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Abstract

Avalanche photodiodes (APDs) are used in a wide variety of light-detecting applications
due to their internal gain mechanism. Compared to traditional photodiodes, APDs can achieve
higher optical sensitivity by multiplying the photogenerated electrical carriers. APDs achieve this
multiplication gain through impact ionization, wherein high energy carriers collide with
surrounding electrons in the crystalline lattice and set them free. While advantageous for
sensitivity, the stochasticity of the impact ionization process introduces additional electronic
noise to the system. Reducing this noise, therefore, is paramount in high-performance APD

design.

Together with the University of Texas at Austin, | further investigated the characteristics
of APDs in the AlxInixAsySbiy materials system and developed several new APD architectures
which take advantage of its qualities. My work began by characterizing the temperature stability
of simple PIN AlxIni.xAsySb1., homojunction APDs. After demonstrating extraordinarily high
temperature stability, 1 worked in characterizing wide-bandgap Alo.glno2AsyShi.y APDs and

further improving fabrication processing techniques for the AlxIni.xAsyShi.y materials system.

My proposed thesis projects were twofold. First was designing and demonstrating a
separate absorption, charge, and multiplication (SACM) APD for 2-um applications. To create
an effective design and layer structure for this project, | needed to preform numerous band
structure and electric-field simulations. | created an AlxIni.xAsyShi.y material macro in APSYS
Crosslight which I was able to tune to the required bandgaps for this project. After successful
simulation, the designed layer structure was grown at the University of Texas at Austin and

fabricated and tested at the University of Virginia. | successfully demonstrated a low-noise,



iii
temperature-stable SACM APD for 2-pum applications with comparable dark current densities to

state-of-the-art HgCdTe APDs while operating at temperatures 75 to 95 K higher.

My second project was demonstrating multiple-step staircase APDs. Although the first
operational 1-step staircase APD had been previously demonstrated in the AlxInixAsySbhi.y
materials system, increasing the number of steps and therefore the gain was necessary to prove
the viability of the staircase APD. While the University of Texas at Austin led the design and
crystal growth of these devices, | successfully fabricated and characterized both 2-step and 3-step
staircase APDs at the University of Virginia. Furthermore, through investigation into the relative

noise power of these devices, promising new noise characteristics were identified.
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1 Introduction

1.1 Motivation

Light detection plays a vital role in modern society, from applications in spectroscopy
and imaging to transportation and telecommunications. In each of these fields, sensitivity is a
primary limiting factor in detector performance. For example, higher sensitivity in a
telecommunications receiver enables longer transmission distances for unrepeated signals,? and

the higher sensitivity of a photodetector-based camera allows for detailed high-speed imaging.®

Although various photodetector architectures exist, semiconductor photodiodes provide a
platform for chip-level integration while taking advantage of microscopic footprints. These
detectors utilize the photoelectric effect, whereby a photon is absorbed into the semiconductor
crystal to create a free-carrier electron-hole pair. These charged particles are collected in the

form of photocurrent, thereby completing the optoelectronic detection process.

In order to accurately read the electrical signal from a low-intensity optical input, the
electrical photocurrent must be amplified. There are two primary methods of doing this. The first
involves using an electronic amplifier in conjunction with a photodetector, commonly a simple
photodiode with an electronic amplifier. Other than the need for two-element integration, the
primary disadvantage of this approach is the added circuit noise of the amplifier.? Receiver
sensitivity is directly related to the signal-to-noise ratio (SNR) of the system,* which can be
intuitively understood by considering that the low-power signals from low-intensity inputs must

remain distinguishable from the magnitude of the noise. This means that even for ultra-low-noise



photodiodes, the additional noise component from the amplifier must be considered, which

unavoidably reduces the SNR.

The second solution for increasing the photocurrent is found in the avalanche photodiode
(APD). APDs take advantage of the physical phenomena known as impact ionization to multiply
the photogenerated carriers. If the energy of carriers is sufficiently increased, their collisions
with surrounding electrons enables them to excite a bound electron in the valence band to the
conduction band, creating and electron-hole pair. The energy of these liberated carriers is
subsequently increased, enabling the process to repeat. This chain reaction, or avalanche,
provides the internal gain mechanism by which the electrical signal is amplified. As long as the
total APD noise is lower than the sum of the photodiode and amplifier noise, APDs provide a
distinct advantage in optical sensitivity. For this reason, APDs have been widely used in
telecommunications,® data centers,® spectroscopy,”® imaging,® LIDAR,° and quantum
applications.>*2 Figure 1-1 illustrates this sensitivity advantage by comparing a PIN photodiode
to five APDs of varying noise levels, as indicated by the k factor, the ratio of the hole to electron

impact ionization coefficients, described below.

Sensitivity (dBm)

-38 . 1 . 1 . i . i .
0 20 40 60 80 100

Multiplication Gain (M)
Figure 1-1. Comparison of a PIN photodiode (M = 1) to APDs with various k factors.



Impact ionization in an APD varies slightly from event to event. In other words, the
number of multiplied photogenerated carriers originating from one photon may be different from
those originating from another photon. This variance in the gain ultimately increases the APD
shot-noise current, which diminishes the sensitivity, SNR, and device bandwidth.*® Identifying
means by which to control and diminish the noise-contributing mechanisms in the avalanche

process is vitally important to improving APD performance in most applications.

1.2 APD Noise

The stochastic nature of impact ionization creates variations in the amplified signal and

thereby creates excess noise, which is quantified by an excess noise factor, F(M)

(M?) . var(M)

FOD =0 = 1+ ~ye

(1.1)

where M is the multiplication factor (gain).* Spatial and temporal variance in the impact
ionization process also contribute to the excess noise. For conventional APDs, F(M) is described

by the Mcintyre local field model*®

1
F(M) = kM + (1 — k) (z _ M) (1.2)

where k is the ratio of the electron () and hole (B) impact ionization coefficients, such that k < 1.
These impact ionization coefficients represent the inverse of the mean distance traveled within a
material before their respective carriers impact ionize. Suppressing one of these carriers and

thereby decreasing k results in making the multiplication process more deterministic and



reducing the excess noise factor. Figure 1-2(a) illustrates an impact ionization process with equal
contributions from both electrons and holes (k = 1) and Fig. 1-2(b) illustrates a hole-suppressed

impact ionization process (k = 0).

w
T # Distance

Electron @ |
Injection |

(@)

0 W
I $ Distance
Electron
Injection
(b)
Time

Figure 1-2. lllustration of impact ionization for k = 1 (a) and k = 0 (b) for single electron injection.

The mean-squared APD shot noise current is scaled to the excess noise factor by:



(iZhoe) = 2qM*(Lpp, + Ig)F (M)ASf (1.3)

where q is the charge of an electron, Af is the bandwidth, and Ipn and Iq are the photocurrent and
dark current, respectively. While the excess noise factor itself increases with the gain at a rate
determined by the k factor, the magnitude of the shot noise current is then scaled to the excess
noise factor and the gain squared, meaning that even a small increase in the k factor contributes
to a much larger increase in the shot noise current. Engineering the impact ionization to reduce

its excess noise contribution is the primary focus in designing low-noise APDs.

There are two approaches in designing low-noise APDs—reducing the k factor, and
engineering the multiplication layer band structure to make impact ionization more deterministic.
The k factor is largely determined by the material used for avalanche multiplication. As shown in
Figure 1-3, this value has been well characterized for many semiconductor materials, a champion

of which is silicon with k = 0.01-0.02.16

2= k=1
Ge k=09
— GaAs
25 - _
§ W P k=0.8
- k=07
5 20 In-AIAs
0 Si k=0.6
= k=05
'g 151
o k=04
=z
3 104 k=0.3
8 k=0.2
X
w 5. k=0.1
1 k=0
1 T ] ] I L) T ¥ 1 J 1
1 5 10 15 20 25 30

Gain, M

Figure 1-3. k factor for various materials systems.



In order to reduce the overall APD excess noise, materials must be chosen for the APD
multiplication region that have a low k factor. This severely limits the materials that can be
considered for a device, as other material parameters such as lattice matching and optical cutoff
wavelength must take precedence. An abundance of research has gone into the design of
superlattice materials which attempt to capture these desirous materials properties

simultaneously.’~20

As an additional consideration, it should be noted that k tends to increase in high electric
fields, meaning that in the case of traditional APDs, high gain signifies noisier performance. An
exception to this behavior is in APDs with thin multiplication layers. A reduced multiplication
layer thickness necessitates that a higher electric field must be applied in order to achieve similar
gain to that of a thicker multiplication layer. Due to this increased electric field, the excess noise
would intuitively be higher as well; however, this is not the case. For multipliers with
thicknesses comparable to the required distance for a carrier to impact ionize, the probability for
gain fluctuations within the region is reduced, resulting in suppressed excess noise.?*22 This
phenomenon, known as the dead-space effect, has been employed in top-illuminated APDs for
telecommunications and LIDAR applications in order to provide high-speed performance with

reduced excess noise.242°

The other method for designing low-noise APDs involves multiplication layer band
engineering. This approach seeks to reduce the stochasticity of the impact ionization process by
localizing the events to specific locations, similar to dynodes in a photomultiplier tube (PMT). In
one instance, materials with lower impact ionization thresholds can be used to replace sections of
a material with a higher threshold within the multiplication layer, localizing the impact ionization

events to the lower threshold locations.?® This can be accomplished, for example, by creating a



series of heterojunctions in the AlGaAs/GaAs materials system.?”?® As before, the resulting
reduction in the gain variance serves to lower the excess noise. Another instance of engineering
the band structure involves designing abrupt discontinuities in the conduction band energy to
induce impact ionization.?®3° This “staircase” structure, which is the subject of section 5, offers

the potential for discrete multiplication gain and exceptionally low noise.

In this work, | measured APD noise power with a noise figure analyzer (NFA) relative to
a calibrated noise source. To extract the excess noise figure, F(M), we solve the local field model

of noise power spectral density (S)

Sy = 2qIRM2F (M) (1.4)

where R is the total impedance of the measurement setup. At unity gain, F(M) is unity, and

equation (1.4) becomes:

By taking subsequent measurements where M > 1, the excess noise factor can be solved by
equation (1.6). Practically, noise power measurements are made under dark and illuminated
conditions at a given frequency. These values in their absolute form are subtracted from one

another, resulting in a photo-noise value Ny, at the measurement frequency.

SN _ Np,N
SoM2 ~ N, M?

F(M) = (1.6)

F(M) can then be plotted as a function of M similar to Figure 1-3, from which the approximate k

value according to equation (1.2) can be determined.



My setup for measuring noise power and excess noise is shown in Figure 1-4. The DUT
is coupled to a source meter and the NFA through an RF bias tee. Care must be taken to avoid

illuminating the APD mesa sidewall, which can result in inaccurate measurements.

Source
Meter

CW Laser NFA

DUT )« >
Bias Tee

Figure 1-4: Block diagram of noise measurement setup.

1.3 Dark Current and Gain

Ideally, dark current in reverse bias is the saturation diffusion current. Realistically
however, various mechanisms induce additional flow of carriers, resulting in higher dark current.
Dark current is inherently deleterious, as it contributes to increasing the shot noise and

decreasing both the SNR and bandwidth.

Three mechanisms are responsible for dark current: diffusion, recombination-generation,
and band-to-band tunneling. Diffusion current, which is a result of carrier motion due to their
non-equilibrium distribution, can be suppressed through device cooling and using wider-bandgap
materials. Recombination-generation current is caused by the capture and emission of electrons

and holes by deep-level trap states in the semiconductor bandgap. As such, this component of the



dark current can be reduced by improving material quality to reduce defects and trap states as
well as by using wider-bandgap materials. Surface passivation can be used to diminish this
mechanism on the APD mesa sidewalls by removing dangling bonds caused during the material
etching process. As its name indicates, band-to-band tunneling current is caused by carriers
guantum-mechanically tunneling through the narrow potential barrier presented by the
semiconductor bandgap. Likewise, in some materials, defect energy states in the bandgap can
lead to trap-assisted tunneling. Tunneling is mostly prevalent in high electric fields or in
materials with small electron effective mass and narrow bandgaps. Tunneling-dominated current
is negligibly affected by device cooling and must be primarily reduced by widening the

semiconductor bandgap or reducing the electric field.

The desired current from an APD is that which results from the photogenerated carriers,
known as photocurrent (Ipn). Due to the presence of dark current, however, the current directly

measured from an illuminated device (ltotar) is @ combination of the two:

liotar = Iph + Iy (1.7)

The above values are best shown plotted as a function of the bias (voltage) applied to the APD in
what is known as a current-voltage (I-V) curve. Figure 1-5 illustrates a typical photocurrent I-V
curve for a traditional PIN APD. Under positive bias, current should freely flow through the
device, resembling a short circuit behavior. Under reverse bias, however, the intrinsically doped
region will first deplete, as indicated by a small increase in photocurrent. After full depletion, the
photoresponse is relatively independent of bias, characteristic of a traditional PIN photodiode. At
a sufficiently higher bias, which corresponds to a high electric field in this region, carriers begin

to gain enough energy to impact ionize, leading to an abrupt increase in photocurrent.
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\ Photodiode APD
Current
< > Gain
é
>
Voltage

Figure 1-5: Typical APD I-V curve.

Gain results from the impact ionization occurring in this high-bias region of the I-V curve
and is calculated as the ratio of the impact-ionizing photocurrent to the photocurrent in the

“photodiode” region. This can be expressed as

M= Iph _ Itotal_ld

(1.8)

Iph,O Itotal,O - Id,O

where the 0 values represent those measured in the non-impact-ionizing “photodiode” region, or

at unity gain.

1.4 Quantum Efficiency

Quantum efficiency measures the ability of an APD to convert each incident photon into
an electron-hole pair and is typically characterized as either internal or external. Internal
guantum efficiency measures the ratio of collected electrons to photons that have entered the

semiconductor solid by
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Nine = {(1 —e™) (1.9)

where ( is the fraction of electron-hole pairs which contribute to the photocurrent without
recombining, o is the material absorption coefficient, and x is the thickness of the absorbing
material. External quantum efficiency (EQE) accounts for the quantity of photons which do not
enter the material and is defined as the ratio of collected electrons to photons incident on the

device. This quantity allows for a more “black box™ approach to optoelectronic conversion:

Next = (1 —R){(1 — ™) (1.10)

Here R is the surface reflectivity of the semiconductor. EQE can also be written in terms of
easily measurable device parameters or responsivity, which is defined as the ratio of

photocurrent (A) to incident optical power (W)

q

o (1.11)

q _
Resp = E(l —R){(1—e"%) = Next

where q is the elementary charge, h is the Planck constant, and v is the optical frequency.

In this work, | measured EQE values using the setup in Figure 1-6. For these
measurements, | used a high-pressure xenon gas laser-driven lamp as a stable, broad-spectrum
light source. By using a monochromator with internal diffraction gratings of various groove
densities and spectral blazes, | was able to isolate narrow-band regions of this spectrum for the
measurements. The output of the monochromator was focused through a chopper and long-pass
filter onto the DUT, whereby a lock-in amplifier measured the device photocurrent. The EQE of
the DUT was calculated by comparing the output of the DUT with that of a photodiode with

known responsivity:
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Iphoto,DUT

EQEpyr = EQExnown (1-12)

Iphoto,known

Light
Source

Monochromator

Lock-in
Amplifier

1

Source

Meter

Figure 1-6. Block diagram of EQE setup.

The resulting EQE values are typically plotted as a function of wavelength for the full spectrum

of measurement.

1.5 Bandwidth

Bandwidth is a measure of the speed of a device, or specifically, how quickly an APD
can respond to input signals. Higher bandwidth indicates a device’s ability to operate faster,
which is a critical component in applications such as telecommunications and data
communications where speed is directly related to data throughput. 3dB bandwidth, which is a
common figure of merit, describes the frequency at which the RF output power has decreased by

3dB, or approximately 50%.
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The two limiting factors in APD bandwidth are the RC time constant and the carrier transit
time. It is well established that the RC time constant of a PIN junction is the inverse of 2zRC, or

more specifically

1 d

fre = 30RC = Zn(R. T R)eA

(1.13)

where d is the depletion region thickness, A is the device area, ¢ is the dielectric constant of the
material, and Rs and Ry are the series and load resistances of the device, respectively. As in most

RF applications, R is typically 50 Q. The transit-time bandwidth is given by

Vs
feransit = ﬁ (1-14)

where vs is the average saturation velocity of electrons and holes in the material. These two
bandwidth components can be combined to calculate the approximate 3dB bandwidth of the

device:

1

o= (4 r—) (1.15)

+
2 2
fRC ftransit

Since a longer time is required for carriers to move a longer distance, it follows that to
reduce the transit-time bandwidth, a thinner device is required. However, according to equation
(1.10), higher EQE requires a thicker device. Herein lies the weakness of top-illuminated PIN
APDs, as high performance of one of these factors implies low performance of the other.

Likewise, a tradeoff exists between the RC bandwidth and the transit-time bandwidth, due to
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their opposing relation to depletion region thickness, d. Various physical architectures, such as

waveguide structures, have been designed to overcome these limitations.3:32

While transit-time typically cannot be modified without changing the multiplication layer
geometry, there are several methods for improving the RC bandwidth component. Primarily,
devices with a smaller area and a lower capacitance value will increase the bandwidth.
Additionally, the resistive component can be reduced by addressing Rs, which is the sum of both
the contact resistance and the sheet resistance. Ohmic contacts, having Schottky barriers <0 eV,
provide the least resistance, meaning careful attention must be given to the contact metal work
function and Fermi pinning at the metal-semiconductor interface. Contact annealing has often
been used to improve contact resistance. Sheet resistance indicates the resistivity of the
semiconductor itself and is highly dependent on material properties such as mobility and dopant

concentration.

Both contact resistance and sheet resistance can be easily characterized through I-V
measurements of transmission line structures on a device, which are metal contacts on the
semiconductor separated by varying known distances. The resulting resistance values (R)

calculated by Ohm’s law can be linearly fit as a function of distance (x) as

Rsheet
w

R = X+ 2Rcontact (1-16)

where w is the width of the contact.

The bandwidth of APDs is also related to the excess noise factor and therefore k.1 By
definition, APDs with k > 0 experience impact ionization of both electrons and holes. The dual-

carrier interaction creates a feedback cycle within the multiplication process, increasing the
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amount of time needed for the avalanche to accumulate. This limitation, known as the avalanche
build-up time, is highly affected by the feedback cycle and therefore sensitive to small changes
in k. Figure 1-7 is a plot of APD bandwidth as a function of gain for varying k values according
to the local field model.***® This figure signifies that for devices with very low k values,
bandwidth is nearly independent of the operating gain. However, as k increases, the 3dB
bandwidth is severely restricted at higher gains, indicating that APDs with higher excess noise
are limited to operating at low gain in order to achieve comparable bandwidth. This inverse

relation between k and bandwidth further emphasizes the value of low-noise APDs.
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Figure 1-7: Bandwidth as a function of gain for varying k values.*® Here k is denoted by (B/a).
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1.6 Material Growth and Fabrication

The AlxIn1xAsyShi.y materials system lattice matched to GaSb has been traditionally
grown as a bulk quaternary material limited to (x = 0.3) due to a miscibility gap. The University
of Texas at Austin recently demonstrated a digital alloy growth technique to overcome this
miscibility gap and enable aluminum concentrations up to x = 0.8.3* This material is grown by
molecular beam epitaxy (MBE) using a series of repeating shutter sequences to form thin layers
of the constituent binaries AISh, AlAs, InSb, and InAs. A TEM image of the resulting
AlyInixAs,Sbi.y material is shown in Figure 1-8.%° Be and Te are used as p-type and n-type

dopants, respectively.

Figure 1-8: TEM cross section of AlxIni.«As,Shy.,.%®

AlxIn1.xAsyShi.y has demonstrated champion APD qualities in temperature stability, dark
current, and excess noise.**8 Furthermore, it has been shown that the AlxInixAsySbi-y bandgap

decreases proportionally to Al content but primarily by reducing the conduction band edge,
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resulting in the potential to design complex APD structures while maintaining low-noise
characteristics.®>° This bandgap change fundamentally affects the spectral absorption cutoff,
meaning that AlxIn1xAsySbi.y APDs with lower Al concentrations are able to absorb longer
photon wavelengths. Figure 1-9 illustrates this through the spectral response of various
AlxIni«As,Shi., APDs.® The optical cutoff wavelength increases from approximately 1 to 5 um
as the Al fraction decreases from x = 0.8 to 0. Photoabsorption is directly linked to the bandgap

energy, which is related to the Al fraction (x) according to the following equation:3*

E,(x) = 0.247 + 0.97x + 0.47x% eV (1.17)

The bandgap energy and optical cutoff wavelength are plotted as functions of the Al

concentration in Figure 1-10.
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Figure 1-9: EQE of Al«IniAsySb1.y APDs (x = 0.3-0.7).38
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Figure 1-10: Cutoff wavelength and bandgap energy as a function of Al fraction.

After material growth, APDs must be fabricated from the epitaxial wafer. While there are
many complex physical architectures and processes for fabricating APDs, the simplest of these is
the vertically-illuminated APD, which was the design primarily used throughout my studies. The

process for fabricating this type of APD is described below.

Figure 1-11 illustrates the fabrications process. Once the wafer sample (a) has been
thoroughly cleaned, photolithography is used to define mesa locations (b). Following this, the
mesas are etched into the epitaxial layers either chemically or by reactive ion etching (RIE) (c).
The remaining photoresist is then removed (d), and a new pattern is defined for metal contacts
(e). Contacts are deposited either through electron-beam evaporation or plating (f), and the
remaining metal is removed in a lift-off process (g). Finally, a passivation coating such as SU-8

is spun onto the device (h), and the contacts and top surface reopened (i).
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epi —

Figure 1-11: Fabrication process flow.

Detailed fabrication processes are included in appendix 2.

1.7 Thesis Organization

This thesis describes my work in developing innovative low-noise APDs in the
AlxInixAsyShi.y materials system. Chapter 1 describes the motivation for this research and the
figures of merit that play a key role in characterizing these APDs. Chapter 2 details my early
work with AlxInixAsySbiy APDs as | characterized their temperature stability. Chapter 3
discusses the significance of Aloglno.2AsySbi.y APDs and my involvement in their development

and characterization. In chapter 4, | begin discussion of the topics presented in my dissertation
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proposal, namely AlxInixAsyShi.y separate absorption, charge, and multiplication (SACM) APDs
for mid-wave infrared (MWIR) applications. Two architectures that utilize Alo.3Ino.7AsySb1.y
absorbers specifically for 2-um detection are presented in this section. Continuing with my
dissertation proposal topics, chapter 5 introduces the staircase APD, an architecture originally
described by Federico Capasso and collaborators in 1982.2° Here both 2 and 3-step
AlxInixAsyShs.y staircase APDs are presented, as well as a 1-step design with improved dark
current. Chapter 5 also briefly discusses the groundbreaking noise power performance measured
in AlxInixAsySh1.y staircase APDs. Chapter 6 concludes with proposed future research topics and
improvements to the aforementioned APDs. Two appendices have been included in this

document which contain details of device simulation and fabrication.
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2 AlxInixAsyShi.y Temperature Stability

APDs typically exhibit a proportional relationship between ambient temperature and the
bias required to maintain a constant gain. This is due to a change in impact ionization efficiency
with temperature. Phonon scattering increases with temperature, necessitating a higher electric
field and hence a higher reverse bias to realize a given gain value. This gain-temperature
relationship can be extended to the variation of breakdown voltage with temperature and is
characterized by the breakdown voltage temperature coefficient AVpa/AT.** APDs operated in
Geiger mode, which is used for single photon detection, are even more susceptible to slight
variations in temperature. As a result of this dependence, complex cooling circuits are required to
maintain constant gain. APDs requiring only simple bias feedback circuits due to minimal values

of AVhd/AT are desirable for such highly sensitive applications.

Another factor contributing to AVpd/AT is the APD multiplication layer thickness. It has
been shown that as the thickness of this layer increases, AVpd/AT increases linearly for

temperatures between 200 and 400 K, while at lower temperatures, AVpa/AT is minimized.**4!

InP and InAlAs APDs are widely used due to their low dark current and compatibility
with near-infrared (NIR) fiber optic telecommunications links.*? Silicon APDs are also widely
used for their low-noise characteristics and compatibility with high-speed integrated circuitry,
although owing to the bandgap energy of silicon, they cannot be used directly for NIR
absorption. Extensive studies have categorized the temperature dependence of APDs designed in
these material systems.**4! More recently, thin Al1-xGaxAsossSho.44 APDs, which are lattice

matched to InP, were also reported with exceptionally low AVpa/AT values.*?
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To investigate the AVpd/AT of AlxInixAsySbi.y, samples with x = 0.6, 0.7, and 0.8 were
placed in a liquid-nitrogen cooled cryogenic chamber and illuminated with a fiber-coupled CW
laser. Gain measurements were taken at 20-K temperature intervals, allowing the devices to
equilibrate for a period of time after each change. The breakdown voltage was determined by
extrapolating 1/M to zero, and the resulting values were plotted as a function of temperature, as

shown in Figure 2-1. The slope of these lines indicates the AVpd/AT values.
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Figure 2-1: Breakdown voltage as a function of temperature for the indicated AlxIn;xAsyShi.y devices.

By comparing the extracted AlxInixAsySbi.y AVpd/AT values with those from APDs of
other materials systems, it was determined that AlxIn1.xAsyShiy APDs offer exceptional
temperature stability. Figure 2-2 shows AVud/AT for AlxInixAsySbi.y, InP, INAlIAs, AIAsSDb,
Silicon, and Al1.xGaxAsos6Sho.ss PIN APDs as a function of multiplication layer
thickness.36:3740414344 Additional temperature characterizations of AlxIni.xAsyShi-y SACM APDs
are given in section 4. Since these devices are of a different architecture than the PIN devices

discussed here, they are not included.
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Figure 2-2: AVy,/AT for PIN APDs as a function of multiplication layer thickness.

It is theorized that the high temperature stability of AlxIni.xAsySbi.y APDs is directly
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linked to the digital alloy material. It has been shown that as the layer thicknesses of superlattices

decrease, thermal conductivity is dominated by extrinsic processes and that the nature of phonon

scattering transitions from particle-like to wave-like, allowing for destructive phonon

interference within the material.*>4

Studies with AlxIn1xAsySbiy APDs over a wide range of ambient temperatures show
superior AVpg/AT compared to APDs of conventional materials, demonstrating robust

performance amid temperature fluctuations. Combined with the previously reported low-noise

and high absorption efficiency characteristics of these devices,* AlxIni-xAs,Sbi.y APDs offer the

potential for high-performance over a wide range of operating temperatures.
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3 Alpgl no,zASySbl-y APDs

As previously mentioned, the digital alloy growth technique of AlxInixAsySbi.y allows
for Al concentrations from x = 0 to 0.8. At this maximum, referred to as 80% Al, the energy band
minimum begins to shift from a direct I'-valley to an indirect X-valley bandgap.®* Due to the

wide-bandgap nature of this material, however, low dark current and high gain was expected.

Investigation of this 80% material began with measurement of the I-V characteristics,
excess noise, and EQE. Unfortunately, these devices showed much higher dark current than
anticipated, as well as a bias-dependent responsivity.*” This was attributed to high background
doping within the intrinsic region of the PIN structure as well as non-ideal fabrication
techniques. Despite these drawbacks, reasonable gain and low excess noise were observed.
Figure 3-1 shows the excess noise measurement for this Aloglno.2AsySbi.y sample, which

indicates k = 0.05.
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Figure 3-1: Excess noise as a function of gain for an Algslng2As,Sby., APD.#

In order to better characterize this material and eliminate the high background doping, a
second sample was grown. Upon fabrication and testing, this new sample no longer exhibited the
bias-dependent responsivity seen previously, signifying a lower background dopant
concentration. In addition, | used a new citric-acid-based etching technique to improve the
quality of the mesa sidewalls. Combined, these improvements enabled the measurement of much

reduced dark current and gain > 1300, as shown in Figure 3-2.%7
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Figure 3-2: |-V characteristic of an improved Algslne2AsySby.y APD.%’

Additionally, the absorption coefficient of Alo.glno.2AsyShiy was measured using

spectroscopic ellipsometry. Figure 3-3 shows this data next to that of Al 7InosAsySbi-y (70%),%8

which has a direct bandgap, and silicon,*® which has an indirect bandgap. The absorption

coefficient of Aloslno2AsySbi.y, is much greater than that of silicon and closer to that of

Alo7Ino.3AsyShs.y in the visible and short-wave infrared spectrum, which may indicate that the

Alosglno2AsyShi.y bandgap remains direct or very close to direct.
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Figure 3-3: Absorption coefficient of Algglng2As,Sha.y,3 Alg7Ing3As,Shi.y,* and silicon.*

To verify the previously measured low-noise characteristics of Alo.glno.2AsySbi.y, the
impact ionization coefficients were extracted using the method described by Ng, et al.>® This
approach calculates the coefficients through gain measurements based on electron, hole, and

mixed injection profiles using equations (3.1) through (3.3)

G(x) e ™ (3.1)

(a - Bye=ah
ae‘(“‘ﬁ)w — ﬁ

M(x) = (3.2)

_ f(;NM(x)G(x) dx
mix — fOW G(x) dx

(3.3)
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where G(x) is the carrier generation rate, vy is the absorption coefficient, w is the width of the
depletion region, and M(X) is the gain for an electron-hole pair injected at position x. By
combining these equations with gain measurements from different injection profiles as well as
the measured absorption coefficient, a and B were calculated. Figure 3-4 shows gain curves
under 543, 850, and 633 nm illumination, which represent approximate electron, hole, and mixed
injection, respectively. The fit values from the extracted impact ionization coefficients are also

shown, indicating good agreement with the results.
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Figure 3-4: Measured gain curves under different illumination with fitted values from the impact ionization
coefficients.

Figure 3-5 shows the calculated impact ionization coefficients of Aloglng.2AsySbi.y
alongside those of Alg7Ine.sAs,Shi.,*® for comparison. The reduced beta value for
Aloglng2AsyShi.y indicates even lower excess noise than Alo.7Ino.3AsySbi.y. This agrees with the

theoretical findings that hole impact ionization in Alo.7Ino.3AsySbi.y is suppressed by minibands
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in the valence band,* and may indicate a pronounced effect in the wider-bandgap

Aloglno.2AsySbi.y material.
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Figure 3-5: Calculated impact ionization coefficients of Algglno2As,Shi.y and Alg7Ing3AsySby.y.

Due to the high performance measured above, equation (3.4) was used to estimate the

overall sensitivity of a receiver using an Alo.glng2AsySb1y APD:

1

h
P =10log (#) (Q-10%) T ql,QF(M)B (3.4)

Here v is the frequency, Q is the SNR, (i? x*?is the sum of the amplifier and dark current noise,
I1 is the normalized noise-bandwidth integral, and B is the bandwidth. The resulting calculation

for 10 and 25 Gb/s bitrates is shown in Figure 3-6. We assume Q = 6 (10 bit error rate), |1 =
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0.5, and an amplifier input noise current of 0.8 uA at 10 Gb/s and 2.42 pA at 25 Gb/s, which
were obtained from data sheets of commercially available amplifiers. We also assumed an
external quantum efficiency increase to 45.6% from the addition of an approximately 99% anti-
reflection (AR) coating. The maximum receiver sensitivities at 10 Gb/s and 25 Gb/s were
calculated to be -31.3 dBm and -26.9 dBm, respectively. This calculation was made at an

operational gain of M = 41. At this gain, the excess noise factor was approximately F(M) = 3.7.%/
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Figure 3-6: Calculated receiver sensitivity at 10 Gb/s and 25 Gb/s.

Aloglng2AsyShi.y APDs demonstrate high gain, low dark current, low noise, and a low
breakdown temperature coefficient. These characteristics in conjunction with the
photoabsorption properties of Aloglno.2AsySbi.y make it an ideal materials system for highly
sensitive visible and near-infrared applications. These properties also render Algglno2AsySbi.y a
promising candidate as the high-field region of a separate absorption, charge, and multiplication

(SACM) APD for longer wavelength applications.
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4 AlxInixAsySbi.y SACM APDs for 2-pm Detection

Due to their narrow bandgaps, materials that absorb infrared light are susceptible to
increased dark current. Since a high electric field is required to induce impact ionization, these
materials are poorly suited for use in traditional PIN APDs where both absorption and
multiplication occur in the same region. Initially, a solution to this problem was presented by
introducing heterostructure APDs to spatially separate the absorption and multiplication
regions.>? Another solution introduced a buffer layer between the regions to improve material
quality and EQE.>® Further improvements introduced a bandgap-grading layer between the
absorber and multiplication region to allow photogenerated carriers to easily traverse the device.
The resulting structure is known as the separate absorption and multiplication (SAM) APD.>*%®
Ultimately, this grading layer was combined with a doping layer to control the electric field in
the absorber and reduce tunneling dark current, which became known as the separate absorption,
charge, and multiplication (SACM) APD.>® The SACM design has revolutionized the use of
APDs in infrared applications, as it has enabled multiplication gain with narrow-bandgap
absorption without the negative effects of tunneling dark current.! It is a widely explored design
for use in telecommunications and data communications, specifically with InGaAs absorbers and
InP57-83 or InAIAs3264-%8 multiplication layers. In addition to 111-V materials, the SACM

architecture is also being used in silicon-germanium APDs %74

Figure 4-1 illustrates how the electric field is controlled within the structure. First, the
electric field builds up within the multiplication layer but is blocked from the absorber by the

lightly-doped charge layer. As reverse bias is increased, and the charge layer begins to deplete,
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the electric field will eventually reach through it into the absorber. This bias, known as the
“punch-through” voltage, corresponds to the full depletion of the charge layer. Once the electric
field has reached into the absorber, the photogenerated carriers are able to drift into the higher

electric field of the multiplication layer and impact ionize, resulting in gain.
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Figure 4-1: Cross section and electric field profile of an SACM APD.

Recently, with the advance of LIDAR systems in highly populated urban areas, eye
safety has become a growing concern. In order to allow for longer range and higher resolution
detection in the traditional telecommunication wavelength band, higher laser power must be
used, which increases the potential for eye damage. To circumvent this problem, longer
wavelength lasers can be employed which allow for higher power operation and thus better
LIDAR imaging. The 2-um window is ideal for LIDAR systems,” as it is considered eye-safe
and effective in long-range detection.”® In many LIDAR applications, highly sensitive detectors

are required in order to detect the greatly attenuated optical signals reflected from distant objects.
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As a result, low-noise 2-um APDs present an ideal solution for compact, high-sensitivity LIDAR

receivers.

For 2-um APD applications, InAs,”” InSh,’® and HgCdTe’®8 have been the primary
material candidates. Various superlattice®>®2 and quantum-dot®® architectures have also been
demonstrated for mid-infrared applications. While these materials exhibit very low excess noise,
they must be operated at cryogenic temperatures to reduce dark current. Such operating
temperatures prohibit compact receiver production, as the required cryogenic system is both

complex and many times larger than the detector itself.

Due to its wide bandgap tunability,®*3® AlxIn;xAsySb1.y is a promising candidate for
SACM APDs. Compositions with lower aluminum concentrations can be used for the narrow-
bandgap absorber, and compositions with higher aluminum concentrations can be used for the
wide-bandgap multiplication region while maintaining lattice matching across the materials
system. An SACM APD with an Alo.4lnesAsySb1.y absorber and Alo.7Ino.3AsySbi.y multiplication
region was demonstrated for 1550-nm applications and exhibited low excess noise consistent
with AlxIni1xAs,Sbi.y PIN devices.®* The challenge in designing a 2-um-compatible
AlxInixAsyShi.y SACM APD was to further reduce the bandgap of the absorber while

demonstrating low noise, high gain, and high temperature stability.

4.1 Device Design

Since the functionality of SACM APDs is highly dependent on controlling the electric

field within the device, the 2-um design needed to be rigorously simulated prior to crystal
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growth. A difficulty in doing this for the AlxIni.xAsySb1y materials system was that software
models did not exist. | began my work by designing an AlxInixAsySb1.y material macro in
APSYS Crosslight based on the existing model for AIGaAsSb and substituting material
parameters of GaAs and GaSb for InAs and InSb, respectively. Various parameters of the model
were then tested against the calculated AlxIni-xAsyShi.y bandgap energy®* in order to recreate
specific material compositions. The AlxInixAsySbi.y material macro and parameters for various

compositions can be found in appendix 1.

Two 2-um SACM APD designs were proposed, both employing an Alo.3Ino.7AsySbi.y
absorber and Alo.7Ino.3AsyShi.y multiplication and charge layers. The first design (device A)
included an intermediate-bandgap Alo.sInosAsySbi.y region as the grading layer, similar to the
SAM APD design.>* The second design (device B) included a linearly-graded region between the
absorber and multiplication layers, akin to the previous AlxIni-xAs,Sbi-y SACM APD.% The
epitaxial layer structure of the devices is shown in Figure 4-2, and the energy band structures of

both devices at zero and -20 V bias are shown in Figure 4-3.

Ti/Au Ohmic
Contacts

30nm GaSb p*: 5x10'8 P cap layer
50nm Al ;InAsSb p*: 9x10'8 P contact
100nm Al, ;InAsSb p: 1x10'® blocking layer
100nm Al 3InAsSb p: 1x10'8 blocking layer
1000nm Aly ;InAsSb UID absorber

200nm Al 593.97InAsSb p: 6x10'° grading layer
80nm Al ;InAsSb p: 1x10'7 charge layer
500nm Al, ;InAsSb UID multiplication layer

Figure 4-2: Epitaxial layer design of the AlxIni.xAs,Sbhiy 2-um SACM APDs.
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Figure 4-3: AlyIni.xAsySb;.y SACM APD energy band diagrams illustrating how the conduction band barrier is
lowered with applied bias.

Due to the large conduction band offset in the AlxInixAsySbiy material, special care was
given to design the SACM APDs in order to avoid charge trapping in the conduction band. As a
result of the abrupt band discontinuities in device A, small traps appear as the conduction band
energy decreases, as illustrated in Figure 4-4 for the AlosInosAsySb1.y to Alo.7Ing.3AsySbi.y
interface. At higher reverse bias, a similar trap will form at the Alo.3lno.7AsySb1.y to
AloslngsAsyShi.y interface. This finding led to the incorporation of light doping in the grading
layers in addition to higher doping in the charge layers, ensuring that the full conduction band
barrier lowers at the punch-through voltage. The advantage of device B, or course, is that there

are no conduction band discontinuities, thereby removing the potential for charge trapping.
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Figure 4-4: Changes in the conduction band of device A with increased reverse bias. A small barrier is present as
carriers drift into the multiplication layer.

4.2 Device Characterization

Both the device designs listed above were grown by Stephen March at the University of
Texas at Austin. They were fabricated at the University of Virginia using standard
photolithography techniques. The device mesas were etched using reactive ion etching with
inductively coupled plasma (RIE/ICP) and finished with a dilute bromine-methanol solution to
smooth the sidewalls. Contacts were deposited via electron-beam evaporation, and the devices

were passivated with SU-8 epoxy photoresist.

For SACM APDs, it is important to ascertain the punch-through voltage, since device
parameters are characterized above this operating point. A capacitance-voltage (C-V) curve

indicates the punch through by a sharp drop in capacitance, since capacitance is described by:
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C=— (4.1)

where ¢ is the dielectric constant of the material, A is the area and d is the thickness. At punch
through, the charge layer has fully depleted, effectively increasing the full depletion width, d, of
the device and lowering the capacitance. Figure 4-5 shows the C-V curves for devices A and B,

indicating punch-through voltages of approximately -27 and -23 V, respectively.
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Figure 4-5: C-V curves for both 2-um SACM APDs measured from 150-pm-diameter devices.

The EQE of each device was measured based on the observed punch-through voltage.
Figure 4-6 indicates that at 2 um, the EQE for device B is approximately 20%, while device A is
slightly lower. The spectral cutoff for both devices is > 2.1 um. Furthermore, due to the absence

of an AR coating on either device, it is estimated that with the addition of a 1%-reflectivity
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coating, the 20% EQE could be increased to approximately 30% based on the reported

reflectivity of GaSb at 2 um.®
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Figure 4-6: EQE of both 2-um SACM APDs without AR enhancement measured from 200-um-diameter devices.
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Although the punch-through voltage indicates that the charge layer is fully depleted, this
does not mean the electric field magnitude in the multiplication region is at the impact ionization
threshold. In fact, the electric field could be above or below this threshold, meaning M > 1 or M
=1 at the punch-through voltage, respectively. In the former case, there is an excess of electric
field in the multiplication region, meaning that there is significant impact ionization at punch-
through and the true unity gain is at a slightly lower reverse bias. In the latter case, higher
electric field is required in the multiplication region before impact ionization can occur, i.e.,
unity gain is at a higher reverse bias than the punch-through voltage. For this reason, the unity

gain point must be determined by another factor that scales with the gain, the excess noise. In
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this work, the unity gain point was determined by computationally fitting the measured excess

noise to the change in photocurrent.

Figure 4-7 shows the current-voltage characteristics for each device under 2-um

illumination. The gain calculated in relation to the punch-through voltage was adjusted according

to the excess noise fit and included in the figure. As shown in Figure 4-8, dark current scales

linearly with device diameter, indicating that surface leakage is the limiting factor.
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Figure 4-7: 1-V and gain curves for device A and B measured from 80-pum-diameter devices at room temperature
under 2-pum illumination.
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Figure 4-8: Dark current as a function of device diameter for each device at 10 V (left) and 35 V (right) reverse bias.
Measurements are at room temperature. Linear fits are shown, indicating that surface leakage dominates.
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Figure 4-9 shows the excess noise of both devices as a function of gain alongside plots of
the excess noise for k factors ranging from 0 to 0.1 using the local-field model.*® Under 2-um
illumination, both designs exhibit extremely low excess noise, characterized by k= 0.01. This is
consistent with previously measured AlxIn;xAsySbi.y devices®>8” and comparable to that of

silicon in the visible and near infrared.®
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Figure 4-9: Excess noise of device A and B measured at room temperature under 2-um illumination.
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In order to accurately compare the dark current to that of HgCdTe, the dark current
density (Jdark) Of each device was measured as a function of temperature from 180 to 320 K in
increments of 20 K. State-of-the-art HJCdTe detectors used for 2-um and mid-infrared detection
have Jaark = 310 A/cm?at M = 10 while operating at 125 K. Figure 4-10 indicates that at 240
K, the AlxIni.xAsySbi.y SACM APDs do not reach this Jsark magnitude until after the punch-
through voltage. Furthermore, at 180 K, the Jqark Of these devices only reaches this magnitude
near the avalanche breakdown voltage. Based on the measurements used for the AVpa/AT
characterization below, device B shows comparable Jgark to HgCdTe between 200 and 220 K.
The activation energy of each device was extracted from the Figure 4-10 measurements at -10 V

(below punch-through) and -35 V (above punch-through) for each device. At these respective
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biases, they are approximately 0.31 eV and 0.22 eV for device A and 0.23 eV and 0.26 eV for

device B.
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Figure 4-10: Dark current density of device A and B as a function of temperature. That of state-of-the-art HgCdTe
APDs is also included.™

As discussed in section 2, APDs of common materials systems have been characterized
by the temperature dependence of the avalanche breakdown voltage.*® This is an important figure
of merit for devices operating under varying ambient conditions, as a lower breakdown voltage
temperature coefficient AVya/AT is characteristic of a device requiring less temperature feedback
control. For SACM architectures, this value is best plotted as a function of the ratio of the full
depletion width to the multiplication layer thickness, since the device thickness can no longer be
represented by the multiplication layer alone. The AVywa/AT of device B has been characterized
under 2-pum illumination from 240 to 300 K. Figure 4-11 shows this work alongside various
other SAM APD:s as a function of the depletion-width-multiplication-layer-thickness ratio. For a

ratio of 3.56 (this work), AlxInixAsySbi.y displays a AVua/AT less than two-fifths that of

INAIAs*0088889 and |ess than one-sixth that of Inp.40-90:91
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Figure 4-11: AVwo/AT as a function of depletion width / multiplication layer thickness for InP SAM (red squares),
InAIAs SAM (blue triangles), and AlxIni«AsySb:1y SACM (black diamonds) APDs. A linear best-fit curve is
included for each materials system. References are included above data points.

In this chapter, | have demonstrated low-noise, 2-um SACM APDs based on the
AlxIn1.xAsySbi.y materials system with comparable Jdark to HgCdTe at a 75 to 95 K higher
operating temperature.”® Under 2-um illumination, gains > 100 and external quantum efficiencies
of ~20% at punch through without AR enhancement have been achieved. The low-noise
characteristics, temperature stability, and bandgap tunability of the AlxIni.xAsySbi.y materials
system make it a promising candidate for highly sensitive detectors across the near and mid-
infrared spectrum with less dependence on cryogenic cooling than other materials systems
traditionally used for mid-infrared detection. These characteristics are highly desirable for
LIDAR, night vision, and thermal imaging applications in scenarios where bulky cryogenic

systems are impractical.
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5 AlxInixAsyShi.y Staircase APDs

Before the advent of solid-state APDs, photomultiplier tubes (PMTSs) served as the
primary means for detecting and amplifying optical signals. These devices operate by converting
incident photons to electrons via a photocathode and multiplying these electrons through a series
of dynodes onto a final anode. The arrival of an electron triggers the release of additional
electrons by each dynode, resulting in high gain which scales with the number of dynodes and
the voltage across them. PMTs are still used in some applications, primarily as a result of their
high sensitivity. Unfortunately, PMTSs are bulky and fragile and operate at hundreds or even

thousands of volts, making them non-ideal or prohibitive in many applications.

In 1982, Federico Capasso and his collaborators proposed a novel APD model mimicking
the functionality of a PMT.?® As shown in Figure 5-1 (a), this design used a series of
discontinuities within the band structure known as “steps” to mirror the functionality of the PMT
dynodes.®? At sufficient reverse bias, the graded bandgap regions flatten, allowing
photogenerated carriers to drift across the discontinuities, as illustrated in Figure 5-1 (b).2° The
abrupt energy change at the discontinuities, 4E, induces impact ionization of the photogenerated
carriers at each step. The staircase APD as it became known, hailed as a solid-state replacement
for the PMT, offering the lower-bias gain of a traditional APD with greatly reduced excess noise
due to spatially-deterministic single-carrier impact ionization.® Ideally, each carrier would
impact ionize at each step, but in practice, impact ionization at each step is represented by a

probability, P, resulting in the total gain for an n-step staircase given by

M=(1+P)" (5.1)
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From this equation it is clear that if all carriers impact ionize, 1, 2, and 3-step staircase APDs

would provide gains of 2, 4, and 8, respectively.

Figure 5-1: Band diagram of a staircase APD under zero bias (a) and low reverse bias (b).?°

One of the many challenges in designing a staircase APD lay in identifying a material
system that offered band discontinuities adequate to induce carrier impact ionization. Not only is
the magnitude of AE important, but the ratio of AE to the narrow-bandgap energy at the bottom
of the step is also critical. Capasso originally concentrated on the use of AlGaAs/GaAs, but this
combination proved unable to provide band discontinuities with sufficient AE for impact

ionization compared to the bandgap of GaAs.%*% Other materials systems were also investigated
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but were unable to demonstrate gain resulting from the device band structure rather than

traditional impact ionization at higher bias.%

Finally, in 2016, the first successful one-step staircase APD was demonstrated in the
AlxIn1xAsyShi.y materials system, as it was able to provide sufficient AE in the conduction band
to induce impact ionization.®” The photoresponse of the staircase structure was compared to that
of a simple PIN “control” structure of the same wide-bandgap material, resulting in a
photocurrent ratio, or gain, of 1.8 £ 0.2. By equation (5.1), this gain corresponds to an average
impact ionization probability of 0.8. At that time, staircase APDs with n > 1 were unsuccessful,

likely as a result of unaccounted-for background doping.

5.1 Multi-Step Staircase APDs

My research sought to demonstrate multi-step staircase APDs, both to further prove the
capability of the AlxIni.xAsySbi.y materials system for band engineering applications and to
demonstrate the viability of staircase APDs. While a promising proof of concept, a 1-step

staircase APD is less practical than a n > 1 device, as higher gains naturally increase sensitivity.

After multiple iterations of growth, fabrication and testing, we demonstrated the first 2
and 3-step staircase APDs. The band structures of these devices are shown in Figure 5-2
alongside the 1-step design.®” As before, these devices were characterized by comparing their
photocurrent to that of control PIN structures with identical layer thicknesses but without the
compositionally graded steps. Care was taken in the epitaxial design to allow for ~100% optical
absorption prior to the staircase region, as absorption in the narrow-bandgap region of the steps

could indicate an increased photocurrent without multiplication gain. All staircase devices
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included a 30-nm p-type GaSb cap layer, a 100-nm p-type Alo.7Ino.3AsyShi.y contact layer, and a
503-nm undoped Alo.7Ino.3AsySh1.y absorber before the staircase region, ensuring full
photoabsorption. The absorption characteristics of the staircase devices were determined through
spectroscopic ellipsometry measurements, as shown in Figure 5-3. These calculations reveal that
> 99.99% of the incident 543-nm light is absorbed before the staircase region. Additionally, in
order to mitigate differences in surface reflectivity, the p-type GaSb capping layer was not

modified after growth.
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Figure 5-2: 1, 2, and 3-step staircase band structures under 4, 5, and 6 V reverse bias, respectively.
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Figure 5-3: 543-nm photoabsorption within the staircase APD layer structure.

The 1-V curve comparison of a 2-step staircase to its control PIN device is shown in
Figure 5-4. The photoresponse of the control device remains relatively constant, as the applied
bias is insufficient to induce impact ionization. From this plot, it can be seen that the staircase
turn-on voltage is between -1 and -2 V, and traditional impact ionization sets in between -5

and -6 V.

47



48

-
(=]
A

T L B B

\

- 107 g
E *—
j _ :
T o
6
5‘10 '5
(230rt1trol §
-step [ 7 -g
. . : . : : : 10°
-8 -6 -4 -2 0
Bias (V)

Figure 5-4: Photocurrent of 2-step staircase and 2-step control APDs under 543-nm illumination.

Figure 5-5 shows the gain curve comparison of the 1,%" 2, and 3-step staircase APDs,
which is the ratio of the staircase APD photocurrent to the control device photocurrent. These
curves indicate the turn-on voltage as well as the onset of tunneling gain, as indicated by the
rapid gain increase at higher reverse bias. By equation (5.1), the probability of impact ionization

can be calculated for each staircase APD, as shown in Figure 5-6.



Figure 5-5: Gain curve comparison of 1, 2, and 3-step staircase APDs under 543-nm illumination.
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Figure 5-6: Comparison of impact ionization probability for 1, 2, and 3-step staircase APDs based on equation (5.1).
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Figure 5-7 shows the C-V curves of the 2 and 3-step staircase APDs. The rapid
capacitance decrease as the devices reach their turn-on voltages is characteristic of device
depletion. However, as reverse bias is increased above the turn-on voltage, the capacitance
increases again. This is likely due to charge trapping within the steps, finally to be relieved at
higher bias with the onset of band-to-band tunneling. This behavior suggests a complex
interaction between background doping and carrier transport within staircase devices, which will

be the subject of future study.
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Figure 5-7: C-V curves for 2 and 3-step staircase APDs.

The dark current density (Jdark) Of the 2 and 3-step staircase APDs was characterized as a
function of temperature in 20-K increments in order to determine the onset of band-to-band
tunneling within the devices. Figure 5-8 indicates that for both the 2-step and 3-step devices,

band-to-band tunneling begins between -5 and -6 V, which is consistent with the gain curves in
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Figure 5-5. The temperature dependent Jqark Characteristics of the 1-step staircase APD are

reported elsewhere.®’
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Figure 5-8: Dark current density of 2-step (a) and 3-step (b) staircase APDs as a function of temperature.

The table below summarizes the performance characteristics of the staircase APDs.

Staircase APD characteristics

. . Impact ionization Turn-on V Tunneling V
n-step device Gain 1
probability (approx.) (approx.)
1%7 16-1.8 ~70-84% 0.1V -35V
2 3.6-4 ~90 - 100% 2V 5.2V
3 6.7-7.6 ~ 83 - 96% -3V 5.7V

5.2

Improved Dark Current

Due to the presence of a narrow-bandgap region at the base of the step, staircase APDs

are susceptible to band-to-band tunneling and high dark current. This is observed in our designs

as a result of the 0%-Al InAlAs region.®” In the beginning of their operating range, the 1, 2, and
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3-step staircase APDs have shown dark current densities of approximately 0.01, 0.12, and 0.27

Alcm? at room temperature, respectively.

Wider-bandgap regions at the bottom of the step would undoubtedly reduce this high
dark current. This improvement will, however, reduce the 4E across the step, thereby lowering
the impact ionization probability. Through extensive modeling at the University of Texas at
Austin, it has been predicted that the widest permissible narrow-bandgap material is
Alo.13Ino.g7AsySbh1.y, corresponding to AE = 0.775 eV. This means that fully graded steps from x =

0.7 to 0 are perhaps unnecessary for inducing impact ionization.

To test this theory, a 1-step device with an Alo.o7Ino.903AsySb1y narrow-bandgap region
was grown and fabricated. From the wide-bandgap Alo.7Ino.3AsySbs.y to the bottom of the step
corresponds to 4E = 0.839 eV. Simulations suggest that this design should have an impact
ionization probability of approximately 80%. While tests failed to produce measurable gain, this
was likely the result of misplaced doping at the bottom of the step. However, this device
indicated several performance improvements over the original 1-step design. First, the onset of
band-to-band tunneling was delayed until approximately -7 V bias compared to approximately
-3.5 V for the original design.” Secondly, as shown in Figure 5-9, the Jgark Was also improved to
approximately 20 to 80 times lower than the original 1-step device at room temperature between

-0.1 and -2.8 V bias.?’

The Jqark Of this design was also characterized as a function of temperature in 20-K
increments, as shown in Figure 5-10. This design shows a marked improvement in dark current

density at all temperature ranges compared to the original 1-step staircase design.®’
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Figure 5-10: Dark current density of a 1-step staircase design with a 7%-Al narrow-bandgap region as a function of
temperature.
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5.3 Staircase APD Noise

By design, staircase APDs are intended to only cause the impact ionization of electrons.

With this in mind, k would intuitively be zero and F(M) should reduce to

1
—9_ 5.2
F(M) =2 o (5.2)
meaning that for very high gain, the excess noise factor will approach 2. However, the excess
noise is predicted to be much more complex than that of an APD with k = 0, as the APD
structure has fundamentally changed.® It is necessary to consider the statistics behind the impact

ionization at the steps to uncover the true nature of staircase APD noise.

Capasso’s theory suggested that the excess noise should be

L dn-2-8™
F(n,8) =1+ 725 (5.3)

where n is the number of steps and & is the portion of electrons that do not impact ionize.* In

terms of the impact ionization probability, P, the excess noise can be expressed as

p
F(n,P) =1+ (1+—P) [1—(1+P)™"] (5.4)

which is the same result.®® Taking the impact ionization probability into account, additional

theory suggests the excess noise factor could be rewritten as

1 1
F(n,M)=M"142Mn—2M "' (5.5)
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where M is the mean gain from the total number of steps (n).1*

Calculating the excess noise from equation (5.5) for the 1,%” 2, and 3-step staircase APDs

and plotting as a function of gain yields Figure 5-11, which indicates that in each case, the excess

noise factor is slightly > 1. Furthermore, by using these excess noise values and solving equation

(5.4) for P, the total impact ionization probability of our staircase APDs can be calculated, as

shown in Figure 5-12.
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Figure 5-11: Calculated excess noise factor of 1, 2, and 3-step staircase APDs as a function of gain.
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Figure 5-12: Calculated excess noise factor of 1, 2, and 3-step staircase APDs as a function of impact ionization
probability.

These approaches for determining the excess noise factor in staircase APDs share the
common assumption that the Burgess variance theorem can be applied to the impact ionization

variability:

varNy = (M)? varN + (N) varM (5.6)

Here, N is the total number of carriers and N is the total number of carriers after multiplication.
This model is appropriate for a traditional impact ionization process, since each carrier will
impact ionize at relatively disperse locations throughout the device, leading to a variance in the
gain. This assumption no longer holds, however, for a staircase APD, as the impact ionization

events at subsequent steps are inherently linked to the previous steps. Simply put, applying the
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traditional APD noise models to the staircase design treats the impact ionization at the steps as

separate events, while in fact, they are innately connected.

The resistance-normalized noise power spectral density S(f) of a traditional APD can be

expressed as

S(f) = 2q{M)*F (M), (5.7)

where (M) is the averaged gain and lo is the photocurrent at unity gain, indicating that S(f) is
proportional to the gain squared.*® This equation is also applicable to PMTs.%® As mentioned, this
relation is derived from the random spatial and temporal distribution of impact ionization events
within the APD. To the contrary, in a staircase APD, a set number (according to the steps) of
impact ionization events are forced to occur at fixed positions and times. Previous theories for
excess noise in staircase APDs only consider the effects of the fixed number of maximum impact
ionization events on reducing the gain variance.*%%% However, the spatial and temporal
restrictions on the impact ionization events must also be considered, similarly to the noise

reductions resulting from impact-ionization-inducing heterojunctions.?1:2

When these additional factors are considered in the noise power derivation,” S(f) can be

expressed as a function of impact ionization probability for an n-step staircase as

S(f) =2q[1+ (2" - 1)P]I, (5.8)

* This new theory behind the staircase APD noise was derived in large by Yuan Yuan and Keye Sun at the
University of Virginia. The full derivation will be submitted for future publication.
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Since the gain of an n-step staircase APD can be expressed as a function of the impact ionization
probability by equation (5.1), for staircases with high impact ionization probabilities (P = 1),

equations (5.1) and (5.8) can be respectively simplified:

pP=1
M=1+P)" — M=2" (5.9)

S(f) = 2q[1 + (2" — DPIly — S(f) = 2q(2™1, (5.10)

In contrast to equation (5.7), equation (5.10) indicates that for staircase APDs, S(f) is
proportional to the gain rather than the gain squared, indicating an exponential difference

between staircase and traditional APD noise, accentuated by increased gain.

Because staircase APDs are not expected to perform according to the local field model,*®
their noise must be compared to that of a control structure, as described in section 5.1. The ratio
of the noise power of the staircase APD to the control APD should scale according to equation
(5.10). This behavior was first characterized with the 1-step staircase device.®”1% Similar
behavior has since been measured for the 2 and 3-step staircase APDs. Figure 5-13 shows the
staircase noise power normalized to control noise power for the 1 (a), 2 (b), and 3-step (c)
staircase APDs. As indicated, the measured results increase proportionally to gain, which agrees

with this model (equation (5.10)).
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Figure 5-13: Noise power ratio of staircase to control APDs as a function of gain for 1 (a), 2 (b), and 3-step (c)
devices.

To corroborate the above noise theory further, Stephen March at the University of Texas
at Austin performed Monte Carlo simulations of the impact ionization events in the staircase
APD structures. These simulations tracked the gain variation of individual electrons within the
device structures and solved for the excess noise by equation (1.1). The noise power was then
extracted by using the same bandwidth and frequency at which the noise power measurements
were taken. The simulated results of 10,000 trials are compared to the theoretical and measured

results above and plotted as a function of gain for each of the staircase devices. Figure 5-14
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shows excellent agreement between the measured, theoretical, and simulated noise power for
each staircase structure. The agreement between these results lends additional credibility to the

impressively low-noise characteristics of staircase APDs.
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Figure 5-14: Normalized noise power comparison of 1, 2, and 3-step staircase APDs to PMT noise theory, the model
described above, and Monte Carlo simulation results.

In this chapter, | have demonstrated 2 and 3-step AlxIni-xAsySbi.y staircase APDs with
impact ionization probabilities > 95%. These devices operated in the region of 5 V reverse bias
and indicated reducible Jqark through cryogenic cooling. Unprecedented low-noise characteristics
were demonstrated, which were corroborated by an analytical model as well as Monte Carlo
simulations. The conduction band tunability of AlxIn1.xAsySbi.y has thus far rendered it the only
materials system capable of realizing true staircase APDs. These impressive characteristics
establish AlxInixAsySbi.y staircase APDs as a framework for innovative photodetection

capabilities.
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6 Future Work

This chapter lists possible next-step investigations into AlxIni.xAsySbi.y APD designs.
Since I will remain at the University of Virginia for postdoctoral research after my completion of

this degree, | hope to explore some of these ideas myself.

6.1 AllniAs,Sb;.y MWIR SACM APDs

As of the writing of this document, only the aforementioned 2-um SACM APDs have
been demonstrated. Due to the scaling of the AlxInixAsyShiy bandgap with Al content, the
logical progression is toward increasingly narrow-bandgap absorbers with x < 0.3. The next
planned structure is for a 3-um SACM APD, corresponding to an Alo.15Ino.ssAsySh1.y absorber.
While the first iteration of this structure has been tested and punch-through observed, the devices
consistently broke down prior to significant multiplication gain. Figure 6-1 shows this measured
I-V characteristic under 2-um illumination. Based on a responsivity calculation from the laser
power, this device demonstrates ~43% external quantum efficiency at punch through, which is
approximately double that of the SACM APD discussed in section 4.2. This improvement is

consistent with the expected absorption coefficient increase of a narrower-bandgap material.
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Figure 6-1. 1-V characteristic of a potential 3-um SACM APD.

Moving forward, the doping level in the charge layer should be increased in order to
reduce the electric field magnitude in the absorber, thereby preventing breakdown and enabling
greater impact ionization in the multiplication region. Based on the initial results and these

changes, | believe a 3-um AlxInixAsyShi.y SACM APD should be achievable.

Ultimately, the absorber material in this design could be reduced to InAsSb (x = 0),
which corresponds to an optical cutoff wavelength of approximately 5 um. The difficulty of this
concept is that while sufficient electric field must remain in the x = 0.7 multiplication region, the
bandgap of InAsSb is so narrow (0.247 eV) that it is highly susceptible to tunneling, even under
low electric field magnitudes. The challenge then, will be in obtaining an ideal charge layer
doping while maintaining an InAsSb absorber with as low a background doping as possible in

order to minimize change in energy across the absorber. This balance is exacerbated by the need
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to lower the large conduction band offset between the absorption and multiplication regions.
While multiple iterations of this 5-um SACM structure have been attempted, so far, all have
shown either immediate tunneling when the electric field reaches the InAsSb absorber or have

broken down before the charge and grading layers have fully depleted.

6.2 AlxniAs,Sby., nBn Detectors

In the last fifteen years, the nBn structure was demonstrated for long and mid-wavelength
detector applications'® and has gained considerable interest. This structure utilizes a wide-
bandgap “barrier” layer between two narrow-bandgap n-doped regions to eliminate dark current
contributions from Shockley-Reed-Hall recombination. While not an APD, the nBn architecture
enables the photodetection of infrared light at higher temperatures due to both the barrier design
and the low operating voltage. The use of superlattice materials in this architecture has

demonstrated impressive detection capabilities.*%2104

Due to its high temperature stability and bandgap tunability, AlxIn1.xAsySb1.y may be
ideally suited for MWIR nBn structures. The conduction-band-dominated tunability of
AlxIn1xAsySb1.,* lends itself to achievable barrier designs. Although the nBn structure is a hole-
exclusive device, it does not require impact ionization. The effects of the hole transport within

nBn detectors on the temperature stability of AlxInixAsySbi.y is yet to be investigated.
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6.3 Improved AlxIn;.,As,Sh,., Staircase APDs

Although staircases with up to three steps have been demonstrated, additional steps and
feasible gains > 8 would certainly provide additional benefit. Furthermore, due to the newly
observed noise characteristics described in section 5.3, higher gains offer a larger difference in

the noise power between staircase and traditional APDs or PMTs.

The addition of wider narrow-bandgap Alo.o7Ino.93AsySbi.y regions would serve to
improve the multi-step staircase designs by reducing the overall dark current, as demonstrated
with a 1-step design in section 5.2. It may be necessary however, to modify these regions
individually for each step, meaning the use of slightly different narrow-bandgap compositions
depending on the spatial location of the steps. Like a PMT, the overall gain of the staircase APD
is highly affected by the region of initial multiplication, which follows from the Friis relation of
cascaded amplifier noise.'® For this reason, I believe it may be necessary to retain the “0%”

InAsSb narrow-bandgap region in the first step of multi-step staircase APDs.

6.4 Extended Staircase APDs

Since the heretofore demonstrated staircase APDs are only applicable for wavelengths
that can be absorbed by the wide-bandgap Alo.7Ino.3AsyShi-y material, which shows an optical
cutoff between 1 and 1.1 um, further research must be directed toward applying the staircase
methodology to longer wavelength applications. Due to its low-voltage operation and superior

noise characteristics, a staircase APD functioning at longer wavelengths could revolutionize the



65

capabilities of manifold optical receivers. There are several potential methods for extending the

operating wavelength of the staircase APD design.

At this time, all the successfully demonstrated staircase APDs have been illuminated with
short (543-nm) wavelengths in order to ensure full absorption of the incident photons before the
first step where the bandgap narrows and the absorption coefficient increases. Using the current
design with an Alo.7Ino3AsySbhi.y wide-bandgap material, the thickness of the pre-step region
could be increased in order to ensure near-total absorption of photons closer to the cutoff
wavelength. Based on a measured absorption coefficient of 7688 cm™ at 850 nm, which is a
common VCSEL wavelength, this region would need to be increased to 3.9 um for 95%
absorption. The drawbacks of this approach are the uncertainty of adequate carrier lifetimes, the
achievability of the required background doping levels, and the necessarily increased operating

voltage due to the device thickness.

A design proposed by the University of Texas at Austin involved a pre-step region which
was gradually increased from a narrow-bandgap region up to the wide-bandgap material at the
top of the step. This approach has the added advantage of increased absorption at the top of the
absorber while being more resilient to the high tunneling currents which are commonplace in
narrow-bandgap materials. In this case, background doping could add an advantage of lowering
the conduction band edge of the graded absorber to improve electron mobility. One such design
has been tested and proved unsuccessful, although there is some likelihood this failure was due
to either dissimilarities between the staircase and the control or adverse effects from delta doping

at the bottom of the step.

Materials such as InGaAs, which have been traditionally used for telecommunications in

the C and O bands (1.31 and 1.55 um), experienced the typical setbacks associated with narrow-
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bandgap PIN-junction APDs. Chief among these is the limited gain that can be achieved before
tunneling overwhelms the photocurrent as a result of the narrow bandgap. As discussed in
section 4, the SAM/SACM structures were the first major breakthrough in enabling the use of
APDs for longer wavelength applications by separating the narrow-bandgap absorber from a
wide-bandgap multiplication region. As a superior low-noise multiplication “region,” the
staircase structure could ultimately be applied to the SACM architecture to allow the coupling of
a narrow-bandgap absorber to this design adjacent to a charge/grading region. This design is
illustrated in Figure 6-2. The AlxIni1.xAsySb1y materials system conveniently offers multiple
narrow-bandgap absorber options that remain lattice matched to the staircase structure and the
GaSb substrate. Furthermore, the staircase structure may prove simpler to use with an MWIR

absorber than a traditional wide-bandgap multiplication region due to its low-voltage operation.

y
Wi

7

Figure 6-2: Conceptual design of an SACM staircase APD.
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Appendix 1: Crosslight Code

This appendix contains the code for APSY'S Crosslight which | developed for the

AlxIn1xAsyShi.y materials system and the 2-um (30%-Al absorber) SACM APDs.

1.1 Allni4As,Sh;., Material Macro

The following is the material macro for the AlxInixAsyShi.y materials system. It was
developed by modifying the existing AlIGaAsSb macro and substituting material parameters of
GaAs and GaSb for InAs and InSb respectively. This macro should be appended to the user’s

crosslight.mac file located on the local disk.

S L L LR

KA AR A A AR A AR A A AR A AR A A AR A AR A A AR A AR AR A A AR A AR kK kK

macro : algaassb mod (modified for alinassb)

Bulk Al (1-x)Ga(x)As(y)Sb(l-vy)

[free-style]

May be regarded as linear combination of

GaAs (xy)+tAlSb (1-x) (1-y)+tAlAs ((1-x)y)tGaSb(x (1-vy))

Typical use:
load macro name=algaassb mod varl=#x var2=#y mater=#m &&
var symboll=x var symbol2Z=y

Contributor: Yet-zen Liu

Revised 2005 (Ken U.)

parameter range x=[0 1]

parameter range y=[0 1]

parameter range total doping=[1.e20 1.e27]
parameter range net doping=[-1.e26 1.e26]
parameter range doping n=[1.e20 1.e26]
parameter range doping p=[1.e20 1.e26]

parameter range trap 1=[1.el8 1.e24]
$*********************************************************

U U Ur Uvr U 0 O Uy 0 O O Uy Oy Oy O O Uy O O

begin macro algaassb_mod

material type=semicond band valleys=(1 1) &&
el vel model=n.gaas hole vel model=beta

$

$$$$ adding lattice constant???

$lattice constant value=6.09593

$

dielectric constant variation=function

function(x,vy)

GaAs=15.15;

GasSb=16.8;
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AlSb=10.3;

AlAs=10.1;
GaAs*x*y+AlSb* (1-x) * (1-y)+AlAs* (1-x) *y+GaSb*x* (1-vy)
end function

S

electron mass variation=function

function (x,Vy)

GaAs=0.023;

GaSb=0.0135;

AlSb=0.23;

AlAs=0.15;
GaAs*x*y+AlSb* (1-x) * (1-y) +AlAs* (1-x) *y+GaSb*x* (1-y)
end function

$

$$$S Not Sure if these values are correct

hole mass variation=function

function (x,vVy)

GaAs=0.642;

$GaAs=0.41;

$~InAs

$GaSb=0.4116566;

GaSb=0.262;

$GaSb=0.43;

$~InSb

mvhh alsb=0.728;

mvlh alsb=0.14;

AlSb=( mvhh alsb**(3/2)+mvlh alsb**(3/2) )**(2/3);
gl alas=3.45 ;

g2 _alas=0.68 ;

mvhh_alas=l./(gl_alas—Z.*gZ_alas) ;

mvlh alas=1./(gl _alas+2.*g2 alas) ;

AlAs=( mvhh alas**(3/2)+mvlh alas**(3/2) )**(2/3);
GaAs*x*y+AlSb* (1-x) * (1-y)+AlAs* (1-x) *y+GaSb*x* (1-vy)
end function

$

band gap variation=function

function (x,vy)

GaAs=0.355;

GaSb=0.1737;

AlSb=2.3;

AlAs=3.0;
GaAs*x*y+Al1Sb* (1-x) * (1-y) +tAlAs* (1-x) *y+GaSb*x* (1-vy)
end function

$

affinity variation=function

function(x,vy)

GaAs=4.9;

GaSb=4.59;

AlSb=3.65;

AlAs=3.5;
GaAs*x*y+AlSb* (1-x) * (1-y) tAlAs* (1-x) *y+GaSb*x* (1-y)
end function

S

electron mobility variation=function

function (x,y,total doping)

GaAs=0.4;

GaSb=0.77;



AlSb=0.020;

AlAs=0.029;
mu_max=GaAs*x*y+AlSb* (1-x) * (1-y) +AlAs* (1-x) *y+GaSb*x* (1-y) ;
mu min=0.;

ref dens=1.69d23;

alpha=0.436;

mu_min+ (mu max-mu min)/ (1+(total doping/ref dens)**alpha)
end function

$

hole mobility variation=function
function(x,y, total doping)

GaAs=0.05;

GaSb=0.085;

AlSb=0.04;

AlAs=0.0767;
mu_max=GaAs*x*y+AlSb* (1-x)* (1-y)+AlAs* (1-x) *y+GaSb*x* (1-y) ;
mu_min=0.;

ref dens=2.75d23;

alpha=0.395;

mu_min+ (mu_max-mu min)/ (1+(total doping/ref dens) **alpha)
end function

$

beta n value=2.

electron_sat vel value=1.0d5

beta p value=1.

hole sat vel value=1.d5

norm field value=4.e5

tau energy value=1.d-13

lifetime n value=l.e-7

lifetime p value=l.e-7

radiative recomb value=2.d-16

auger n value=1.d-41

auger p value=1.d-41

real index variation=function

function (x,vy)

GaAs=3.892;

GaSb=4.;

AlAs=3.006;

AlSb=3.2961;
GaAs*x*y+Al1Sb* (1-x) * (1-y) +AlAs* (1-x) *y+GaSb*x* (1-y)
end function

$

absorption value=0.

thermal kappa value=46.

end macro algaassb mod

$S 08808855585 8885555558885555558855555588855555588855555888

83
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1.2 Alini4As,Shi.y Material Macro Parameters

There are two variables related to the composition of the above AlxInixAsyShiy material
macro, identified as varl (x) and var2 (y). It should be noted that these are not the same x and y
values as the coefficients denoted in AlxIni1xAsyShi.y. X and y are here related to the material
macro by

Al(1 — x)In(x)As(y)Sb(1 —y) or
InAs(xy) + AlSb(1 — x)(1 — y) + AlAs[(1 — x)y] + InSb[(1 — y)x]

as denoted in the macro header text. The use of varl and var2 for the AlxIni.xAsySbiy materials
system was determined through extensive simulations comparing the resulting bandgap energy to
that given in reference 34 by

E,(x) = 0.247 + 0.97x + 0.47x> eV

where x in the above equation corresponds to the Al fraction in AlxIni.xAsySbi.y. The table below
lists the value of varl to be used for various Al compositions (bandgap energies) of
AlxInixAsyShi.y. The value of var2 should be limited to 0.61, although it has been found that
retaining this value for 0%-Al InAsSh leads to an inaccurate bandgap and valence band

discontinuity.

Al fraction (x) of AlxInixAsySbiy | Bandgap energy (eV) Material macro varl
0.07 0.3172 0.9865

0.15 0.4031 0.951

0.30 0.5803 0.879

0.34 0.6311 0.86

0.44 0.7648 0.80

0.50 0.8495 0.77

0.53 0.8931 0.75

0.59 0.9829 0.70

0.70 1.1563 0.64
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1.3 AlnixAs,Sbi.y 2-um 30-50-70 SACM .layer File

The following is the Crosslight .layer file for the 2-um 30-50-70 AlxIn1-xAsySbi.y SACM
APD (device A in section 4.1). This design uses a 30%-Al absorber and a 70%-Al multiplication
layer. There is both a charge layer and an intermediate bandgap “grading” layer between these

two. For this design, the grading layer is 50% All.

$ 30-50-70 2-um SACM APD

$

column column num=1 w=50. mesh num=4 r=1.

$

bottom contact column num=1 from=0 to=50 contact num=1 contact type=ohmic

$

$ 70% contact layer

layer mater macro name=algaassb mod var symboll=x varl=0.64 &&
var symbol2=y var2=0.61 column num=1 n doping=5.e+24

layer d=.4 n=10 «r=1

$

$ 70% multiplication

layer mater macro name=algaassb mod var symboll=x varl=0.64 &&
var symbol2=y var2=0.61 column num=1

layer d=.5 n=10 «r=1

$

Scharge

layer mater macro name=algaassb mod var symboll=x varl=0.64 &&
var symbol2=y var2=0.61 column num=1 p doping=l.e+23

layer d=.08 n=20 r=1

$

$ 50% grading Layer

layer mater macro name=algaassb mod var symboll=x varl=0.77 var symbol2=y &&
var2=0.61 column num=1 p doping=6.e+22

layer d=.2 n=30 r=1

$

$ 30% Absorber

layer mater macro name=algaassb mod var symboll=x varl=0.879 var symbol2=y &&
var2=0.61 column num=1 p doping=l.e+22

layer d=1. n=30 «r=1

$

$ 30% top p-Layer

layer mater macro name=algaassb mod var symboll=x varl=.879 var symbol2=y &&
var2=0.61 column num=1 p doping=l.e+24

layer d=0.1 n=30 r=1

$

top contact column num=1 from=0 to=50 contact num=2 contact type=ohmic

$

end layer
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1.4 AlnixAs,Sby.y 2-um Graded SACM .layer File

The following is the Crosslight .layer file for the 2-um graded AlxIn1.xAsySbi1.y SACM
APD (device B in section 4.1). This design uses a 30%-Al absorber and a 70%-Al multiplication
layer. There is both a charge layer and a grading layer between these two. For this design, the

grading layer is linearly graded between 30% and 70% Al.

$ Graded 2-um SACM APD
$
column column num=1 w=50. mesh num=4 r=1.
$
bottom contact column num=1 from=0 to=50 contact num=1 contact type=ohmic
$
$ 70% contact layer
layer mater macro name=algaassb mod var symboll=x varl=0.64 &&
var symbol2=y var2=0.61 column num=1 n doping=5.e+24
layer d=.4 n=10 «r=1
$
$ 70% multiplication
layer mater macro name=algaassb mod var symboll=x varl=0.64 &&
var symbol2=y var2=0.61 column num=1
layer d=.5 n=10 «r=1
$
Scharge
layer mater macro name=algaassb mod var symboll=x varl=0.64 &&
var symbol2=y var2=0.61 column num=1 p doping=l.e+23
layer d=.08 n=20 r=1
$
$ AlInAsSb grading Layer
layer mater macro name=algaassb mod var symboll=x grade var=1l &&
grade from=0.64 grade to=0.879 var symbol2=y var2=0.61 &&
column num=1 p doping=6.e+22
layer d=.2 n=30 r=1
$
$ 30% Absorber
layer mater macro name=algaassb mod var symboll=x varl=0.879 var symbol2=y &&
var2=0.61 column num=1 p doping=l.e+22
layer d=1. n=30 r=1
$
$ 30% top p-Layer
layer mater macro name=algaassb mod var symboll=x varl=.879 var symbol2=y &&
var2=0.61 column num=1 p doping=l.e+24
layer d=0.1 n=30 r=1
$
top contact column num=1 from=0 to=50 contact num=2 contact type=ohmic
$

end layer



Appendix 2: Fabrication Recipes

This appendix contains recipes commonly used for fabrication processes.

2.1 Photolithography
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All spin times are 30s except SU-8 2000.5, which should be spun for 40s. All exposure

times assume a UV lamp intensity of 7 mW/cm?.

2.1.1 HMDS
Spin Speed Pre Bake Exposure Post Bake Developer | Development
Time Time Soln. Time
4000 RPM | 30s @ 90° C N/A N/A N/A N/A
2.1.2 AZ5214 Positive Photoresist
Spin Speed Pre Bake Exposure Post Bake Developer | Development
Time Time Soln. Time
4000 RPM | Im @ 100°C 60 s N/A AZ 300 MIF ~25s
2.1.3 nLoR 2020 Negative Photoresist
Spin Speed Pre Bake Exposure Post Bake Developer Development
Time Time Soln. Time
3000 RPM | 1m @ 110°C 10s Im @ 110°C | AZ 300 MIF ~2m
2.1.4 AZA4330 Positive Photoresist
Spin Speed Pre Bake Exposure Developer | Development | Post Develop
Time Soln. Time Bake Time
o 1:4 o
2500 RPM | 2m @ 110°C 100 s AZ 400K-DI 2m 10m @ 110°C

This recipe is suitable as a hard mask for dry etching (RIE/ICP). Sample corner/edge scraping is

recommended before alignment.
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2.1.5 Lift-off Resist (LOR) 10B

Spin Speed Pre Bake Exposure Post Bake Developer | Development
Time Time Soln. Time
4000 RPM | 5m @ 180° C | With top PR N/A AZ 300 MIF | Withtop PR

As a lift-off resist, LOR 10B is useful for metal lift off with small feature sizes. After the lift-off
process, the LOR 10B must be removed in AZ 300 MIF.

2.1.6 SU-82000.5

Spin Speed Pre Bake Exposure Post Bake Developer Development
Time Time Soln. Time
5000 RPM | 70s @ 90° C 6-7s 70s @ 90° C | SU-8 developer ~lm

This SU-8 recipe is commonly used for sidewall passivation and results in a ~400-nm thin film.
Developer should be quenched in isopropyl alcohol for ~10s and then DI water.

2.2 Etching

Etching is arguably the most critical step in the processing of top-illuminated devices.
This is the source of sidewall damage, which is often the dominant mechanism responsible for
device dark current. Chemical etchants attack different materials in different ways, which can
result in isotropic etches. If this isotropy is unaccounted for, it can result in contact failure and
device shorts. H2O2 is commonly used in etching solutions to oxidize the semiconductor
material, enabling the acid to then remove it. For this reason, and due to its relative quantities in

solution, H2O; is often the limiting agent in the reaction.

2.2.1 Hydrochloric Acid - HCI
HCI solutions are extremely versatile in their material etching abilities, however, they are
often the most destructive. For this reason, other etching methods should be pursued if possible,

and HCI etching should primarily be used for proof-of-concept fabrication runs. Commonly used
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are 5:1:5 and 10:1:10 solutions of HCI:H20.:DI. Do not use steel tweezers in these solutions, as
the iron will react with the HCI and turn the solution green with iron chloride. These solutions
should be briefly stirred after mixing and will bubble profusely. Experimentally, an
approximately steady etch rate can be reached after the solution has rested for ~1 hour. As with

all chemical etchants, the etch rate will decrease with time.

2.2.2 Phosphoric Acid - H3PO4
Phosphoric acid is less destructive and less dangerous than HCI. A common solution is
1:1:10 of H3PO4:H20.:DI. This has proven to be effective in etching InAlAs and AlGaAs.

Stirring the H3PO4 and the DI prior to the addition of H20: is recommended to ensure uniformity.

2.2.3 Sulfuric Acid - H2SO4
Sulfuric acid is less destructive than HCI but equally as dangerous. A common solution is
1:8:80 of H2SO4:H202:Dl. This has proven to be effective in etching InAlAs. The drawback of

this solution is its relatively short lifetime compared to the others listed.

2.2.4 Citric Acid - CgHgO7

Citric acid is the least destructive and least dangerous of the acids listed. It is
recommended for use whenever possible for these reasons. In my studies, citric acid in
conjunction with phosphoric acid was the primarily used etchant for AlxIni.xAsySbi.y. It is also
useful for etching AlGaAs. A commonly used solution for a fixed volume is 20g CeHgO7 / 15 mL
H3PO4 /120 mL DI /5 mL H2O.. For older solutions of H.O2, 6 to 7 mL is recommended. This
solution will etch AlxInixAsySbi1.y with some isotropy, the amount of which is directly related to
the Al content (e.g. x = 0.8 will etch faster and more isotropic with this etchant than x = 0.3). An
alternate solution reduces the H3PO4 to 5 mL, which somewhat reduces the isotropy as well as

the etch rate. It should be noted that this solution is also highly effective for etching GaSh. For



90

preparation, the citric acid should be stirred in the DI and H3PO4 for approximately 30 minutes
prior to addition of the H20». Continuous stirring at approximately 100 RPM is recommended

during the etching process.

2.2.5 Bromine - Br

Bromine is an extremely caustic substance that will etch through many materials.
Unfortunately, bromine will also attack photoresist, causing mesas to gradually deform. For this
reason, attempting mesa etching with this chemical is not recommended unless specifically
advocated in literature. Extremely dilute solutions of bromine-methanol are very effective in
smoothing mesa sidewalls, specifically after dry etching processes. This can reduce surface
damage and lower dark current. The recommended dilution is 1 drop of bromine per 80 mL of

methanol, into which the sample should be submerged for 1-2 seconds.

2.2.6 Developer
Developer is known to etch GaSb at a slow rate.X%® AZ 300 MIF as well as 1:1 AZ
400K:DlI can be used for this process, specifically for removing GaSh capping layers as an

optical window. Care must be taken to avoid damaging the material beneath the GaSb.

2.2.7 Reactive lon Etching with Inductively Coupled Plasma - RIE/ICP

RIE/ICP is effective for making anisotropic etches, which is useful when tight tolerances
and/or deep etches are required. This technique is recommended for small devices (< 80-pum
diameter) and thicker SACM structures. For AlxInixAsySbi.y, the use of RIE/ICP is
recommended for etches deeper than ~1.2um. Since the RIE/ICP process attacks both the mask
pattern and the target device material unlike chemical etchants, a hard mask is required. This is
typically composed of SiO., however due to accessibility and/or heating concerns, photoresist

can also be used (see section 2.1.4 of this appendix).
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The RIE/ICP recipe used for 111-V materials in this document is as follows. Ar has been

occasionally substituted for N2 in this recipe, although the etching rates increase.

Temperature Cl flow N2 flow RIE Power ICP Power
50° C 8 sccm 20 sccm 115W 300 W

The photoresist-based hard mask described in section 2.1.4 of this appendix will etch at an

approximate rate of 4.3 nm/s using the above recipe.

2.3 Passivation

Passivation is a vitally important area of research for improving APD functionality as
well as that of other semiconductor devices. Since the epitaxially grown device material is
inherently damaged by the etching process, passivation attempts to repair this damage as well as
prevent further damage from occurring.'%” Exposed mesa sidewalls are highly susceptible to
damage from oxygen and water vapor, some materials more so than others. Al, for instance, has

a high affinity for oxidation.

Passivation methods include the deposition of SiO2,*% SiN,% AIN,*0 Al,03,'1112 and
many other films. Other approaches involve sample submersion in ammonium sulfide,***
cadmium sulfide,*** or thioacetamide,'*® ion implantation,*'® plasma treatment,'*’ and the
addition of spin-on coatings. In this work, all passivation involved the SU-8 coating process
detailed above. So far, this method has provided the most consistency in reducing dark current.
While preliminary findings suggest that this could be due in part to the low-temperature nature of
the process, tightly controlled experimentation is needed to assess the performance of additional

techniques. A strong and effective passivation process could greatly improve the overall
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performance of AlxIni.xAsySbi.y APDs, as many have demonstrated surface-dominated dark

current mechanismes.

2.4 Contacts

For most APDs, ohmic contacts are preferred, as they pose the least resistance for
electrons moving into and out of the semiconductor device. Reducing the contact resistance is
important, as this reduces the overall series resistance of the device, thereby improving the RC-

limited bandwidth.

While gold is a common material for the surface of the contact due to its noncorrosive
nature and high conductivity, the bottom of the contact must also be considered to avoid high
resistance and ensure permanence. Titanium is commonly used as a “sticking” agent for other
metals onto the semiconductor. However, this material can easily oxidize and should be limited
to thin (< 10-nm) layers to avoid the unintentional addition of contact resistance. Additionally,
when using electron-beam evaporation methods, the deposition rate of titanium should be
considered in reducing the oxygen content. Literature suggests that faster titanium deposition
rates result in decreased oxygen content.*'® Further reduction of the contact resistance can be
achieved through annealing, typically in an RTA.X° If this is desired, an additional layer of
platinum should be deposited between the titanium and gold to prevent the gold from “spiking”
through the titanium and deep into the semiconductor. Extensive studies have investigated the

use of other metals for low-resistance contacts as well.120-123

An additional method for reducing contact resistance is by removing oxide on the device
contact surfaces. If the contacts are deposited by electron beam-evaporation, this can be easily

accomplished by “milling” the surfaces with an argon plasma prior to deposition. Studies have



also suggested that the deposition of a thick (= 100-nm) gold layer aids in reducing contact

resistance, although this is not fully understood.
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