic cross section of the designed thin absorber SACM APD.
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2.4. Fabrication and characterization

The designed layer structure shown in Fig. 2.3-6 was grown by our colleagues at the University
of Texas by molecular beam epitaxy (MBE) as a digital alloy of four binary constituents: AlAs,
AISD, InAs, and InSb lattice matched to an n-type GaSb substrate. I then fabricated devices into
circular mesa structures by citric acid wet etching using standard photolithography techniques, and
SU-8 was used for surface passivation. A detailed fabrication recipe is listed in Appendix A at the

end of this dissertation. Fig. 2.4-1 shows a microscope image of the fabricated devices.

P contact

Fig. 2.4-1 Microscope image of fabricated thin absorber SACM devices.

As shown in Fig. 2.4-2, capacitance-voltage curves were measured to verify the operation voltage
of the thin absorber SACM APD. The depletion width was estimated using the measured capacitance
and the dielectric constant of AllnAsSb [30]. It shows that the charge layer is depleted at ~ -16 V
where the electric field reaches into the absorber. It is worth noting that the measured punch through
voltage is about 3 V higher than the designed value, which is suspected to be caused by dopant

diffusion from the charge layer to the surrounding UID layers.
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Fig. 2.4-2 measured capacitance-voltage curve of a 150 pm diameter device.

Fig. 2.4-3 (a) shows the room temperature current-voltage (I-V) curves of a 100 pum-diameter
device under 2-um laser illumination. The photocurrent punch through occurs at ~ -16V, consistent
with the C-V measurement. It is worth noting that the gain at the punch through voltage is not
necessarily unity gain and needs to be fitted by the excess noise measurement. Details regarding the
fitting theory and method can be found in ref. [31]. After fitting with the excess noise measurement,
the gain at the punch through voltage (-16 V) was determined to be ~ 4. Then, the absolute gain of
the device can be calculated by multiplying the fitted gain at -16 V with the relative gain to that at -
16 V. The calculated absolute gain curve is plotted in Fig. 2.4-3 (a) as indicated by the right vertical
axis. To explore the maximum gain level of the device, the gain curve was also measured at 240 K
to reduce dark current and using high optical attenuation to reduce gain saturation. As shown in Fig.

2.4-3 (b), the maximum gain of the device is ~ 1000 at 240 K with low optical intensity.
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temperature. (b) Measured gain curves of the device at 240 K with different optical attenuations.

The next important performance characteristic is the excess noise. Fig. 2.4-4 shows the measured

excess noise factor F(M) as a function of the multiplication gain M. The theoretical excess noise

factors for k values from 0.01 to 0.2 was also calculated using the local-field model [32] and is

plotted in Fig. 2.4-4 for reference. Under 2 pm illumination, the measured k value is approximately

0.01, consistent with previously measured AllnAsSb APDs [8, 9]. This value is extremely low

compared with conventional III-V semiconductor APDs and is comparable to that of silicon APDs.

As a result, the excess noise factor of this device is significantly lower compared to conventional I1I-

V materials such as InP and InAlAs as shown in Fig. 2.4-5.
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For the dark current performance, it is worth noting that the dark current curve shown in Fig. 2.4-
3 (a) does not have an obvious punch through characteristic, i.e., there is no obvious increase in dark
current after the electric field extends into the absorber. This indicates that the leakage in the narrow
bandgap absorber is nearly comparable to that in the wide bandgap multiplication layer. Compared
with the thick absorber design in ref. [8] where the dark current shows an obvious increase (~ 100
times higher) after the punch through, the absence of the dark current increase at the punch through
indicates a significant suppression in the dark current by the thin absorber design. To further evaluate
the dark performance, temperature dependent dark current density is shown in Fig. 2.4-6. A reference
(dashed line) to a state-of-the-art HgCdTe APD [33] and an AllnAsSb APD [8] is also included for
comparison. It is evident that the operating temperature of the thin SACM APD reaches ~ 135 K
higher than the state-of-the-art HgCdTe APD [33] and even ~ 40 K higher than the AllnAsSb APD

with a 1 um thick absorber [8].

107 — 180K
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—— 220K
—— 240K
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‘1 um AllnAsSb, M = 4, 180 K
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Fig. 2.4-6 Measured dark current density at various temperatures and reference curves of state-of-

the-art HgCdTe APD [33] and AllnAsSb SACM APD [8] at 2 um.
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While the thin absorber SACM APD shows a high gain and low noise due to the largely
suppressed dark current and low k value, there is a possible issue of low quantum efficiency that
results from the very thin absorber, and this will limit the improvement in SNR performance. To
verify this, the external quantum efficiency (EQE) was measured under surface-normal illumination.
As shown in Fig. 2.4-7, the EQE at 2 um is ~ 7%. The low EQE is consistent with the simulation.
Nevertheless, as noted in section 2.2, efficient absorption enhancement approaches can be applied
to boost the EQE to be comparable or even higher than the thick absorber design, and this will be

discussed in the next section.
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Fig. 2.4-7 Measured external quantum efficiency of a 150 pm diameter device at room temperature.

2.5. Quantum efficiency enhancement

2.5.1. Metal grating
As discussed in section 2.2, the metal grating is a promising approach to enhance the quantum

efficiency of the thin absorber SACM APD. The metal grating was redesigned to satisfy the new
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layer structure that has been designed in section 2.3. Fig. 2.5-1 shows the revised metal grating
dimensions in one unit cell, and the simulated electric field profile and quantum efficiency spectrum
are plotted in Fig. 2.5-2 (a) and (b), respectively. With these ideal dimensions, the EQE of the device
could be improved to ~ 38 % at 2 um, which is 6 times higher than a bare surface and is even 8 %
higher than a 1 pum-thick absorber with an AR coating. Nevertheless, the actual dimensions of the
grating may differ from the design values after fabrication, and the actual EQE would be lower.
Therefore, to investigate the fabrication tolerance, EQE with grating dimensions differing from those
of the ideal grating were simulated. The result is shown in Fig. 2.5-3 and will be used as the reference

for the discussion after the grating fabrication and measurement.
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Fig. 2.5.1-1 Optimal dimensions of the metal grating in one unit cell.
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Fig. 2.5.1-2 (a) Simulated magnetic field profile at 2 pm and (b) absorption spectrum with the

optimal grating dimensions.
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Fig. 2.5.1-3 Simulated absorption efficiency with different metal thicknesses and grating duty

cycles.

In the following part of this section, the path of optimizing the fabrication recipe for the sub-
micron metal gratings will be presented. Regarding the detailed step-by-step fabrication recipe and

parameters, they are listed in the Appendix B and Appendix C at the end of the dissertation.
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The dimensions of the metal grating are sub-micrometer in scale, which is beyond the resolution
of the conventional lithography in our cleanroom. Instead, electron beam lithography is needed. For
the work in this dissertation, a RAITH 150-2 e-beam writer system was used. Its minimum feature
size is ~ 2 nm. More information regarding this system can be found in ref. [34]. Typically, e-beam
lithography requires special photoresist (PR) that is different from optical lithography, among which
PMMA (polymethyl methacrylate) is the most widely used. PMMA is a high resolution and
thermally stable photoresist that is well-suited for e-beam exposure. It is usually provided in different
dilutions for different PR thicknesses. I used two PMMA dilutions, one was PMMA 950 A4 for thin
PR films, and the other one was PMMA 495 A11 for thick films. The thickness of these two PMMA
resists at different spin speeds are listed in Table 2.5.1-1. More information regarding the PR

thickness can be found in the factory datasheet [35].

Table 2.5.1-1 Thickness of PMMA photoresist with different spin speed

Spin speed PMMA 950 A4 PMMA 495 Al11
2000 rpm ~ 280 nm ~ 1400 nm
4000 rpm ~200 nm ~ 1200 nm
6000 rpm ~ 150 nm ~ 850 nm

Since e-beam lithography is highly sensitive to exposure time, careful dose tests are needed before
the fabrication. To begin with, I performed dose tests on a thin PR layer. PMMA was spun on a
polished silicon wafer at a speed of 4000 rpm and then soft baked on a hot plate at 180 °C for 90s.
The PR thickness after baking was measured to be ~ 200 nm. Then, the e-beam exposure was
performed on the photoresist with 30 keV e-beam energy, and the dose was varied from 10 uC/cm?

to 100 uC/cm?. The exposed sample was then developed for ~ 40 s using the MIBK (Methyl Isobutyl
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Ketone) developer diluted by IPA (MIBK : IPA =3 : 1). After characterizing under the scanning e-
beam microscope (SEM), the correct dose was found to be ~ 45 uC/cm?; the developed PR pattern
is shown in Fig. 2.5.1-4 (a). Subsequently, a thin metal layer stack consisting of 10 nm Ti and 40 nm
Au was deposited on the sample. Then, the sample was dipped in NMP (1-Methyl-2-pyrrolidinone)
solution and heated to 70 °C to lift off the metal deposited on the PR. It is worth noting that although
an ultrasonic bath may speed up the lift-off process, it may break the small grating patterns and thus

should be avoided. After ~ 30 min, the metal was fully lifted off and the residual pattern is shown in

Fig. 2.5.1-4 (b).
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Fig. 2.5.1-4 Test grating patterns (a) on a thin PMMA layer after development and (b) after thin

metal deposition and lift-off; The e-beam energy is 30 keV and the exposure does is 45 pC/ecm?.

So far, the dose and the metal lift-off test were successful on a thin PMMA layer. However, to lift
off the designed 380 nm thick metal gratings, a much thicker photoresist is required. The reason for
this is that the metal may be deposited on the side wall of the PR, and therefore to avoid adhesion of
the sidewall metal to the bottom metal, a much thicker PR is needed. Generally, the rule of thumb

for lift-off using a single PR layer is “1: 3”, which means that the PR needs to be at least three times
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thicker than the metal to support a reliable lift-off. Therefore, for the designed 380 nm-thick metal
grating, a photoresist layer of ~ 1.2 pm is needed. As shown in Table 2.5.1-1, PMMA 495 All
dilution can provide PR thicknesses from 0.8 um to 1.5 um, therefore it was selected for the
fabrication. The thick PMMA was spun on a polished Si sample with the same speed and baking
process as used for thin PMMA. The PR thickness after baking was measured to be ~ 1.2 um, which
is, in theory, enough to lift off a 380 nm-thick metal. Based on the design shown in Fig. 2.5.1-1, a
metal stack consisting of 10 nm Ti and 370 nm Au was deposited on the sample, and the same lift-
off process was performed. Fig. 2.5.1-5 (a) shows the metal grating features after lift-off.
Unfortunately, most of the grating pattern fell off. The reason was revealed by the high resolution
SEM image shown in Fig. 2.5.1-5 (b), which indicates that the metal was actually deposited on the
residual photoresist and therefore was taken off together with the PR. Therefore, it appeared that the
thick photoresist was not fully exposed by the e-beam, which resulted in the residual photoresist after
development. In fact, this is an intrinsic drawback of the e-beam lithography because the scatting of
the electrons will limit its injection length. The best way to solve this problem is to use higher e-
beam energy which can increase the injection length of electrons before severe scattering occurs.
However, the highest e-beam energy that can be provided by the RAITH 150-2 is 30 keV, which
was the energy that was used. Nevertheless, there remains an alternative, i.e., reducing the thickness
of the photoresist to make it fully exposed. To try this solution, the spin speed for the PR was
increased from 6000 rpm to 8000 rpm, and correspondingly the PR thickness was reduced to ~ 700
nm. Fig. 2.5.1-6 (a) shows the fabricated metal grating using the thinner photoresist. It is evident that
most of the grating pattern survived after lift-off, which is as expected from a thinner PR. However,
a new problem arose in that some metal on the PR layer was not lifted off even with the help of

ultrasonic bath. As shown in Fig. 2.5.1-6 (b), the problem was found to be caused by sidewall
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deposition and so that the metal deposited on the PR layer was connected to the bottom grating

pattern.
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Fig. 2.5.1-5 Metal grating pattern after lift-off using a ~ 1.2 um thick PMMA layer.
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Fig. 2.5.1-6 Metal grating pattern after lift-off using a ~ 0.7 um thick PMMA layer.

Therefore, lifting off the thick metal that is required for the grating appears to be very difficult.
As illustrated in 2.5.1-7 (a), metal cannot be lifted off due to the adhesion of the sidewall metal if

the PR layer is too thin. However, if the PR layer is thick, fabrication is still not feasible because the
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PR cannot be fully exposed due to the electron scattering, as shown in 2.5.1-7 (b). There seemed to
be no appropriate PR layer thickness that can work for the designed metal thickness. While this
challenge comes intrinsically from the limited e-beam energy which seemed unsolvable, I developed
another fabrication recipe that used a double layer lift-off. A typical process flow for double layer
lift-off is shown in Fig. 2.5.1-8. First, two photoresist layers are spun onto the sample in sequence.
The bottom layer is PMGI, which functions as undercut layer, and the top layer is PMMA, which is
used as imaging layer. Then, the grating pattern is exposed on the thin PMMA imaging layer by e-
beam lithography and is then developed by MIBK. It is worth noting that the MIBK developer does
not attack the underlying PMGI layer, i.e., the development process is selective. After the imaging
layer is developed, PMMA will work as a mask for the following etch step. As shown in Fig. 2.5.1-
8 step 4, the lower PMGI layer is then wet etched by TMAH 0.26 N developer which does not attack
the top PMMA layer. Therefore, using a selective wet etch process, an undercut structure with
controllable length (through different etch times) can be created, and as a result, the adhesion of the
side wall metal can be effectively prevented. Compared with the single layer lift-off, the double layer
lift-off is superior for thick metal because: a. only a very thin PMMA layer is needed, so that the PR
layer can be fully exposed even with low e-beam energy; and b. the complete absence of the sidewall

adhesion can create an exceptionally clean pattern.

(a) (b)
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Fig. 2.5.1-7 Illustration of the challenge while using (a) a thin PR layer and (b) a thick PR layer to

lift off thick metal by a single PR layer.

I

1. Coat and soft-bake LOR or PMGI. 4. Develop resist and LOR or PMGI. LOR or PMGI develops
isotropically, creating a bi-layer re-entrant sidewall profile.

2. Coat and soft-bake imaging resist. 5. Deposit film. The re-entrant profile ensures discontinuous
film deposition.

3. Expose imaging resist. 6. Lift off bi-layer resist stack, leaving only desired film.

Fig. 2.5.1-8 General process flow of double layer lift-off [36].

Fig. 2.5.1-9 shows the grating pattern after the double layer lift-off. Unfortunately, the photoresist
in the center region collapsed, and as a result, the metal on the PR stuck to the bottom grating and
could not be lifted off. SEM images shown in Fig. 2.5.1-10 reveals the reason for the PR collapse.
The undercutting of the bottom PMGI layer was excessive during the wet etch, causing the top
PMMA layer to collapse due to insufficient mechanical support. One straightforward way to solve
this problem is to reduce the wet etch time, and therefore the undercut length will be shorter.
However, this solution is not feasible for thick metal lift-off because the wet etch of the PMGI layer
is isotropic. As a result, the final undercut length will be equal to the thickness of the PMGI layer
regardless of the etch time. Since the thickness of the PMGI layer needs to be at least the same as

the metal layer, the final undercut length will be ~ 380 nm on each side and ~ 760 nm in total, which
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is even larger than the lateral dimension of the grating (< 600 nm). It follows that the bottom PMGI

layer will be totally removed, and the top PMMA layer will have no mechanical support.
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Fig. 2.5.1-10 Over-undercut structure shown in the collapsed pattern region after the double layer
lift-off.
Therefore, the problem of using the double layer process to lift off thick metal cannot be avoided
as long as the wet etch of the PMGI layer is isotropic. The key issue is how to make the wet etch
anisotropic. To achieve this, I developed a new lithography recipe using the combination of high e-
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beam energy, dose and short wet etch time. As shown in Fig. 2.5.1-11, a high energy e-beam was
used to expose the imaging PMMA layer with an excessively high dose, which can minimize the
electron scattering in the PMMA layer and inject the electrons into the bottom PMGI layer with
sufficient energy. Therefore, the polymer chains of the PMGI will be broken by the high-energy
electrons. This results that the etch rate in the exposed region is faster than the lateral surrounding
regions, i.e., an anisotropic etch is achieved. Fig. 2.5.1-12 shows metal grating patterns achieved
after using the optimized double layer e-beam lithography. It is evident that with the anisotropic etch
and the reduced undercut length, almost all the grating patterns survive after lift-off, and the edge of

the grating is exceptionally clean due to the absence of the side wall metal adhesion.

High energy e-beam

—
m i

Fig. 2.5.1-11 Illustration of the optimized e-beam lithography process for lifting off thick metal by

double photoresist layer.
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Fig. 2.5.1-12 Metal grating patterns fabricated by the optimized e-beam lithography for double

layer lift-off.

Once metal gratings with designed dimensions have been successfully demonstrated, the next step
was to fabricate the metal gratings on the top of the APD mesa. The fabrication flow, shown in Fig.
2.5.1-13, consists of the following: (a) fabricate metal gratings by e-beam lithography; (b) expose
mesa patterns by normal optical lithography with alignment to the gratings region; (c) etch the mesa;
and (d) deposit metal contacts. However, lifting off metal gratings over a large area appears to be
very difficult. As shown in Fig. 2.5.1-14, more than half of the grating region was not lifted off even
with the help of an ultrasonic bath. This is due to the large area of the grating region. For the dose
test patterns, the grating region was 10 pm % 10 um, but that on the actual mesa is 100 pm x 100
um. Therefore, the metal patterns connect together over a large area and form a solid aggregate,
which made the lift-off more difficult. To solve this problem, I produced a mask design by breaking
the large area grating to discrete small blocks with gaps added between, as shown in Fig. 2.5.1-15.
It is worth noting that the gap between the blocks is an integer multiple of grating spacings.
Therefore, the overall periodicity of grating is unchanged so that the coupling efficiency can, to a
large extent, be maintained. Fig. 2.5.1-16 shows the comparison of the large area grating patterns
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with and without introducing periodic gaps. It is evident that the fabrication yield of the gratings is

significantly improved.
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Fig. 2.5.1-13 Process flow for fabricating metal gratings on the top of APD devices.
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Fig. 2.5.1-15 Illustration of (a) original grating layout and (b) improved discrete blocks design.
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Fig. 2.5.1-16 Comparison of large area metal grating patterns (a) without gap added and (b) with

gap added.

After the large area metal gratings were successfully fabricated, step (a) in the APD process flow
was completed as shown in Fig. 2.5.1-13. This was followed by mesa etching and contact deposition
shown as steps (b) and (c) in Fig. 2.5.1-13. The completed APD devices with metal gratings on the
top are shown in Fig. 2.5.1-17. A bevel is observed on the edge of the mesa, which is likely caused
by the fast lateral etch of the InAs cap layer. Nevertheless, this should not affect the quantum

efficiency performance of the device.
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Fig. 2.5.1-17 SEM image of the fabricated thin SACM APD with sub-micron metal gratings on the

top surface.

After the photon-trapping APD was fabricated, the external quantum efficiency was measured to
characterize the effectiveness of the grating approach. To get a comprehensive characterization of
the QE performance, the measurement was performed by two different methods. The first one was
to measure the quantum efficiency using a monochromator setup, where the light is generated from
a broad-band lamp source and then filtered by a monochromator. The advantage of using this setup
is that it can perform a broad wavelength sweep and generate an absorption spectrum, as shown by
the red curve in Fig. 2.5.1-18. It shows that the efficiency peak is at 2 um with a grating spacing of
596 nm, which is close to the simulation prediction (~ 598 nm), but it is also worth noting that the
efficiency curve has a wide line width and a much lower peak efficiency than the simulation result.
This is due to the fact that the light from the monochromator setup is wide band, and therefore the
measured efficiency is actually an integration over a relatively wide wavelength range. Additionally,
the spot size of the monochromator setup is larger than the grating region, which may also decrease
the overall efficiency. Therefore, to characterize the correct peak efficiency, the device was measured
by a 2 um semiconductor laser to reduce the spectrum linewidth and spot size. The laser response
result is shown in Fig. 2.5.1-18 (a) by the purple point. As expected, the quantum efficiency
measured by the laser is much higher than that by the monochromator setup, which reaches ~ 22%

at 2 pm.
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Fig. 2.5.1-18 Measured quantum efficiency of the thin SACM APD with surface metal gratings

versus (a) wavelength and (b) grating spacing.

As discussed in section 2.2.2, the metal grating should work as a grating coupler to couple the
normal incidence light into the absorber waveguide. Therefore, the peak wavelength and the grating

spacing should follow the relationship:

p)
q = —Peak (2.51-1)
Nery

where a is the spacing of the grating, 1,04 is the peak wavelength and n. s is the effective index
of the waveguide mode in the absorber. This is known as the Bragg condition which also indicates
that the coupling efficiency will decrease when the spacing is away from the optimal value. To verify
whether the grating works as a grating coupler or not, the quantum efficiency was measured with
different grating spacings, and the result is shown in Fig. 2.5.1-18 (b) by the purple points. It is clear
that the measured efficiency decreases when the spacing differs from 596 nm, which follows the
trend predicted by the simulation. This result proved the photon-trapping mechanism of the grating

as discussed in section 2.2.2.
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Although the efficiency of the grating follows the correct trend predicted by the simulation, the
peak value, 22%, is still lower than the simulated value of ~ 38%. The difference between the
simulated and the measured efficiency is probably caused by fabrication errors. As shown by the
high resolution SEM image in Fig. 2.5.1-19, the shape of the fabricated grating is not exactly the
circle shape as designed on the mask. Moreover, the side wall of the grating shows a bevel angle
which is probably due to the deposition angle of the e-beam evaporator. These fabrication errors may
all decrease the coupling efficiency of the grating to some extent. Additionally, as shown in Fig.
2.5.1-15, the grating region on the device is designed to be discrete blocks with gaps added. This
design can provide more reliable lift-off as discussed in the previous section, but the drawback is
that the coupling efficiency will be lower within the gap region. Another possible reason is that a Ti
layer is deposited on the surface before the Au layer to enhance the metal adhesion to the
semiconductor surface. However, Ti oxidizes quickly in air. The oxidation of Ti could be critical to
the quantum efficiency performance because the high coupling efficiency of the metal grating relies
on the surface plasmon effect [37] which will be reduced if the metal surface become oxidized.
Therefore, all these reasons including fabrication errors, mask design, and metal oxidation may
contribute to the lower measured efficiency compared with the simulated value. Nevertheless, the
achieved 22% external quantum efficiency is still more than 3 times higher than the bare surface and

is even 2% higher than the previously reported quantum efficiency with a 1 pm thick absorber (20%)

[8].
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Fig. 2.5.1-19 Comparison of (a) the designed metal grating pattern and (b) fabricated metal grating

pattern.

2.5.2. Edge coupling

While a surface metal grating has been demonstrated to be an effective approach to enhance the
quantum efficiency, an alternative solution is to couple to the absorber waveguide through the edge
of the device, as schematically illustrated in Fig. 2.5.2-1 (a). The condition for this approach is shown
in Fig. 2.5.2-1 (b), i.e., a waveguide structure needs to exist in the absorber. Therefore, although the
mechanisms behind this approach and the metal grating are different, the effect is similar where the
light is coupled into the absorber waveguide, and the quantum efficiency is enhanced by photon
trapping. This approach can be highly efficient and moreover, it may be more compatible to

applications like a fiber array packaged device or waveguide-based chip.
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Fig. 2.5.2-1 (a) Schematic of the edge coupled waveguide APD. (b) Cross section views the thin

absorber SACM APD.

Fig. 2.5.2-2 shows the simulated internal and external quantum efficiency of the edge coupled
waveguide APD at 2 pum. Internal quantum efficiency (IQE) reaches ~ 70% with device length > 20
um. However, if we assume a detector of sufficient length, the theoretical IQE should be nearly
100%. The 30% IQE loss is then found to be caused by the mode leaking into the high refractive
index GaSb substrate (n ~ 4). My colleague at the University of Texas is working on the growth of
AllnAsSb materials system on InP substrate, which would alleviate the mode leaking problem. As
for the external quantum efficiency (EQE), a lensed fiber with spot size of 2 pm was used in the
simulation and the EQE was calculated to be ~ 38% without an anti-reflection coating. The coupling

loss was calculated to be ~-3.4 dB.
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Fig. 2.5.2-2 Simulated internal and external quantum efficiency of the edge coupled waveguide
SACM APD at 2 um; the grey dashed line shows the reference efficiency measured by surface normal

illumination.

Since the simulation result of the edge coupling approach was encouraging, the next step was to
design the photomask for waveguide fabrication. Because the GaSb substrate has higher refractive
index than Alo7InAsSb, no passive waveguide structure can exist in the multiplication layer.
Therefore, it is not possible to couple the light from the edge of the chip and then guide it to the
device by passive waveguides like in previously reported waveguide photodetectors [38-40]. An
alternative way is to directly cleave the device and then couple the light from the edge, as shown in
Fig. 2.5.2-3. This method is easy and straightforward, but the drawback is that that the coupling loss
cannot be directly measured.

Cleaving can be performed after the fabrication of the waveguide, but the biggest challenge is to

control the relatively random cleaving process, i.e., how to make sure the cleave line crosses the
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small device and creates a waveguide with desired length. To address this challenge, I designed a
special photomask that can create waveguide APDs with different lengths regardless of the cleaving

position.

(a) Cleaving (b)

4mmmm Fiber

Substrate

Fig. 2.5.2-3 Illustration of the device structure of waveguide APD (a) before cleaving (b) after

cleaving.

First, to make sure the active waveguide can always be cleaved, the most straightforward way is
to place the devices next to each other with almost no gap in the horizontal direction, as shown in
Fig. 2.5.2-4 (a). Therefore, if cleaving along the vertical direction (shown by the dash line in the
figure), there should be at least one device cleaved no matter where the cleave position is. However,
this design assumes minimal gaps between adjacent devices, which is clearly not feasible in practice.
To take the advantage of this design but still leave feasibility for fabrication, I introduced a vertically
misaligned layout design as shown in Fig. 2.5.2-4 (b). With this design, the devices still have no gap
along the horizontal direction to ensure the cleaving line crosses the waveguide, but physical

separation is created along the vertical direction to satisfy the limited accuracy of photolithography.
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Fig. 2.5.2-4 Tllustration of (a) the vertically aligned design and (b) the vertically mismatched design

of waveguide APD devices .

The layout design shown in Fig. 2.5.2-4 can make sure there is at least one device cleaved
regardless of position. Nevertheless, this is not enough because we also need to create waveguides
with different lengths in order to verify the quantum efficiency saturation with waveguide length.
Therefore, to create various waveguide lengths through one cleave process, I introduced a
horizontally mismatched design as shown in Fig. 2.5.2-5. Fig. 2.5.2-5 (a) is the original layout where
all the devices are perfectly aligned in the horizontal direction, and the result is that all the
waveguides created by the vertical cleaving line (shown by black dash) will have the same length.
In order to create different lengths on one line, I misaligned the waveguides with a certain shift
distance in the horizontal direction as shown in Fig. 2.5.2-5 (b). It is evident that with this design,
various lengths of waveguide can be created on one cleaving line regardless of where the cleaving

position is.
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Fig. 2.5.2-5 Tllustration of the horizontal mismatch layout of waveguide APD devices

By combing the vertical and the horizontal mismatched design introduced, the layout becomes
the form shown in Fig. 2.5.2-6, where the black dash shows the possible cleaving positions. It is
clear that no matter where the cleaving position is, waveguides with different lengths can be created.
Moreover, the devices are created in four groups in the vertical direction with different widths. As
shown in Fig. 2.5.2-7, not only different waveguide lengths but also different waveguide widths can
be created with a single cleave. I also added alignment markers, capacitance test pads and TLM
patterns to the mask as shown in Fig. 2.5.2-7. It is worth noting that no coplanar waveguide (CPW)
pads were used because the GaSb substrate is highly conductive. Instead, measurements were

performed by directly probing the top and bottom contacts.
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Fig. 2.5.2-6 Illustration of the mismatched design for waveguide APD devices.
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Fig. 2.5.2-7 Illustration of the final photomask layout for waveguide APDs.
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Based on the designed photomask, the thin SACM APD layers were fabricated into waveguide
structures by normal wet etch processing as described in Appendix A. A microscope view of the
fabricated waveguide devices is shown in Fig. 2.5.2-8 (a). The devices were then cleaved along the
direction vertical to the waveguide, as shown by the microscope image in Fig. 2.5.2-8 (b). A high
resolution microscope image and an SEM image were taken to evaluate the quality of the cleaved
surface, as shown in Fig. 2.5.2-9 (a) and (b), respectively. It is evident that a clean and smooth surface

was created by cleaving.

Fig. 2.5.2-8 Microscope view of the waveguide APDs (a) before cleaving and (b) after cleaving.
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(@) (b)

Fig. 2.5.2-9 (a) Microscope image of the cleaved waveguide APDs from the top and (b) high

resolution SEM image of the cleaved edge of the waveguides.

After cleaving, the edge of the waveguide was exposed, and the device was ready for the coupling
test. A schematic of the setup for measuring the quantum efficiency is shown in Fig. 2.5.2-10. A CW
optical input from a temperature stabilized 2 um semiconductor laser polarized by a polarization
controller and was coupled into the device through a lensed fiber. The photoresponse was collected
by directly probing the device with a ground-signal-ground (GSG) probe and the photocurrent was
measured with a source meter. A picture of the photodiode with a fiber input is shown in Fig. 2.5.2-

11.
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Fig. 2.5.2-10 Schematic setup for the waveguide APD measurement.

Fig. 2.5.2-11 Microscope picture of the waveguide APD measurement setup.

The steps for the quantum efficiency measurement are described as follows. First, the cleaved
device was probed by a GSG probe, and the DC bias was fixed at the punch through voltage, i.e., -
16V as discussed in section 2.4. Then, light was coupled from the edge of the device, while the

polarization, positions and the angles of the lensed fiber were adjusted to provide the highest
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photocurrent. The lensed fiber was then removed from the device under inserted to an optical power
meter with an integrating sphere to measure the input optical power. The responsivity was calculated
using the expression

_ Itotar — laark

P (252-1)

where I;otq; and 14, are the measured total current and dark current, respectively, and P is the
measure optical power. It is worth noting that at -16 V, the gain of the device is not unity but is 4 as

discussed in section 2.4. Therefore, the quantum efficiency can be calculated by equation

_R-1.24
="M

(25.2-2)

where M is the multiplication gain of the device at the measured bias, 1 is the wavelength (unit in
um) and R is responsivity. Fig. 2.5.2-12 shows the measured external quantum efficiency of devices
with different waveguide lengths. The waveguide width is found to have no effect on EQE, which is
reasonable because the minimum waveguide width (10 um) is much larger than the spot size of the
lensed fiber (~ 2 um). Fig. 2.5.2-12 shows that the EQE quickly saturates with waveguide length
after ~ 20 um, as expected by simulation, and reaches ~ 24 %. This value is more than 3 times higher
than the surface normal EQE (~ 7%) as noted in section 2.4, and is even 4 % higher than a 1 pm-
thick absorber device [8]. Since there is no AR coating on the edge, the EQE could be further

improved to ~ 35%.
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Fig. 2.5.2-12 Measured external quantum efficiency of the edge coupled waveguide SACM APD

at 2 um; simulated result is plotted for reference.

In summary, I demonstrated two effective approaches to enhance the quantum efficiency of the
thin absorber SACM APD. The 2D metal grating approach achieved ~ 22% EQE through surface
normal coupling, and the waveguide APD approach achieved ~ 24% EQE through edge coupling.
By each approach, the EQE is more than 3 times higher than normal incidence on a bare surface and
is even higher than the previous reported SACM APD (~ 20 %) with a 1 um-thick absorber [8].
Together with the significantly suppressed dark current by the thin absorber design, at room
temperature the SNR of the thin SACM device could be more than 2 orders of magnitude higher than

the previously reported AllInAsSb SACM at 2 um wavelength [8].
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2.6. Bandwidth characterization and analysis

In addition to suppressing the dark current, another promising potential of the thin absorber design
is to achieve high transit-time bandwidth, and therefore a high-speed device is possible utilizing a
small device area to provide high RC bandwidth. The waveguide APD structure discussed in section
2.5.2, which has a minimum lateral dimension of ~ 10 um, is promising to achieve high bandwidth.
To measure the bandwidth of the waveguide APD, the frequency response measurement setup shown
in Fig. 2.6-1 was assembled with edge coupling capability. The CW optical signal from a
temperature-stabilized 2-um semiconductor laser was directed through a polarization controller and
then modulated by a LiNbO3 Mach-Zehnder modulator (MZM). The modulator was biased at the
quadrature point and driven by a vector network analyzer (VNA). The modulated optical signal was
modulated by another MZM and then coupled into the waveguide APD device with a lensed fiber,
and the photoresponse was collected through a GSG probe. The RF photoresponse was measured by

the VNA using a bias-tee. Circuit and probe loss have been calibrated for the measurement.

Port 1 RF
© | Laser PC MZM PC
DC
Source meter
VNA Bias Tee GSG Probe
Source meter s [Dj ;‘eaved sample
—@l i Ler:?ed fiber
Port 2

Fig. 2.6-1 Experimental setup for waveguide APD bandwidth measurement.
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Fig. 2.6-2 shows the normalized frequency response ((a-1) to (e-1)) and the extracted 3-dB
bandwidth and gain-bandwidth product ((a-2) to (e-2)) of the waveguide APDs with dimensions of
40 x 45 um, 40 x 25 pm, 20 < 40 pm, 10 x 55 pm and 10 x 35 pum, respectively. For each device,
the bandwidth first increases with gain, peaks at ~ 10 and then starts to decrease. The increase in the
bandwidth prior to gain of 10 is due to the insufficient voltage to fully deplete the absorber at punch
through. As indicated by the C-V curve shown in Fig. 2.4-2, the absorber is not fully depleted at -16
V. Therefore, photogenerated carriers have to diffuse out of the absorber, resulting in a low transit-
time bandwidth until the absorber is fully depleted at ~ -17 V, where the gain is ~ 10. The decrease
in the bandwidth at higher gain is caused by the avalanche build-up time. The gain-bandwidth
product (GBP), defined as bandwidth multiplied by the gain, increases and then saturates. Comparing
waveguide devices with different dimensions, as plotted in Fig. 2.6-3, smaller devices tend to have
higher maximum bandwidth and gain-bandwidth product, which probably indicates an RC time
bandwidth limit as opposed to a constant gain-bandwidth limit originating with the avalanche
buildup time. As shown by the purple curve in Fig. 2.6-3, the smallest waveguide device with
dimension of 10 x 35 pm reaches a maximum 3-dB bandwidth of ~ 7 GHz and a gain bandwidth
product over 200 GHz. Both of these values are more than 4 times higher than the previously record
bandwidth for 2 pm APD [20].

A trend that is worth noting in Fig. 2.6-3 is that the bandwidth of the waveguide APDs shows a
clear area dependence. Generally, this may indicate a RC time bandwidth limit because the junction
capacitance is proportional to the device area. To further understand the bandwidth limit, microwave
scattering parameters (S11) were measured using the same setup shown in Fig. 2.6-1 but with only
port 1 active. Fig. 2.6-4 shows the measured Si1 curves of the waveguide APDs with different

dimensions and at various bias voltages. For all device dimensions, the Si1 curves do not converged
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directly after the punch through voltage (-16V) but gradually become less capacitive and then
converge at ~ - 17 V. The reason is consistent with the increase in bandwidth prior to -17 V, because
the absorber is not fully depleted at — 16 V, and therefore higher voltage is needed to converge the

capacitance.
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Fig. 2.6-2 (a-1) ~ (e-1) Measured frequency response and (a-2) ~ (e-2) extracted 3-dB bandwidth
and gain bandwidth product of waveguide APDs with dimensions of (a-#) 40 x 45 pm (b-#) 40 x 25

pm (c-#) 20 x 40 pm (d-#) 10 x 55 pm and (e-#) 10 x 35 um, respectively.
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Gain
Fig. 2.6-3 Summary of the measured bandwidth (BW) and gain-bandwidth product (GBP) of

waveguide APDs with different dimensions.
The equivalent circuit of a typical P-I-N photodiode is shown in Fig. 2.6-5, with the RC bandwidth

expressed as:

1

fre = 27C,(R, + R;) (26—-1)

where C; is the junction capacitance, R; is the series resistance and R, is the load resistance. To fit

each lumped element in the equivalent circuit model and calculate the theoretical bandwidth of the
device, Si1 simulation was performed by Keysight Advanced Design System (ADS) and then fitted

to the measured S11 curves.
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Fig. 2.6-4 Measured S;; curves of waveguide APDs with dimensions of (a) 10 x 60 pm (b) 20 x

60 um (c) 30 x 60 um and (d) 40 x 60 pm and at various bias voltages.

\ 4 ® 4 \0)

ip C\D G = R Ru Vbias

Fig. 2.6-5 Equivalent circuit model of P-I-N photodiode.

As shown in Fig. 2.6-6, the simulated S11 curves fit well with the measured results, and the fitted

value of the lumped elements in the circuit model are listed in Table 2.6-1. Based on equation (2.6-
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1), the theoretical RC bandwidth was calculated and listed in Table 2.6-2. The S11 values were
measured on uncleaved devices, and therefore the fitted capacitance has been scaled slightly by
device area to fit the cleaved waveguides used in bandwidth measurement. As shown in Table 2.6-
2, the fitted RC time bandwidth is significantly higher than the measured 3-dB bandwidth, which
indicates that the bandwidth is not limited by the RC time constant. Generally, the total 3-dB
bandwidth of a PIN photodiode is determined by the RC bandwidth and transit-time bandwidth, as

expressed by equation:

T (2.6 — 2)

2
fTR

where f3,45 1s the total 3-dB bandwidth, fg. is the RC time limit bandwidth and frp is the transit-
time bandwidth. If no third contributor to the total bandwidth exists, the transit-time bandwidth can
be determined from this equation, the measured 3-dB bandwidth, and the fitted RC time bandwidth
listed in Table 2.6-1. As shown in Table 2.6-2, the calculated transit-time bandwidth that fits the
measurement is lower than 10 GHz, which is apparently in conflict with the simulated result
discussed in section 2.3 (~ 31.6 GHz at unit gain). Consequently, it is very likely that a third

contributor other than fg. and f;zr dominate the bandwidth of the waveguide APDs.
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Fig. 2.6-6 Simulated S; curves of waveguide APDs with dimensions of (a) 10 x 60 pm (b) 20 x

60 um (c) 30 x 60 um and (d) 40 x 60 pm and at bias voltages of -19V.

Table 2.6-1 Fitted parameters in the equivalent circuit model of P-I-N photodiode

Device dimensions C; R, R;
10 x 60 um 0.075 pF 15Q 50Q
20 x 60 um 0.178 pF 13Q 50Q
30 x 60 um 0.288 pF 11Q 50 Q
40 x 60 pm 0.410 pF 75Q 50 Q

Table 2.6-2 Measured 3-dB bandwidth and the theoretical RC bandwidth calculated by the fitted resistances

and capacitances.
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Device dimensions f3dB fre

10 x 35 pm 6.9 GHz 55.9 GHz
10 X 50 pm 6.4 GHz 35.6 GHz
20 x 40 pm 5.9 GHz 19.4 GHz
40 x 25 um 5.7 GHz 16.2 GHz
40 x 45 pum 4.8 GHz 9.0 GHz

To investigate the third bandwidth contributor, the first thing that is worth noting is that the thin
absorber SACM APD structure is grown on a GaSb substrate which is a well-known conductive
substrate with a doping level of 1 x 10'7to 9 x 10!” cm™. This high doping level in the substrate may
cause very complex RF effects. In fact, a strong bandwidth limit has been observed in many other
photodetectors grown on GaSb substrate, such as GalnAsSb [41] and InAs/GaSb T2SL [42, 43]
MWIR photodetectors. What these devices have in common is that the measured 3-dB bandwidth
never exceeds 10 GHz regardless of the device diameter and the depletion layer thickness. It is
suspected from these references that the bandwidth is likely limited by the RF loss from the
conductive GaSb substrate. Recently, a group at Northwestern University did a study on the influence
of the GaSb substrate on the bandwidth of a photodetector. As described in ref. [44], a transfer
printing technique was used to peel off the photodetector grown on GaSb substrate, and then the
device was bonded onto an insulating sapphire substrate. With exactly the same device structure, the
3-dB bandwidth improved from ~ 6 GHz to ~ 18 GHz by replacing the substrate. This research
confirms that the GaSb substrate may limit the bandwidth of photodetectors. Moreover, by
comparing the bandwidth with and without the GaSb substrate, the substrate limited bandwidth

factor f5, is estimated to be ~ 8 GHz [44]. Therefore, by assuming the substrate limiting factor also
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exists for my thin absorber SACM APD, f;,;, can be extracted by adding the substrate factor to

equation (2.6-2), and the bandwidth equation becomes:

1
fza = (2.6 —3)
1 1 1
7t 7t 2
fRC fTR fsub

where f;,;, is the bandwidth factor caused by the conductive GaSb substrate. By substituting the
fitted RC bandwidth fg. in Table 2.6-2 and the simulated transit-time bandwidth frg, fs,p can be
calculated using equation (2.6-3) and the result is shown in Table 2.6-3. The substrate limited
bandwidth is ~ 7 GHz, which is comparable to the value observed in ref. [44]. Therefore, the

bandwidth of the thin SACM APD is strongly limited by the conductive GaSb substrate.

Table 2.6-3 Measured 3-dB bandwidth, theoretical RC bandwidth, simulated transit-time bandwidth and the

calculated substrate limiting bandwidth.

Device dimensions f3ap fre frr fsub
10 x 35 ym 6.9 GHz 55.9 GHz 31.6 GHz 7.0 GHz
10 x 50 pm 6.4 GHz 35.6 GHz 31.6 GHz 6.6 GHz
20 x 40 pm 5.9 GHz 19.4 GHz 31.6 GHz 6.3 GHz
40 x 25 pm 5.7 GHz 16.2 GHz 31.6 GHz 6.1 GHz
40 x 45 pm 4.8 GHz 9.0GHz 31.6 GHz 5.7GHz

In summary, this section described the characterization of the bandwidth performance of the thin
absorber SACM APD. The frequency response measurement shows that the maximum 3-dB
bandwidth of the device reaches ~ 7 GHz, and the gain-bandwidth product is over 200 GHz, both of
which are more than 4 times higher than previously reported 2 um APDs. The improved speed

performance of this device can enable high speed applications of APDs at 2 pm, such as MWIR
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communication as described in the introduction section. Additionally, it is also revealed that the
bandwidth of the device is strongly limited by the conductive GaSb substrate. Therefore, by growing
the device on a semi-insulating InP substrate in the future, the bandwidth of the device can be

substantially improved, offering the potential to reach over 30 GHz.
2.7. Future work

In this chapter, the idea of using the combination of an ultra-thin absorber and photon trapping
structures has been demonstrated, which improved both the SNR and the bandwidth performance of
2 um APDs significantly. Therefore, it is very promising that we can further apply this approach to
longer cut-off wavelength APDs in the MWIR range. However, difficulties of using the photo-
trapping approach will also rise when moving to the longer wavelengths. For example, Fig. 2.7-1
shows a possible structure for a long-wavelength cut-off SACM APD based on AllnAsSb materials
system, where a narrow bandgap InAsSb is used as the absorber material to reach cut-off wavelength
beyond 4 um. However, in order for the photon-trapping structure to work, a waveguide structure
needs to be supported. As described by equation (2.3-6), the minimum absorber thickness that can
support a waveguide mode is around half wavelength, i.e., ~ 300 nm for 2 pm and ~ 600 nm for 4
um. It is clear that for longer wavelength, a thicker absorber is needed to support a waveguide mode.
This is evidently conflict with the benefit of using photon-trapping structure which is designed to
achieve high QE with an ultra-thin absorber so that the dark current can be suppressed. Thus, how
to solve the thickness limit will be the critical problem for extending the photon-trapping approaches

to longer wavelengths.
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Fig. 2.7-1 Possible layer structure of a ~ 4 um cut-off SACM APD using an InAsSb absorber.

To better understand how to solve this challenge, it needs to be clarified first that the condition
for a waveguide mode to exist is that the core refractive index is higher than that of the cladding, and
at the same time the core is at least half wavelength thick. The core does not necessarily need to be
the narrow bandgap material but only needs to have higher refractive index than the cladding layer.
Therefore, we can use a wider bandgap material to support a waveguide mode instead of increasing
the InAsSb layer thickness. For example, Fig. 2.7-2 shows a “sandwich” absorber design to solve
the thickness limit, where the narrow-bandgap InAsSb is placed between two mid-bandgap
AlosInAsSb layers with wide-bandgap Alo.7InAsSb layers as the cladding layers. The combined
region of the InAsSb and the AlosInAsSb layers have higher effective refractive index than the
cladding Alo.7InAsSb layers, and therefore they serve as the core of the waveguide. As a result, the
minimum core thickness here, which needs to be ~ 600 nm at 4 pm, will be the total thickness of the
InAsSb layer plus the AlosInAsSb layers, so that the narrow bandgap InAsSb could be, in theory,

very thin while still supporting a waveguide mode. Since Alo.sInAsSb has a much wider bandgap
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than that of InAsSb, increasing its thickness will give rise to less dark current compared with using
InAsSb. Consequently, the thickness limit associated with photon-trapping approaches can be

relaxed by the “sandwich” absorber design.

InAs P*@1E19, 30 nm
Al -InAsSb P* @ 9x10'8 cm3, 80 nm

Aly,InAsSb P @ 1x10'® cm?, 100 nm

Al :InAsSb UID, 250 nm
InAsSb UID. 100 nm Waveguide core
Al sInAsSb UID, 250 nm

Al ;-InAsSb P @ 3%10'7 cm3, 80nm

Al ,InAsSb UID, 250nm

Aly,InAsSb N* @ 5x10'% cm™ 300nm

Al ;InAsSb N* @ 5x10!% ¢m3 300nm
GaSb N @ 1x10'8 ¢m3, 200 nm
GaSDb substrate

Fig. 2.7-2 “Sandwich” absorber design for releasing the absorber thickness limit for photon-

trapping SACM APDs.

Nevertheless, Fig. 2.7-2 merely shows a basic idea of designing layers for a long-wavelength
photon-trapping APDs. Other designs, such as optimizing bandgap variation and doping to minimize
the barrier to carrier transport, optimizing the InAsSb/Alo.sInAsSb layer thickness fraction for trade-
off between the dark current and the device length, optimizing InAsSb layer position (it does not
have to be in the center) and optimizing photon-trapping structure dimensions, still need to be
considered in the future after the target wavelength is determined. I am confident that this solution
is feasible and believe it could achieve significantly high SNR and high-speed long-wavelength

APDs in the future.



3. Infrared nBn photodetectors

3.1. Motivation

Instead of boosting the signal level by using an APD, another direction for improving SNR
performance is to reduce the dark current and thus to decrease the noise power level of MWIR
detectors. Since the bandgap of the MWIR absorbing material is small, avoiding a high electric field
is critical. Therefore, the n-barrier-n (nBn) photodetector design has been developed to significantly
reduce the dark current by suppressing the Shockley-Read-Hall (SRH) generation currents. An nBn
photodetector usually consists of a narrow bandgap undepleted, n-type absorber followed by a wide
bandgap barrier layer. The large conduction band offset at the barrier layer effectively blocks the
diffusion of majority carriers (electrons) but allows minority carriers (holes) to pass through. Since
the nBn photodetector operates with low voltage across the narrow bandgap absorber the SRH
generation and tunneling are moderated to a great extent.

To date, substantial progress has been made with nBn photodetectors fabricated from a wide range
of materials, including type-II superlattice (T2SL) [45, 46] and type-II strained-layer superlattice
(T2SLS) [47-50]. Compared to the T2SL, the T2SLS is easier to grow [51] and has longer minority
carrier lifetimes [52]. However, the quantum efficiency of T2SLS nBn photodetectors in the long-
wave infrared (LWIR) range is limited by the low absorption coefficients [53, 54], especially in n-
type absorbers, due to the longer superlattice period of the T2SLS [53]. While efforts toward
enhancing T2SLS quantum efficiency and reducing dark current are ongoing [47, 53], another
promising approach lies in new materials systems that have the potential to overcome the intrinsic
limitations of conventional superlattices. Recently, high-performance avalanche photodiodes
(APDs) have been demonstrated in the AlxIni-xAsySbi-y (referred to as AlxInAsSb below) digital

alloy material system [8, 55-57]. These devices show high gain, low dark current, extremely low
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excess noise and high temperature stability compared to conventional III-V materials. AlInAsSb is
also a promising candidate for MWIR nBn photodetectors with the unique characteristic of a minimal
valence band discontinuity within a wide range of bandgap energies (from 0.247 eV to 1.3 eV) [58].
This eliminates hole trapping at the absorber/barrier valance band discontinuity giving rise to longer

hole diffusion length, higher quantum efficiency, lower turn-on voltage, and higher detectivity.

3.2. Device simulation and design

The target wavelength for the nBn photodetector reported in this chapter was chosen to be 2 pm
where high performance AllnAsSb APDs have been previously demonstrated. Fig. 3.2-1 shows a
schematic cross section of the AllnAsSb structure. The absorber is Alo3InAsSb (Eg = 0.58 eV) and
the barrier is Alo.7InAsSb (Eg=1.16 eV). XPS characterization indicates that the AllnAsSb materials
system has near-zero valence band discontinuity. Therefore, the conduction band offset should be
approximately the bandgap difference between Alo3InAsSb and Alo7InAsSb, i.e., 0.58 eV, which is
sufficient to suppress the thermionic emission of majority carriers over the barrier. The active layers
(absorber, barrier, and buffer layer) were sandwiched by two highly-doped N Alo.3InAsSb contact
layers. A buffer layer was inserted beneath the barrier layer to avoid possible dopant diffusion from
the N contact layer. The band diagram has been modeled using Lumerical CHARGE solver and is

plotted in Fig. 3.2-2 at equilibrium (a), under reverse bias (b), and under forward bias (c).
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Fig. 3.2-1 Schematic cross-section of the AllnAsSb nBn photodetector.
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Fig. 3.2-2 Simulated energy band diagram of the AllnAsSb nBn photodetector (a) at equilibrium,

(b) under a reverse bias of -1V, and (c) under a forward bias of 1V.

Two of the primary design parameters are the thickness and the doping concentration of the

absorber. Since the nBn photodetector has very low electric field applied across the absorber, the

photocurrent is primarily a diffusion current. A thicker absorber will achieve higher absorption,

however, collection of the photogenerated carriers may be limited by the diffusion length. Fig. 3.2-

3 (a) shows the simulated absorption and responsivity versus the absorber thickness. While the

absorption increases with thickness, the responsivity peaks and then decreases for thickness greater
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than ~3 um. The reason for this behavior is revealed by the simulated carrier collection efficiency
shown in Fig. 3.2-3 (b). Below an absorber thickness of 2 um, the increase in the carrier collection
efficiency is due to more light being absorbed in the absorber than in the buffer layer where electrons
are blocked by the wide bandgap barrier layer. Above 2 pm, the collection efficiency decreases due
to the diffusion-length limitation. As a result, there is an optimum thickness that balances these

opposing effects, which in this case is ~ 3 um.
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Fig. 3.2-3 (a) Simulated responsivity and absorption and (b) carrier collection efficiency of the
AllnAsSb nBn photodetector versus absorber thickness under 2-pum illumination. The absorber, barrier
and buffer layer are assumed to be unintentionally doped with an n-type background doping

concentration of 1x10'® ¢m3; the simulation temperature is 300 K.

The doping concentration in the absorber affects the depletion width, electric field, carrier
lifetime, and the dark current. Fig. 3.2-4 shows the simulated responsivity of the device with different
n-type doping concentrations in the Alo3InAsSb absorber and the buffer layer. The barrier layer is
unintentionally doped. The responsivity decreases as the doping concentration increases, which is

primarily due to the decreased depletion width when the doping concentration in the absorber is high.
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As a result, the electric field intensity will be higher on one side, which will give rise to SRH
recombination and tunneling, and a decreased responsivity as a result of reduced carrier lifetime.
High n-type doping may also decrease the carrier lifetime of holes through band-to-band
recombination in the undepleted region. Therefore, lower doping concentration in the absorber and
buffer layers is preferred and is designed to be unintentionally doped. For the device reported here
the n-type background doping concentration was approximately 1x10'® cm=. Modifying the doping
polarity and concentration in the barrier layer has been reported to minimize the valence band
discontinuity, so as to increase the hole diffusion length and reduce the turn-on voltage.[59] However,

since AllnAsSb has minimal valence band discontinuity, the barrier layer doping was not considered.
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Fig. 3.2-4 Simulated responsivity versus voltage of the AllnAsSb nBn photodetector with different

n-type doping concentrations in the absorber and the buffer layer.

3.3. Fabrication and characterization

The structure shown in Fig. 3.2-1 was grown by MBE as a digital alloy of three binary

constituents: AISb, InAs, and InSb lattice matched to an n-type GaSb substrate. Devices were
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fabricated into circular mesa structures by citric acid wet etching using standard photolithography
techniques, and SU-8 was used for surface passivation. Finally, current-voltage (I-V), capacitance-
voltage (C-V), external quantum efficiency (EQE), and low-temperature dark current measurements
were performed to characterize the performance of the device.

Fig. 3.3-1 (a) shows the room-temperature [-V characteristics of the AllnAsSb nBn photodetector.
The photoresponse is measured under 2-pum laser illumination. The dark current density is ~2.6x10
3 A/em? at -0.5 V and ~ 2.7x10 A/cm? at -1 V. Based on the I-V measurement, the detectivity was
determined from the differential-resistance-area product, 1/RA, to be 1.7x10' Jones at room
temperature.. It also worth noting that the forward dark current is lower than the reverse dark current
at low bias but shows a faster rise with bias. This can be understood by comparing Fig. 3.2-2 (b) and
(c). Due to the asymmetric design of the nBn photodetector, the buffer layer is much thinner than the
absorber. Therefore, at low bias, the forward dark current, determined by the thin buffer later, should
be lower than the reverse dark current, determined by the thick absorber. However, as shown in Fig.
3.2-2 (c), the depletion is confined in the thin buffer layer even when the forward bias increases. As
a result, the electric field is high, which finally leads to a rapid increase in SRH-generated dark
current. This trend is consistant with the C-V measrement shown in Fig. 3.3-1 (b) where the forward
capacitance is much higher than the reverse capacitance, which is caused by the narrower depletion
width under forward bias. Similarly, the forward photocurrent is also lower than the reverse
photocurrent since the majority of the light is absorbed in the thick absorber but the generated

photocarriers are blocked by the barrier layer.
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Fig. 3.3-1 (a) Measured I-V curves of a 150-um diameter AllnAsSb nBn photodetector at room
temperature; total current was measured under 2-um laser illumination. (b) Measured C-V curves of

AlInAsSb nBn photodetectors with different mesa diameters.

Fig. 3.3-2 (a) shows the measured room-temperature EQE. The device exhibits a cutoff
wavelength of ~ 2.1 um, consistent with previous work on 2-um AllnAsSb APDs using the same
absorber material [8]. The fast decrease of the EQE around 2 pm is primarily due to the decreasing
absorption coefficient as the photon energy approaches the bandgap energy of Alo.sInAsSb, which is
similar to the behavior of T2SL detectors near cutoff. The saturated EQE at 2-um is ~ 28%, close to
the simulated EQE of ~32%. Note that there is no anti-reflection (AR) coating on the device surface.
Since the top Alo3InAsSb layer should have a reflectivity of ~ 31% at 2-um, the EQE could be
increased to ~ 40 % with a 1%-reflectivity AR coating. Moreover, by comparing the simulation
shown in Fig. 3.2-3, the EQE could also be further enhanced by increasing absorber thickness to ~ 3

um, which with an AR coating would yield an EQE of ~ 50% at 2-um.
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Fig. 3.3-2 (a) Room temperature measured EQE of a 250-um diameter AllnAsSb nBn
photodetector versus wavelength for reverse bias from -0.1V to -3V. (b) EQE at 2-um versus reverse

bias voltage.

Fig. 3.3-2 (b) shows a clear turn-on behavior at approximately -0.5 V. This turn-on characteristic
reflects the voltage needed to overcome carrier trapping, especially in the valence band. [59] Since
AlInAsSb has a minimal valence band discontinuity with different Al compositions, the turn-on
characteristic shown here is likely caused by the barrier formed by the interface of the UID buffer
layer and the highly doped N contact layer, as shown in Fig. 3.2-2 (b). This is different from a
conventional nBn detector where the valence band discontinuity at the barrier layer also plays an
important role. The turn-on voltage can be reduced, which will enable zero-bias operation, by
modifying the doping concentrations in the contact layer and the buffer layer.

To better compare the dark current of the AllnAsSb nBn detector to conventional nBn detectors,
the low temperature dark current was measured in a cryogenic chamber from 80 K to 340 K. Fig.

3.3-3 (a) shows the dark current density versus bias voltage and the dark current density versus the
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inverse temperature in Fig. 3.3-3 (b). The dashed line in Fig. 3.3-3 (b) shows a fit to the diffusion-
current-limited regime using the relation,
Jagy % Texp (o)

where T is temperature, k is Boltzmann constant, and AE is the activation energy. Fitting to this
equation reveals background-limited infrared photo-detection (BLIP) temperatures of 180 K and 200
K and activation energies of ~ 0.41 eV and ~ 0.37 eV at -0.1 V and -0.3 V, respectively. These
activation energies are between Eg/2 (0.29 eV) and Eg (0.58 eV) of Alo3InAsSb. For these devices
the mesa was etched down to the bottom contact layer, resulting in a 2-pm deep sidewall. Compared
with conventional nBn photodetectors, where the absorber and barrier layers are usually un-etched
or partially un-etched with contact made to the absorber, the observed activation energies are most
probably the result of the large sidewall exposure. Hence, lower dark current can be expected with
an etch that does not fully extend through the absorber. While dark current densities lower than those
of T2SL and T2SLS nBn detectors are observed, this is due in part to the larger bandgap energy of
the AlInAsSb absorber. Further research with narrower bandgap AllnAsSb absorbers is left for future

work.
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Fig. 3.3-3 (a) Measured dark current density of a 150-um diameter AllnAsSb nBn photodetector
at different temperature. (b) Measured dark current density as a function of inverse temperature. The

dashed line shows the fitting to the diffusion-current-limited regime.

In summary, the first nBn photodetectors based on AllnAsSb digital alloy is demonstrated in this
work. This new material system has the benefit of near-zero valence band offset, which is highly
favorable for the hole transport required to achieve high detectivity and low turn on voltage. For 2
um illumination the external quantum efficiency is 28%. The dark current densities are 2.6 x 107
A/cm? at 300 K and 1.8 x 10 A/cm? at 100 K with -0.5 V bias, and detectivity is 1.7x10'° Jones at
room temperature. Work on extending the device to a longer operating wavelength is left for future

work.

3.4. Bandwidth characterization and analysis

Much of the research on nBn photodetectors has focused on achieving lower dark current, higher
quantum efficiency and longer detection wavelength. However, there have not been studies of the
frequency behavior and bandwidth of nBn photodetectors except for a few pulse response reports
[60, 61]. With rapidly expanding applications in the MWIR and LWIR spectral ranges, device speed
is attracting more and more attention [62], such as for high-speed imaging [63, 64], MWIR frequency
combs [3, 65, 66] and LIDAR systems [67]. Therefore, a thorough understanding of the frequency
behavior of the nBn photodetector is important.

In this section, I investigate the frequency characteristics of the AllnAsSb nBn photodetectors
reported in reference [68], by bandwidth, capacitance-voltage and microwave scattering parameters
(S-parameters) measurements. Subsequently, a new equivalent circuit model is developed for the

nBn photodetector to further understand its frequency behavior and the limiting factors of its
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bandwidth. To my knowledge, this is the first detailed analysis of the frequency behavior of nBn
photodetectors. This work provides a framework for understanding the bandwidth performance of
nBn photodetectors, which can be used for further optimization of nBn photodetectors for high-
frequency applications in the MWIR and LWIR spectral range.

The epitaxial structure of the Alo.sInAsSb/Alo.7InAsSb nBn photodetector is shown in Fig. 3.4-1.
The structure was grown by MBE as a digital alloy of four binary constituents: AlAs, AISb, InAs,
and InSb lattice matched to an n-type GaSb substrate [69]. Details regarding the fabrication of the
device are included in reference [68]. It is worth noting that no coplanar waveguide (CPW) pad was
designed for these devices. The frequency response was measured by directly probing the top and

bottom metal contacts using a ground-signal (G-S) probe, as shown in Fig. 3.4-1.

N contact

Fig. 3.4-1 Schematic of directly probing the nBn photodetectors using a G-S probe.

Fig. 3.4-2 shows a schematic of the experimental setup for the frequency response measurement.
The setup is basically identical to the setup discussed in section 2.6, with the only difference that the

coupling is through surface normal rather than edge coupling. The S;; of the device was measured
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by the same setup without laser illumination to further study the equivalent circuit model of the nBn

photodetector. Circuit and probe loss have been calibrated for the measurement.
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Fig. 3.4-2 Setup schematic of the frequency response measurement

Fig. 3.4-3 shows the normalized response of the nBn photodetectors measured from 20 MHz to 3
GHz. The 3-dB bandwidth was extracted and plotted in Fig. 3.4-4. Devices with varying device
diameters show a similar bandwidth saturation phenomenon, where the bandwidth initially increases
with bias voltage but then quickly saturates beyond ~ -0.5 V. It is worth noting that the bandwidth
saturation voltage is exactly equal to the turn-on voltage of the nBn photodetectors as discussed in
[68], which reflects the voltage needed to overcome carrier trapping [59, 70]. Therefore, it appears

that the bandwidth of the nBn photodetector saturates immediately after the device turns on.
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Fig. 3.4-3 Frequency response of AllnAsSb nBn photodetectors with device diameters of (a) 80

pm (b) 100 pm (c) 150 pm (d) 200 um at various bias voltages. Photocurrent is set to 10 pA.
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Fig. 3.4-4 3-dB bandwidth of AllnAsSb nBn photodetectors with various device diameters and bias

voltages. Photocurrent is set to 10 pA.

Theoretically, the bandwidth of a photodiode is limited by the carrier transit-time and the

resistance-capacitance (RC) time constant, as expressed by the equation

(1)

where f3,4p is the total 3-dB bandwidth of the device, fr is the transit-time limit bandwidth, and fz
is the RC bandwidth [71]. One of the factors that can limit the bandwidth of an nBn photodetector is
the long transit-time due to slow carrier diffusion through the thick absorber. However, as shown by
the band diagram and electric field simulation in Fig. 3.4-5, more than half of the absorber remains
undepleted when the device is turned on at ~ -0.5 V. As the depletion width and electric field extend
further into the absorber, the transit-time bandwidth should increase since more photogenerated
carriers begin to drift rather than diffuse. To verify this, the transit-time bandwidth of the nBn
photodetector was simulated using the Lumerical Charge solver [72], and the result is shown in Fig.
3.4-6. As expected, the transit-time bandwidth continues to increase with bias voltage even beyond
the turn-on voltage. It is also worth noting that the value of the simulated transit-time bandwidth is
far above the measured 3-dB bandwidth. Therefore, it appears that the bandwidth of the nBn

photodetector is not limited by transit-time.
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Fig. 3.4-5 Band diagram and electric field profiles of AllnAsSb nBn photodetectors at various bias

voltages. The simulation is performed under dark condition.
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Fig. 3.4-6 Simulated transit-time bandwidth versus bias voltage curve for AllnAsSb nBn

photodetectors.

Another possible limiting factor is the RC-limited bandwidth. The equivalent circuit of a typical

P-I-N photodiode is as shown in Fig. 3.4-7, and the RC-limited bandwidth is expressed by the
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equation

1
27TC]'(RS+RL)

fre (2)

where C; is the junction capacitance formed in the depleted intrinsic region, R; is the junction

resistance which is hundreds of megaohms and can be regarded as an open circuit, and Rg and R;,
are the series resistance and the load resistance, respectively. To study the RC-limited bandwidth of
the nBn photodetector, capacitance-voltage (C-V) curves were measured using an LCR meter at a
frequency of 10 kHz. Theoretical junction capacitance was also calculated by assuming a parallel

plate capacitor model as expressed by equation

(3)

where C is the theoretical junction capacitance, € is the permittivity, d is the device diameter, and
wy 1s the depletion width [73]. As shown in in Fig. 3.4-8, the measured total capacitance and the
theoretical junction capacitance show good agreement. Then, by assuming a load resistance of 50 Q
and negligible series resistance, the theoretical RC bandwidth of the nBn photodetectors was
calculated based on the photodiode circuit model (equation (2)) and the measured capacitance (Fig.
3.4-8). However, as shown in Fig. 3.4-8, the theoretical RC bandwidth calculated using this model
is significantly higher than the measured 3-dB bandwidth. The discrepancy indicates that the nBn
photodetector is likely to have a different equivalent circuit model compared to a P-I-N photodiode.

A new equivalent circuit model is needed to understand the bandwidth of the nBn photodetector.

102



i, (V) &=

5

_______________ X ——C80 um measured

84T S I ——C 100 um measured

e g —— C 150 um measured

161 /'/ ___________ ] 4 ———C 200 pum measured
144 ; 4 P [~ [ C;80 pm calculated
12 - /"’ /""V—-— ) 138 C; 100 pum calculated

Capacitance (pF)

Bias voltage (V)

(]

p—

]

Theoretical RC bandwidth

...... C; 150 pum calculated
...... C; 200 um calculated
e fqs 80 um calculated
S f3as 100 um calculated
———— fiqg 150 um calculated
Sy f3qp 200 pm calculated

Fig. 3.4-8 Measured capacitance-voltage curves by a LCR meter at a frequency of 10 kHz and
calculated theoretical junction capacitance of AllnAsSb nBn photodetectors with different device

diameters.

Recall in Fig. 3.4-1 that the nBn photodetector is an N-I-N structure composed of an
unintentionally doped (UID) region (buffer, barrier, and absorber layers) sandwiched between two
n-type contact layers. As shown in Fig. 3.4-5 (a), this structure is similar to a phototransistor where
one forward-biased junction is connected to a reverse-biased junction in series. Therefore, it is likely

that the equivalent circuit model of an nBn photodetector is similar that of a phototransistor. As
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studied in reference [74], the equivalent circuit model of a phototransistor is shown in Fig. 3.4-9 (a)

and the RC-limited bandwidth is expressed by the equation

1
R.(C. + C.) + (R, +Rs)C;]

fre® (G+1) = 27‘[[ (4)

where C, and C, are emitter diffusion capacitance and collector junction capacitance, respectively;
R, is the diffusion resistance between the emitter and the base; and R; is the load resistance. Since
phototransistors have internal gain, the left part of the equation expresses the gain-bandwidth product

where G is the photogain.
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Fig. 3.4-9 Equivalent circuit model of (a) an N-P-N phototransistor [74] and (b) an nBn

photodetector
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Although the band structures are similar, nBn photodetectors are intrinsically different from
phototransistors due to the barrier layer that blocks the majority carriers from diffusing into the
absorber. As a result, the multiplied photocurrent Gip that results from these majority carriers in a
phototransistor does not contribute to the total current in an nBn photodetector and therefore should
be left open in the circuit model. Correspondingly, the gain-bandwidth product fz- - (G + 1) in
equation (4) should be reduced to the RC bandwidth fr.. Based on these modifications, the
equivalent circuit model of an nBn photodetector is shown in Fig. 3.4-9 (b) with the RC bandwidth

expressed as

1
 21|Raisr(Cairr + G) + (RL+AR5)C]

fre (5)

The lumped elements in the equivalent circuit model of the nBn photodetector serve similar roles
as in a phototransistor, but physically they originate from different sources and need to be discussed
and re-defined as follows. Correspondence between the band structure and the equivalent circuit

model is schematically plotted in Fig. 3.4-10 (a) to make the following discussion more

understandable.
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Fig. 3.4-10 (a) Correspondence between the band structure and the new equivalent circuit model
for nBn photodetectors. (b) Band diagram and electron carrier density distribution of AllnAsSb nBn
photodetectors at equilibrium and under reverse bias. The simulation is performed under dark

condition.

Cqify: diffusion capacitance formed by the stored charge near the bottom edge of the barrier layer.

In a typical N-P-N phototransistor, the emitter diffusion capacitance exists due to the fact that the
injected minority carriers accumulate under forward bias voltage. This leads to charge stored near
both sides of the depletion region and forms a diffusion capacitance [74]. In an nBn photodetector,
there is no p-type base region but a UID barrier layer instead. Nevertheless, the barrier layer has a
similar effect on creating a diffusion capacitance. Since the barrier layer has a large conduction band
offset, electrons that diffuse from the bottom contact layer to the absorber will be blocked. As shown
in Fig. 3.4-10 (b), blocked electrons accumulate near the bottom edge of the barrier layer. Since it
takes time for the stored electrons to recombine with holes, these carriers create a diffusion

capacitance. It is worth noting that the kink around 0.8 pm indicates the edge of the depletion region.
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Rg;5f: diffusion resistance of the forward biased junction between the bottom contact later and

the UID region. In a typical N-P-N phototransistor, the diffusion capacitance is associated with the
slope of current-voltage (I-V) curve for the forward-biased emitter-base junction. As shown in Fig.
3.4-10 (a), the junction between the bottom contact layer and the UID region in an nBn photodetector
is forward biased and therefore the diffusion resistance in an nBn photodetector is similar to that of
an N-P-N phototransistor.

C;: junction capacitance in the depleted absorber under reverse bias. This is similar to the junction
capacitance in a P-I-N photodiode. According to the equivalent circuit model in Fig. 3.4-9 (b), the
total capacitance C measured with an LCR meter is a series connection of C; and Cy;sf if the

measuring frequency is low:

1 1 . 1 ©
C  Cairr G

IR

where C is the total measured capacitance. I found that the total capacitance C measured with an
LCR meter stabilizes when the frequency is lower than ~ 100 kHz. As shown in Fig. 3.4-8, the
measured total capacitance at 10 kHz fits well with the theoretical junction capacitance. This
agreement indicates that Cy;5f is likely to be much larger than ;. Accurate characterization of C;
and Cyirr will be addressed by the S-parameter fitting and will be discussed in the next section.

R;: series resistance of the device.

R;: load resistance in the measurement setup, set as 50 Q in this work.

To accurately determine the value of each lumped element in the new equivalent circuit model,
S11 parameters of the devices were measured. Fig. 3.4-11 shows the measured S;; parameters of the

nBn photodetectors with different device diameters at various bias voltages, plotted on Smith Charts

from 20 MHz to 5 GHz.
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Fig. 3.4-11 Measured S;, curves of AllnAsSb nBn photodetectors with device diameters of (a) 80
um (b) 100 pm (c) 150 um (d) 200 pm at various bias voltages.

The measured S;; parameters show a similar saturation phenomenon as the bandwidth
measurement, where S;; curves converge quickly after the turn-on voltage (~ -0.5 V). At the same
time, a strong device area dependence also appears when comparing Fig. 3.4-11 (a) to (d), where
larger devices have higher capacitance. To fit each lumped element, S-parameter fitting was
performed using Keysight Advanced Design System (ADS) based on the equivalent circuit model
shown in Fig. 3.4-9 (b). As shown in Fig. 3.4-12, simulated S;; curves show good agreement with
the measured results. The fitted parameters at -2 V are summarized in Table 3.4-1 for different device
diameters. Fitted parameters at other voltages are not listed since the measured S;; parameters

converge beyond the turn-on voltage. To further verify the circuit model, the theoretical 3-dB
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bandwidth of the nBn photodetectors was calculated using equation (5) and the fitted parameters in
Table 3.4-1. As shown in Table 3.4-2, the theoretical 3-dB bandwidth also agrees well with the

measured results.
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Fig. 3.4-12 Simulated S;; curves of AllnAsSb nBn photodetectors with device diameters of (a) 80

pm (b) 100 pm (c) 150 pm (d) 200 pm at a bias voltage of -2 V.

Table 3.4-1 Fitted parameters in the equivalent circuit model of an nBn photodetector

Device diameter C; Caifr Ry Ry
80 pm 0.30 pF 15 pF 2.1Q 14 Q
100 pm 0.47 pF 25 pF 1.9Q 16 Q
150 pm 1.08 pF 41 pF 1.6 Q 12Q
200 um 1.95 pF 65 pF 1.6 Q 15Q
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Table 3.4-2 Theoretical 3-dB bandwidth calculated by equation (5) and the fitted parameters in Table 1

Device diameter f34p calculated f34p measured
80 um 678 MHz 654 MHz
100 um 353 MHz 360 MHz
150 pm 283 MHz 295 MHz
200 pm 144 MHz 150 MHz

So far, the equivalent circuit model developed for the nBn photodetectors fits well with both the
bandwidth and S;; measurements. However, it is worth noting that the fitted parameters in Table
3.4-1 show a different trend compared to a phototransistor, i.e., the diffusion capacitance of an nBn
photodetector is proportional to the device area. For a typical N-P-N phototransistor, diffusion

capacitance is proportional to photocurrent and carrier lifetime as expressed by equation

Cairf X IpnT 7
where I, is the photocurrent and 7 is the minority carrier lifetime. It is evident that Cy;frs is
independent of device area because the diffusion capacitance is determined by the total current flow
through the forward bias junction, which, in a phototransistor, is continuous with the photocurrent.
However, nBn photodetectors have a barrier layer that blocks the diffusion of electrons into the
absorber. As a result, the electron current is no longer continuous across the whole device; the
electron current between the bottom contact layer and the barrier layer is the diffusion current of the
majority carriers and should be much larger than the minority electron current in the absorber. On
the contrary, hole current is still continuous since no barrier exists on the valence band. Based on
this new current continuity condition, the diffusion capacitance and resistance of the nBn

photodetectors can be qualitatively explained as follows.
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As shown in Fig. 3.4-10 (a), assume voltage applied on the reversed biased absorber (junction 1)
is V1, and the electron and hole currents flowing through the junction are I, and I, , respectively.
Likewise, voltage applied across the forward biased junction between the bottom contact layer and
the UID region (junction 2) is V,, and the electron and hole currents flowing through the junction are

L,,and I

p,» Tespectively; the photocurrent is I,,,. The hole current through the entire device is

continuous. As a result,
e
L, =1, (ekT —1) =1, =1y, (8)
where I, is the dark saturation hole current, g is absolute value of electron charge, k is Boltzmann's
constant and T is absolute temperature.
Therefore, V, can be expressed as

kT (I
V, =—In (L’l + 1) 9)
q Ipo

Diffusion resistance of a forward biased junction is defined as the derivative of the voltage to

current, therefore Ry;ff is expressed as

dVy KTl 1

Rairr = FT (10)

q Ipn  Ipn
which shows that R is inversely proportional to photocurrent Ip.

Diffusion capacitance in a forward biased junction is expressed by equation (7). However, since
electron current in an nBn photodetector is not continuous, current blocked at the barrier layer is no
longer equal to photocurrent but is a majority current from the forward biased junction 2, and the

electron current density J,,, is
qVa
]le =]n0(ekT _1) (11)
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where [, is the dark saturation electron current density.

It is worth noting that V;, is still determined by the photocurrent, as shown in equation (9), to make

the hole current continuous. Therefore, by substituting equation (9) into equation (11), we get

Iyn
Iy = Jng 7 % Ipn (12)
Po

which shows that electron current density at junction 2 is proportional to photocurrent.
The total electron current at junction 2 should be electron current density multiplied by the device

area. Therefore, the expression of the diffusion capacitance in equation (7) should be modified to

Cairr % In,T = Jn,AT (13)
where A is the area of the device.

Since electron current density J,,, is proportional to Iy, C4iry can be further modified by

substituting equation (12) to be

Cairr X IpnAt (14)
which shows that the diffusion capacitance in an nBn photodetector is proportional to photocurrent,
carrier lifetime, and device area.

In summary, the area dependence of the diffusion capacitance in an nBn photodetector originates
from its barrier structure in the conduction band. As a result, the electron current is no longer
continuous through the entire device, and therefore the electron current blocked at the barrier layer
is not equal to the photocurrent (the minority current in the absorber). Instead, it is a majority current
from the forward biased junction 2 that is proportional to the junction area and therefore results in
the area-dependent diffusion capacitance. It is worth noting that photocurrent still affects the
diffusion capacitance. However, it is not due to the photocurrent limiting the majority electron

current blocked at the barrier layer but results from the photocurrent determining the voltage applied
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on the forward biased junction 2 to make the hole current continuous. Therefore, the photocurrent
affects the majority electron current blocked at the barrier layer indirectly. This process is similar to
the origin of the photogain in a phototransistor, but the difference in an nBn photodetector is that the
majority electron current from the forward biased junction no longer results in photogain. Instead, it
is blocked by the barrier layer, stores charges there, and ultimately increases the diffusion
capacitance.

After deriving the expression of the diffusion resistance and diffusion capacitance, the limiting
factor of the bandwidth of the nBn photodetector can be deduced. As shown in Table 3.4-1, the
diffusion capacitance in an nBn photodetector is significantly larger than the junction capacitance.
Therefore, the limiting factor of the bandwidth, as shown in equation (5), should be the product of

Rgifr and Cqifr. By substituting equation (10) and (14) into equation (5), the bandwidth expression

of nBn photodetector can be simplified to

1 1 1

= = (15)
21t[Ryirs(Caifr + C;) + (RL+R)C;]

o —
fRC Zanifdeiff At

It is worth noting that the influence of the photocurrent is canceled in equation (15), indicating
that the bandwidth of an nBn photodetector should be unaffected by photocurrent level. This
conclusion is clearly different from a phototransistor whose bandwidth is inversely proportional to
the total photocurrent—described as the gain-bandwidth product—since the total photocurrent in a
phototransistor is multiplied by the photogain [74]. To verify this conclusion, the frequency response
of the AllnAsSb nBn photodetectors with diameters of 80 pm, 100 pm, 150 pm, and 200 pm are
plotted in Fig 13 (a) to 13 (d), respectively at different photocurrent levels. As shown in Fig. 3.4-13,
with a photocurrent that is two times higher, the frequency response curves of the AllnAsSb nBn

photodetectors are almost the same, which agrees well with the prediction from equation (15).
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Fig. 3.4-13 Frequency response of AllnAsSb nBn photodetectors with device diameters of (a) 80
pum (b) 100 um (¢) 150 pm (d) 200 wm measured at different photocurrent levels; simulated frequency
response is plotted in dash grey for reference; bias voltage is set at -2V.

Equation (15) also suggests possible means for improving the bandwidth of nBn photodetectors.
The most straightforward method is to reduce the device area, which can reduce the majority electron
current that diffuses to the barrier layer and therefore reduce the diffusion capacitance. The other
possible method is reducing the minority carrier lifetime, which results in fast recombination of the
accumulated carriers and therefore reduces diffusion capacitance. However, there can also be a
negative aspect to this since long carrier lifetimes are preferred in an nBn photodetector in order to
maintain enough diffusion length [68, 75]. Consequently, reducing carrier lifetime may result in

lower quantum efficiency if the diffusion length drops below the absorption length. Therefore,
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although the principles behind the bandwidth characteristic of an nBn photodetector and a normal-
incidence photodiode are different, they have a similar intrinsic problem, i.e., the trade-off between
the bandwidth and the quantum efficiency. Therefore, approaches such as waveguides [38-40] and
surface photon trapping structures [11, 14, 76] that can improve the quantum efficiency without
requiring a longer absorption length may be promising methods for achieving higher efficiency-
bandwidth products for nBn photodetectors.

In summary, I report the frequency response of Alo3InAsSb/Alo.7InAsSb nBn photodetectors. The
3-dB bandwidth shows a strong RC time limit and saturates with bias voltage right after the device
turn on. A new equivalent circuit model is developed for nBn photodetectors due to the discrepancy
between their frequency behavior and the conventional photodiode equivalent circuit model. The
theoretical bandwidth predicted by the new equivalent circuit model and the S-parameter fitting
agree well with the measured results. Subsequent analysis further reveals that the limiting bandwidth
factor of nBn photodetectors are carrier recombination lifetime and device area. Additionally, the
bandwidth of nBn photodetectors is barely affected by photocurrent level, which is shown to result
from the barrier structure in the conduction band. This work provides valuable insights into
optimizing the frequency response of nBn photodetectors, which enable the expansion of its

applications in high-speed scenarios in the MWIR and LWIR spectral range.

3.5. Future work

As discussed in section 3.3, a thin absorber is beneficial for nBn photodetectors. Firstly, the SRH
generation dark current will be lower in a thin absorber. Secondly, carrier collection efficiency can
also be improved because the distance that the photogenerated carriers have to diffuse through is

less. Additionally, as discussed in chapter 3.4, thinner absorber is also preferred for high bandwidth
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purpose. Nevertheless, thin absorber also leads to low absorption efficiency, and so that tradeoff
need to be considered between these benefits and shortcomings. A promising method to break this
limit is utilizing the photo trapping structures proposed in chapter 3, which can provide high quantum
efficiency even with an ultra-thin absorber. Therefore, developing photo trapping structures on nBn

photodetector will be a promising future work.
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4. Double mesa APDs

4.1. Motivation

The background doping polarity and concentration is a critical parameter for designing MWIR
photodetectors. For MWIR nBn photodetectors, since the absorber is mostly undepleted, background
doping in the UID region will affects the minority carrier lifetime and so that affects the
responsibility of the device. For MWIR SACM APDs, background doping is especially critical as
the background doping polarity affects the electric field distribution in the absorber and
multiplication layers and influences gain and dark current. Fig. 4.1-1 shows the band diagram
comparison of a N-type background and P-type background SACM APD developed in chapter 2. It
is evident that the electric field is much higher in the absorber if the background doping is N-type,
and this will lead to a much higher dark current. Additionally, with respect to using double and triple
mesa structures to reduce surface current in APDs [77, 78], the background doping polarity is
especially important as it determines whether the depletion reaches the smaller mesa, thereby
determining how much voltage is required to suppress the electric field at the periphery. This concept

will be further studied in this chapter.
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Fig. 4.1-1 Simulated band diagram and electric field profile with N-type and P-type background

doping in the absorber.

Background carrier polarity is affected by various uncontrollable factors, many of which arise
during the material growth process. Lattice structure, material constituents, and impurity
incorporation based on vacuum quality and growth temperature are just a few of the factors that
contribute to the defect type and density in a material. Taken together, these form a picture of total
background doping that have big impacts on the material. This is often exacerbated for superlattice
materials owing to the complex layer structures and interfaces, as well as the many constituents that
form them[79, 80]. Digital-alloy based AllnAsSb is a short-period super-lattice structure composed
of four binary alloys. Therefore it is critical to determine its background doping in order to accurately
design complex APDs structures.

Various approaches have been employed to determine the background doping polarity and
concentrations, such as Hall measurements [81], electrochemical capacitance—voltage (ECV)
measurements [82] and secondary ion mass spectrometry (SIMS) [83]. Background doping is
difficult to determine by Hall measurements on conductive substrates, such as GaSb due to a native
point defect on which the AllnAsSb materials system is grown; ECV measurements are destructive
to the device and limited by low measurement frequencies; and SIMS measurements require
extensive calibrations and are often not accurate enough for low density atoms such background
dopants.

Recently, a new approach for determining the background polarity was reported by performing
capacitance—voltage (C-V) measurements on over-etched double mesa structures [84]. This approach

is based on the dependence of capacitance with the cross sectional area of a p-n junction. As a result,
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if fabricated with varying top and bottom mesa sizes, n-type and p-type background doping polarities
manifest themselves as different capacitance relations to the diameter of either the top mesa (for n-
type) or the bottom mesa (for p-type). This approach has proved superior to conventional approaches
as it is straightforward, nondestructive, and independent of substrate type.

In this chapter, the background doping polarity of p-i-n APDs based on Alo.7InAsSb will be
investigated. The performance of devices with different background doping polarities was compared
through C-V, and low-temperature measurements. These results lay the foundation for further design

of APDs based on the AlInAsSb digital alloy and could be applied to other materials systems as well.

4.2. Determine background doping polarity by double mesa structure

Two homojunction p-i-n Alo7InAsSb samples grown at different times were selected for this
study. The layers of these samples were grown by molecular bean epitaxy as a digital alloy of four
binary alloys AlAs, AlISb, InAs, and InSb lattice matched to GaSb substrate. As shown in Fig. 4.2-
1., the samples were fabricated into double mesa structures with variations in the bottom and top
mesa diameters. My convention for referring to the double mesa structures is given by dbottom mesa -
dtop_mesa. For example, 200-150 um represents a double mesa structure with a bottom mesa diameter
of 200 um and top mesa diameter of 150 pm. The mesas were formed by etching in citric acid wet
etching which has shown good isotropic etching to AllnAsSb. SU8 was used for surface passivation.
After fabrication, C-V characteristics were measured for many double mesa size combinations. Low
temperature C-V measurements were also performed in a cryogenic chamber from 80 K to 350 K.
In parallel, modeling tools in Lumerical software were used to simulate the electric field profiles in

order to further understand the capacitance characteristics of the double mesa structures.
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Al ;InAsSb, UID layer Bottom
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Al -InAsSb N* 200 nm, n contact
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Fig. 4.2-1. (a) Schematic cross-section of the Aly7InAsSb APDs with an over-etched double mesa

structure and (b) Top view of a fabricated device. The doping concentrations are as follows: (1) GaSb
P* 1 x 10" cm?3; (2) AlpsInAsSb P 5 x 10" cm?; (3) AlpsInAsSb, unintentionally doped; (4)
Alp7InAsSb N 5 x 10'® cm; (5) GaSb N 1 x 10'® em™; (5) GaSb substrate; The UID layer thickness

is 1000 nm and 887 nm for sample A and sample B, respectively.

Different top and bottom mesa diameters were fabricated for this study. Fig. 4.2-2 shows the C-
V curves of sample A with different mesa sizes. The background doping concentration can be
estimated by the C-V curve to be around 3 x 10'® cm?. A notable trend is that the C-V curves behave
differently at high and low bias voltages. At low bias, the capacitance is independent of the top mesa
diameter, but begins to exhibit separation above -17 V. To further investigate this trend, the
capacitance of the devices at -15 V and -30 V was extracted and is plotted in Fig. 4.2-3 with
comparison to the theoretical capacitance. The red squares in Fig. 4.2-3 represents the measured
capacitance of the double mesa structure with mesa diameter shown by the horizontal axis as well as
the number inside the figure. The number represents the size of another mesa that is not marked by
the horizontal axis. For example, the very left red square in Fig. 4.2-3 (a) represents the measured

capacitance of a double mesa structure which has a top mesa diameter of 80 pm and a bottom mesa
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diameter of 100 um. The dashed line is the theoretical capacitance calculated using the following

expression,

en (3’

Wq

where C is the theoretical capacitance, ¢ is the permittivity, d is the mesa diameter, and wd is the
depletion width. Figures 3 (a) and (b) show that below -17 V, the capacitance is a function of the
bottom mesa diameter but independent of the top mesa diameter. The measured capacitance fits well
with the theoretical capacitance calculated using the bottom mesa diameter, except that the measured
capacitance is slightly higher. The reason for this is that, as indicated in Fig. 4.2-2, the device is not
yet fully depleted at -15 V. This trend indicates a p-type background doping in the UID layer, which
causes the depletion to begin from the p-n junction between the p-type UID layer and the N contact
layer. As a result, the capacitance is determined by the area of the bottom mesa. However, this trend
reverses at high bias. Beyond -17 V, the C-V curves of devices with different top mesa diameters
begin to separate. It is worth noting that with the same bottom mesa diameter, devices that have
smaller top mesas begin to show lower capacitance. As shown in Figures 3 (c¢) and (d), the
capacitance is better determined by the top mesa diameter at -30 V and fits well with the theoretical

capacitance calculated using these sizes. This is exactly opposite to the trend prior to -17 V.
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Fig. 4.2-2. Measured capacitance-voltage curves of double mesa devices with different top and

bottom mesa diameters from sample A. The legend refers to the mesa size of doottom_mesa - diop_mesa M.

(b) Current-voltage curves of a 150-100 um double mesa device on sample A. The total current was

measured under flood illumination with a lamp.
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Fig. 4.2-3. Measured capacitance of double mesa devices from sample A compared with the
theoretical capacitance calculated using either the top mesa diameter or bottom mesa diameter. The
capacitance is measured at -15 V in (a) (b) and measured at -30 V in (c) (d). The number inside the

figure represents the size of another mesa that is not marked by the horizontal axis.

To further understand the reversal of the capacitance behavior with respect to mesa area, the
electric field profile within the device was simulated with the Lumerical CHARGE solver [] as
shown in Fig. 4.2-4. At low reverse bias in Fig. 4.2-4 (a), high electric field develops around the p-
n junction formed by the p-type UID layer and bottom N contact layer. This behavior matches
Figures 3 (a) and (b) where the measured capacitance is determined by the bottom mesa, as the
effective junction area is equal to the area of the bottom mesa. Then, as the reverse bias is increased
further, the depletion reaches the narrower top mesa, and the electric field becomes confined beneath
the top mesa. As a result, the capacitance begins to decrease with the decreasing effective area. This
simulation closely follows the trend shown in Fig. 4.2-2. It follows that in order to determine the
background polarity, it is better to analyze the capacitance at low bias when the effect of only one
mesa dominates. Moreover, the depletion width at -17 V where the capacitance curves begin to
separate is approximately 840 nm, which matches the measured between the bottom of the p-type
UID layer to the top of the bottom mesa after etching, which further supports the finding of the
simulation that the condition which causes the capacitance to decrease is the depletion width reaching
the smaller top mesa. It is also worth noting that the capacitance at -30 V is slightly higher than the
theoretical capacitance. This could be due to the high background carrier concentration of the device
which prevents the device from fully depleting before it breaks down between -30 V and -31 V. On
the other hand, the lateral field extension may also have an influence. As shown in Fig. 4.2-4 (¢),

there is still a portion of the electric field that extends beyond the confines of the top mesa region
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even at high reverse bias. As a result, the effective junction area may be slightly larger than the top

mesa area alone.
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Fig. 4.2-4. Normalized distribution of the electric field magnitude E inside the double mesa devices

from sample A (p-type background).

The decrease in the electric field at the periphery of the bottom mesa illustrated in Fig. 4.2-4 has
been used to successfully reduce the surface leakage dark current in APDs with multiple mesas [77,
78]. Different from ion-implanted doping based guard ring techniques for CMOS-APDs [85, 86],
this approach is based on mesa structure engineering and suitable for mesa-based APDs. Our analysis
further shows that the basic condition for achieving low surface field and corresponding low surface
leakage is that the depletion must extend to the smaller top mesa. Additional applied bias further
extends the depletion region into the smaller mesa, leading to even stronger the electric field
confinement and the lower the surface field will be. This is clearly shown by comparing Figures 4
(b) and (c). These results suggest that for a thick or highly doped p-type background depletion layer,
a P-down (n-i-p-substrate) structure with the smaller mesa etched on the top N contact would be
needed to reduce the surface field, so that the depletion can reach the smaller top mesa from the
beginning. Otherwise, largely applied bias may be required before the depletion can reach the top

mesa, limiting its effectiveness in reducing the surface field. This high voltage may cause the device
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to break down before the low dark current can take effect. Similarly, for a thick or highly doped n-
type background depletion layer, an N-down (p-i-n-substrate) structure with the smaller mesa etched

on the top P contact would be needed in order to reduce the surface field.
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Fig. 4.2-5. Measured capacitance-voltage curves of double mesa devices with different top and
bottom mesa diameters from sample B. The legend refers to the mesa size of dpotiom mesa = diop_mesa M.
(b) Current-voltage curve of a 150-100 pum double mesa device on sample A. The total current was

measured under flood illumination with a lamp.

Fig. 4.2-5 shows the C-V curves of the devices from sample B with different mesa sizes. The
background doping concentration can be estimated by the C-V curve to be around 6 x 10'° cm™. The
C-V behavior of sample B is distinctly different from that of sample A. The measured capacitance
of sample B varies with different top mesa sizes, unlike the bottom mesa dependence demonstrated
by sample A. Similar to my analysis for sample A, the measured capacitance of sample B at -20 V
is plotted with the theoretical capacitance in Fig. 4.2-6. It is evident that the capacitance has a clear

dependence on the top mesa size and is independent of the bottom mesa diameter. This is a
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characteristic of an n-type background device, where the depletion starts from the p-n junction
between the n-type UID region and the P contact layer in the top mesa. The other difference is that
the C-V curves of sample B do not separate at high bias, i.e., they behave like a single mesa p-i-n
device. To investigate the mechanism for this difference, the electric field was simulated for the
sample B devices shown in Fig. 4.2-7. The p-n junction forms at the interface between the top of the
n-type UID layer and the bottom of the P contact layer within top mesa. As a result, the depletion
initially forms in the top mesa, which determines the effective capacitor area. Contrary to the p-type
background devices, the electric field inside the n-type background devices remains confined under
the smaller top mesa even when the depletion extends into the bottom mesa. Therefore, the effective

area does not change with the applied bias and no C-V curve separation is observed.
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Fig. 4.2-6. Measured capacitance of double mesa devices from sample B compared to the
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Fig. 4.2-7. Normalized distribution of the electric field magnitude E inside the double mesa devices

on sample B (n-type background).

The low-temperatures capacitance of sample B was investigated, since previous research has
shown that the background doping in InAs/GaSb superlattices can invert from n-type to p-type when
the temperatures is reduced. Such polarity change is attributed to the difference in activation energies
of p-type and n-type dopant atoms [87, 88]. If present, this behavior persists in AllnAsSb, electrical
characteristics for AllnAsSb APDs would strongly depend on the operating temperature. Fig. 4.2-8
shows the measured capacitance of sample B at -20 V and at 80 K. It suggests that the capacitance
is still determined by the top mesa diameter, like in Fig. 4.2-6. This indicates that a background
polarity flip has not occurred in Alo7InAsSb even at cryogenic temperatures. Temperature-
independent background polarity can be an important feature for low-temperature operation of
AllnAsSb APDs, especially those which are sensitive to high dark currents and may require cooling.
The capacitance at 180 K and 350 K was also investigated for sample B and demonstrate the same
trend, i.e., the devices consistently show an n-type background behavior. The capacitance does vary
with temperature as shown by the 100-150 um device in Fig. 4.2-8 (b). This can be attributed to the

temperature dependence of the AlInAsSb permittivity.
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Fig. 4.2-8. Measured capacitance at 80 K of double mesa devices from sample B compared to the

theoretical capacitance calculated using either(a) top mesa diameter or (b) bottom mesa diameter. The

number inside the figure represents the size of another mesa that is not marked by the horizontal axis.

(c) Capacitance-voltage curves of the 150-100 um devices from sample B measured at different

temperatures.

In summary, the C-V characteristics of double mesa Alo.7InAsSb p-i-ns with different background

doping polarities were compared. The C-V measurements reveal that the background carrier polarity

at low-bias is determined by the top mesa diameter for devices with an n-type background polarity

and by the bottom mesa diameter for a p-type background polarity. Identifying the background

doping polarity is critical for AllInAsSb APD design, especially for staircase and SACM APDs where

the polarity-dependent band bending plays an important role in the device operation. It was also

found that the areal dependence of the capacitance for the p-type background double mesa structure

reverses at high bias, but not for n-type background structures. This was found to result from the

electric field confinement in the smaller top mesa region.
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4.3. Future work

In addition to determining background doping, the enhanced field confinement shown by the
double mesa structure is also useful for solving the surface field problem of APDs. Surface leakage
current, resulting from the recombination and generation through surface states, is one of the primary
sources of APD dark current and is strongly affected by the surface electric field. Therefore, as an
effective approach to confine the electric field in the bulk region, double/triple mesa structures have
been successfully demonstrated to reduce surface leakage dark currents [77, 78].

For the thin absorber SACM APD described in section 2, double/triple mesa structures can serve
more than suppressing surface leakage current. In Fig. 2.4-3 (a), it is worth noting that the dark
current curve keeps low and flat until it increases abruptly at about -19 V. This is likely caused by
the surface breakdown mechanism due to the high electric field in the thin multiplication layer.
Therefore, using double/triple mesa structures is beneficial for improving the breakdown
performance and achieve higher maximum gain.

As discussed in section 4.2, the electric field is not confined until the depletion extends to the
smaller mesa. Therefore, to effectively reduce the surface field in the multiplication layer, the top
mesa needs to be etched into the top of the multiplication layer (practically be in charge layer), as
shown in Fig. 4.3-1. Following field simulation shows that the surface field is successfully
suppressed in the multiplication layer. This is promising to improve the breakdown performance at

high gain region.
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Fig. 4.3-1. Design of the double mesa structure for the thin absorber SACM APD and the simulated

electric field profile at — 20 V.

Although the design in Fig 4.3-1 can improve the break down performance, the improvement in
the dark current should be limited. Since only the surface field in the multiplication layer is
suppressed, dark current is only expected to be reduced before the punch through voltage, where the
leakage in the multiplication layer dominates. After the electric field extends into the absorber, the
surface leakage in the narrow bandgap material should become dominate, and thus low surface field
in the multiplication layer would be less useful for suppressing dark current. Therefore, in order to
achieve a lower dark current as well as an improved breakdown performance, a triple mesa structure
is needed to suppress the surface filed in both the absorber and the multiplication layer. To achieve
this purpose, a top mesa etched into the absorber needs to be added, as shown in Fig. 4.3-2. An
electric field simulation shows that the surface field is successfully suppressed in both the absorber

and the multiplication layer with the triple mesa design.
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Fig. 4.3-2. Design of the triple mesa structure for the thin absorber SACM APD and the simulated

electric field profile at — 20 V.

In summary, the designed two mesa structures in this section are promising to reduce the surface
leakage dark current as well as improve the breakdown performance of the thin absorber SACM

APD. Therefore, it would be a very promising future work.
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Appendix

A.

Normal APD fabrication recipe

This recipe is used to fabricate normal-incidence APD/nBn photodetectors introduced in section 2.4,

section 2.5.2, section 3.3 and section 4.2.

1.

N B~ W

10
11

12.
13.
14.

15.

Clean the bare sample by Acetone, Methanol, IPA and DI water in sequence. Ultrasonic bath or

spinner can be used to increase the efficiency of the cleaning.

. Bake the cleaned sample at 100 °C for 1 min to remove residual moisture on the surface.

. Spin AZ 5214 photoresist on the sample at a speed of 4000 rpm and for 30s.

. Pre-bake the coated sample at 100 °C for 1 min.

. Expose mesa patterns by mask align lithography, and then develop the sample in AZ 300 MIF for

30s.

. Wet etch the mesa structure by citric acid (CsHsO7) solution. A commonly used composition is

20g C¢HsO7, 15 mL H3PO4, 120 mL DI and 5 mL H20:. The etch rate for digital alloy AllnAsSb
is typically 5~10 nm/s.

. Remove photoresist by the same procedure as in step 1. If the photoresist cannot be completely

removed, try using NMP (1-Methyl-2-pyrrolidone) heated to 60 °C ~ 90 °C and with ultrasonic
bath.

. Repeat step 2~4 to coat AZ 5214 photoresist on the sample again.
. Expose metal contacts patterns by mask align lithography, and then develop the sample in AZ 300

MIF for 30s.

. Deposit 10 nm Ti layer and 100 nm Au layer in sequence on the sample by the e-beam evaporator.
. Dip the coated sample in heated NMP (60 °C ~ 90 °C) for ~ 10 min, and then use ultrasonic bath
for 5 ~ 10 min until the metal on the photoresist layer is lifted-off. Then, clean the sample by
repeating step 1.

Spin SU8 2000.5 photoresist on the sample at a speed of 5000 rpm and for 40s.

Pre-bake the coated sample at 90 °C for 70 s.

Expose the passivation windows by mask align lithography, and then post-bake the sample at 90
°C for 70 s. Finally, develop the sample in SU8 developer for 1 min.

Fabrication finished, and the sample is ready for test.
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B. Metal grating fabrication by single layer lift-off

This recipe is used to fabricate sub-micron metal gratings introduced in section 2.5.1 by using a

single PMMA photoresist layer.

1.

Clean the bare sample by Acetone, Methanol, IPA and DI water in sequence. Ultrasonic bath or

spinner can be used to increase the efficiency of the cleaning.

. Bake the cleaned sample at 100 °C for 1 min to remove residual moisture on the surface.

. Spin PMMA photoresist on the sample. Different PMMA dilution and spin speed can provide

photoresist layer with different thicknesses. For more details, please refer to section 2.5.1 or the

factory data sheet [35].

. Pre-bake the coated sample at 180 °C for 1 min 30 s.
. Expose the metal grating patterns by e-beam lithography with electron energy of 30 keV

(maximum energy of RAITH 150-2). The appropriate does for a thin PMMA layer (~ 200 nm)
should be 40 ~ 50 uC/cm?. For a thick PMMA layer (0.7 ~ 1.2 pm), the does need to be increased
to 150 ~ 160 pC/cm?. Actual does may varies if the beam current changes, or if different developer
dilution and different PMMA layer thickness are used. Therefore, does test is highly

recommended before fabrication.

. Develop the sample in MIBK developer for ~ 1 min 20 s with dilution of MIBK:IPA = 1:3, and

50 s ~ 60 s with dilution of MIBK:IPA = 3:1. Typically, thicker MIBK solution can provide high
sensitivity, which is suitable for a thick PMMA layer, and thinner MIBK solution can provide
higher resolution. Actual development time may vary a lot for different e-beam does and
photoresist layer thickness, therefore development time test is highly recommended before

fabrication.

. Deposit 10 nm Ti layer and 370 nm Au layer in sequence on the sample by the e-beam evaporator.

The Ti layer is used to enhance the adhesion between the metal and the semiconductor surface.

. Dip the coated sample in heated NMP (60 °C ~ 90 °C) for at least 30 min (safe to leave it

overnight), and wash the sample by Acetone, Methanol, IPA and DI water in sequence by using

a spinner. Ultrasonic bath should be avoided in most cases.

. Metal grating fabrication is finished.
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C. Metal grating fabrication by double layer lift-off

This recipe is used to fabricate sub-micron metal gratings introduced in section 2.5.1 by using a

combination of PMGI photoresist layer and PMMA photoresist layer.

1.

Clean the bare sample by Acetone, Methanol, IPA and DI water in sequence. Ultrasonic bath or

spinner can be used to increase the efficiency of the cleaning.

. Bake the cleaned sample at 100 °C for 1 min to remove residual moisture on the surface.

. Spin PMGI photoresist on the sample. Different PMGI dilution and spin speed can provide

photoresist layer with different thickness. For more details, please refer to the factory data sheet

[36]. Typically, the PMGI layer needed to be ~ 0.33 times thicker than the metal layer.

. Pre-bake PMGI layer at 180 °C for 5 min.
. Spin PMMA photoresist on the sample. Different PMMA dilution and spin speed can provide

photoresist layer with different thickness. For more details, please refer to the factory data sheet

[35]. Typically for double layer lift-off, a PMMA layer of ~ 200 nm is more than enough.

. Pre-bake PMGI layer at 180 °C for 1 min 30 s.
. Expose the metal grating patterns by e-beam lithography with electron energy of 30 keV

(maximum energy of RAITH 150-2). The appropriate does for a PMMA layer of 200 nm and a
PMGI layer of 500 nm is ~ 200 pC/cm?. The high does used here is to create an anisotropic wet

etch, as introduced in section 2.5.1.

. Develop the PMMA layer in MIBK developer for ~ 1 min 20 s with a dilution of MIBK:IPA =

1:3. Then, wet etch the underlaying PMGI layer by TMAH 0.26 N developer for ~ 10s. As
introduced in section 2.5.1, it needs to be careful on controlling the wet time because the lateral
dimension of the feature is very small. Thus, wet etch time test is highly recommended before the

actual fabrication.

. Deposit 10 nm Ti layer and 370 nm Au layer in sequence on the sample by the e-beam evaporator.

The Ti layer is used to enhance the adhesion between the metal and the semiconductor surface.

10. Dip the coated sample in heated NMP (60 °C ~ 90 °C) for at least 30 min (safe to leave it

overnight), and wash the sample by Acetone, Methanol, IPA and DI water in sequence by using

a spinner. Ultrasonic bath should be avoided in most cases.

11. Metal grating fabrication is finished.
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