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Abstract

In optical receiver systems where the system noise is circuit-limited, avalanche photodiodes
(APDs) offer a benefit compared to conventional photodiodes as their internal gain mechanism can lead to
an improved system signal-to-noise ratio. The internal gain in APDs comes from the process of impact
ionization in which high energy carriers collide with bound electrons within a crystalline material, liberating
them to move freely within the lattice. However, this amplification process itself creates noise as it is
stochastic. Therefore, the benefit of an APD is limited to the point at which its noise contribution begins to

dominate the system.

Applications in the mid-wave infrared (MWIR) are particularly attractive for APDs as high
sensitivity is often required to detect the low signal levels present in applications like space imaging or
surveillance. In the MWIR, the dark current contribution to noise is particularly problematic as the thermal
generation of carriers is high in the narrow bandgap materials required to absorb MWIR light. However,
this problem can be relatively easily solved as the devices can be cooled to reduce the thermal generation
component of the dark current, albeit at the cost of a physically larger receiver. The second main contributor
to noise in the MWIR is the excess noise factor. In an optical receiver, the excess noise factor will
fundamentally limit its sensitivity. Therefore, it is crucial to make the excess noise factor as small as
possible. For my thesis, I have focused on reducing the detector’s excess noise factor to improve receiver

sensitivity.

In collaboration with the University of Texas at Austin, I have investigated several devices that fall
into three regimes of excess noise: conventional single-carrier ionization (k ~ 0), heterojunction-dominated
multiplication (excess noise factor ~ 1), and an intermediate between the two. I first started by examining
four important considerations when measuring the excess noise of low k-factor materials, like AllnAsSb
presented in this thesis. I then designed, fabricated, and characterized a AloosInAsSb-based separate
absorption, charge, and multiplication (SACM) APD for operation out to 3.5 pm. The device achieves a

maximum gain of around 850 and has a unity-gain external quantum efficiency of 24% at 3 pm. It is the
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first AllnAsSb-based APD capable of efficiently absorbing 3 pwm light. The SACM APD has a k-factor of

0.04, meaning it falls in the single-carrier ionization regime of excess noise (regime 1).

In tandem, I experimentally measured the excess noise factor of 2- and 3-step staircase APDs at an
operating frequency of 70 kHz. To do so, I first needed to develop a new noise measurement setup capable
of operating in the kHz range. I also needed to develop a new measurement methodology for measuring the
noise for the staircase APDs, as the one we typically use to characterize conventional APDs did not apply.
At a gain of ~4 and ~7.5 for 2- and 3-step devices, respectively, their excess noise factors are near unity as

theoretically predicted by Capasso and Teich.

To continue the investigation, I proposed a hybrid device combining the MWIR absorption of an
SACM APD with the near-unity excess noise of a staircase APD. The device was designed jointly between
our group at UVA and our collaborators at UT Austin. Growth was done at UT Austin. This hybrid
“SACMcase” APD has a near unity excess noise factor at a gain of ~4, and it can absorb light out to 3 um.
At a gain of 4, the SACMcase has an excess noise factor nearly three times lower than that of commercial

InGaAs/InP SACM APDs.

Finally, I fabricated and characterized a cascaded multiplier structure, combining a single-step
staircase multiplier with a bulk conventional multiplier. The idea of this design is to achieve a larger gain
than a single-step staircase APD (gain of 2) while maintaining the near-unity excess noise. This device was
designed and grown by my collaborators at UT Austin. The resulting device had an excess noise factor of
~1.3 at a gain of ~6. Compared to 2- and 3-step staircase APDs, this device has a dark current density nearly

four times lower.
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1 Introduction

1.1 Motivation

A photodiode is a semiconductor device that converts light into an electrical current. These devices
work via the photovoltaic effect’, in which an incoming photon is absorbed in the semiconducting material
and converted into an electron and hole pair. Through either the built-in intrinsic or extrinsically applied
electric field, these electrons and holes can be collected and form a photocurrent. One of the most
straightforward structures is a PIN photodiode in which an intrinsically doped semiconductor is sandwiched
between p-type and n-type doped semiconductors. Photodiodes are used for many applications such as

telecommunications, spectroscopy, imaging', and even barcode scanning?.

In such applications, the output signal from the photodiode needs to be amplified before it can be
further processed. Typically, this amplification occurs with an external post amplifier using either a high-
impedance field-effect transistor or a trans-impedance amplifier’. These amplifiers introduce a non-
negligible noise to the receiving system that is often higher than the noise generated by a photodiode’.
Therefore, the signal-to-noise ratio (SNR) of a receiver system is often capped by the circuit noise, not the
photodiode noise. The SNR of a receiver is directly related to its maximum sensitivity’, or the minimum

incident light power it can detect.

In receivers that are circuit-noise limited, an avalanche photodiode (APD) can prove to be
beneficial to the system SNR as APDs have an internal gain mechanism that can electrically boost the
received optical signal. This internal gain comes from the process of impact ionization in which free carriers
of sufficient energy, provided by a large electric field, can collide with bound electrons in the valence band,
giving them enough energy to jump to the conduction band, creating an electron-hole pair. These new
carriers can now freely move and gain energy, allowing the process to repeat. This repeating process can

lead to an "avalanche" of free carriers, giving the avalanche photodiode its name's sake. In tandem with a

2 Closely related to the photoelectric effect in which an absorbed photon ejects an electron out of a material.



conventional electronic amplifier, an APD can essentially provide "noise-free" gain in a receiver up until
the point where its noise contribution surpasses the system circuit noise. Up to that point, an APD can boost
the signal without significantly contributing to the system noise, increasing the system SNR and receiver
sensitivity. Because of their ability to improve receiver sensitivity, APDs are used in many applications

such as long-haul optical links*, LIDAR systems™®, and confocal microscopy’, to name a few.

For the highest sensitivity applications, APDs can be utilized as single photon counters with the
ability, as the name suggests, to detect single photon light levels. These devices are called single photon
avalanche diodes (SPADs) and have been subject to extensive research using Si*'° for operation in the
visible spectrum (0.4 — 0.7 um) and InGaAs/InP'"'? for the short-wave infrared (SWIR) spectrum (0.9 —
1.7 um). As for commercial products, recently, the company Canon announced a new 3.2 Megapixel camera
sensor incorporating an array of Si SPADs targeted for high-precision monitoring systems'®. They claim
that the sensor can detect illuminations as low as 0.001 lux'®. For reference, the illuminance of a full moon

at night is ~0.25 lux'*, and the illuminance of starlight in the night sky is ~0.001 lux"*.

Many of the applications for APDs mentioned above occur in the visible and SWIR spectrum;
however, detecting light in the mid-wavelength infrared (MWIR) spectrum (2 — 5 pm) is of growing interest
for various scientific and military applications. The recent launch of the James Webb Space Telescope has
sparked increased interest in MWIR space imaging due to its inclusion of multiple MWIR-capable
detectors'>'. MWIR detection under 5 pm is useful in gas sensing systems for environmental monitoring.
In particular, detecting water, methane, and ammonia is possible in the 3 — 3.5 um range'’. For military

applications, MWIR detection is used for night vision systems'®.

In such applications with low signal levels, APDs can provide the added sensitivity required for
their detection. However, in the MWIR, the dark current contribution to noise is particularly problematic
as the thermal generation of carriers is high in the narrow bandgap materials required to absorb MWIR
light. This problem can be relatively easily solved as the devices can be cooled to reduce the thermal

generation component of the dark current, typically at the cost of a physically larger receiver. The second



main contributor to noise in the MWIR, and all wavelengths in general, is the excess noise factor. In an
optical receiver, the excess noise factor fundamentally limits its sensitivity’. Therefore, making the excess
noise factor as small as possible is crucial. For my thesis, I have focused on reducing the detector's excess

noise factor as a way to improve receiver sensitivity.

1.2 APD Noise

All of the previously mentioned applications for APDs rely on their noise contribution to be lower

than the system noise such that their added noise has negligible impact on the system SNR. The process of
impact ionization is stochastic and is incorporated into the shot noise through the excess noise, F(M). The

shot noise is described by

(iszhot> = 2q(Iphoto,unity + Idark,unity)AszF(M) (1)

where q is the elementary charge, M is the avalanche gain, Iphoto,unity @1d Iqarkunity are the unmultiplied

photo and dark current, and Af is the system bandwidth. In its most general form, the excess noise factor

can be represented by

(M?) var(M)
anz =t

F(M) = (2)
where M is the gain. This quantity is the second moment of the gain, (M?), normalized by the mean gain
squared, (M)?. It can also be represented by one plus the variance of the gain, var(M), normalized
by the mean gain squared, (M)?.

For the characterization of conventional APDs, it is common to represent the excess noise

factor using the McIntyre local field model"’

F(M) = kM + (1 — k) (z - %) 3)



where k is defined as the ratio of f, the hole impact ionization coefficient, and «, the electron impact
ionization coefficient, such that k < 1. As a note, if « > § for a given material, it is said to be electron-
dominated; a material is said to be hole-dominated if the reverse is true, § > a. Using this model, an ideal
material would have a k-factor equal to zero, in which case the excess noise factor asymptotically
approaches two with increasing gain. Physically, 1/« and 1/f in an APD represent the average distance a
carrier must travel before it gains enough energy to impact ionize. Figure 1.1 shows an example energy

band diagram where a > f3.

Using (2), the excess noise factor is often plotted as a function of gain for different k values. The
measured excess noise factor for a given device is usually plotted alongside these reference curves. A k-
factor for a given device or materials system can be determined based on the reference curve it most closely
follows. Figure 1.2 shows the k-factor for several common materials systems and reference curves for k=0
to k=1 in increments of 0.1. From the plot, Si has the best excess noise performance scaling as k= ~0.02,
while Ge has poor excess noise performance, scaling as k= ~0.9 — 1. At a gain of 20, Si has an F (M) of ~2,
while Ge has an F (M) of ~20, ten times higher. Looking at these values with respect to (1), holding all
values the same except F(M), it is clear that a Si APD is more desirable compared to a Ge one as the shot

noise for a Si APD is an order of magnitude lower compared to a Ge one.

Figure 1.1: Illustration of the physical representation of @ and 8 in an APD.
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Figure 1.2: The excess noise factor versus gain for several common materials systems.

The signal-to-noise ratio of an APD can be expressed with the following equation incorporating
the multiplied signal photocurrent in the numerator and the shot noise and thermal noise contributions in
the denominator. In (4), the thermal noise, 04, ermal = 4ksTAf /R, where kg is Boltzmann’s constant, T is

temperature, and R is the APD series resistance.

2 2
Iphoto,unityM

SNRAPD =
2Q(Iphoto,unity + Idark,unity)AszF(M) + O-tzhermal

4

From (4), Iqarkunity and F (M) are the two terms that contribute significantly and can diminish the
SNR of an APD, especially for MWIR detection, where the narrow bandgap materials required to absorb
MWIR light have large dark currents due to thermal generation. The thermally generated dark current can
be reduced by cooling the devices, often done with multi-stage thermoelectric or cryogenic coolers. For
conventional APD structures, the excess noise factor is more or less intrinsic to the material used. However,
more complicated structures can be designed to reduce the excess noise factor down to near unity. This

thesis will introduce such structures existing below the k=0 lower limit described with the local field model.



1.3 Thesis Organization

This thesis describes my work on AllnAsSb-based APD devices with excess noise factors in three
regimes: conventional single-carrier ionization (k ~ 0), heterojunction-dominated multiplication (excess
noise factor ~ 1), and an intermediate between the two. Figure 1.3 highlights these three regimes. All
devices presented are designed with MWIR operation in mind, either being able to absorb MWIR light
directly or a building block toward a device that will be able to absorb MWIR light. Chapter 1 describes
the motivation for this research as well as background on APDs and the AlIn;«AsySbi.,/GaSb materials
system. Chapter 2 provides an overview of four considerations for measuring the excess noise factor of low
k-factor materials. A low-frequency excess noise measurement setup is also introduced that was used to
measure the excess noise factor of all the presented staircase-step-containing devices (Chapters 5, 6, and

7).

Chapter 3 highlights my characterization of AloisInAsSb-based PIN photodiodes to gain useful
information for my Alg.osInAsSb-based SACM APD presented in Chapter 4. This SACM APD has a unity-
gain external quantum efficiency of 24% for 3-um light. The AlyosInAsSb-based SACM APD in Chapter
4 operates in Regime 1 of Figure 1.3. Chapter 5 demonstrates my work on the excess noise factor
measurements of Staircase APDs. A near-unity excess noise factor was measured, agreeing with theoretical
predictions?®?!. Chapter 6 describes a hybrid SACM Staircase APD combining the near-unity excess noise
of a staircase APD with the MWIR absorption of Alg.15InAsSb. Devices from Chapters 5 and 6 operate in
Regime 2 of Figure 1.3. Chapter 7 presents the characterization I performed on another staircase-step-
containing hybrid device, this time cascading a 1-step staircase multiplier with a conventional high electric

field bulk multiplier. The excess noise factor of this device falls into Regime 3 of Figure 1.3.

Chapter 8 summarizes the excess noise factor for all devices presented in the previous chapters.
Chapter 9 concludes with two directions for future work in this area. Four appendices have also been
provided with details on the device fabrication process, methods to reduce the dark current in Al 7InAsSb

PIN APDs, information on the low-frequency noise setup, and select SEM images from my time at UVA.
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1.4 Background

1.4.1 Current-voltage & Gain Characteristics

Current-voltage (I-V) measurements are frequently performed under two conditions: dark and light.
Under no illumination (inside a dark box or with the room lights off), the dark current of an APD can be
determined. After dark measurements, flood illumination with a lamp or, more frequently, focused laser
illumination is used to measure the total current under illumination. This total current includes contributions
from the light source and the dark current. Subtracting the total current and the dark current yields the
photocurrent, the contribution of current that comes solely from photons converted to electrons. This

resulting photocurrent is used to calculate the gain in an APD.

The onset of gain only occurs once a substantial electric field has built up in the depletion region
of an APD. Because of this, depending on the thickness of the depletion region, there is often a range of
reverse bias where the photocurrent is relatively flat. However, after a certain point, the photocurrent starts
to increase. A simple method for calculating gain is to choose a point in this flat region and define it as
"unity." That unity photocurrent represents a gain of one. Therefore, any photocurrent above unity is
considered gain. While this method of calculating gain is simple, it is prone to error, which can affect further
measurements, such as ones for the excess noise factor. Better approaches to calculating gain are discussed
below in the APD Noise Considerations chapter. Figure 1.4 displays a sample I-V characteristic for a
Alp7InAsSb-based PIN APD with a 1-um thick unintentionally doped (uid) region. For the photocurrent
curve, a large flat region is visible between -5 V and -25 V, and gain is visible past -30 V. A unity
photocurrent was selected at -25 V and was used to calculate gain in the device. Also, in Figure 1.4, at a
bias of -46, the dark current in the device drastically increases by several orders of magnitude. This
phenomenon is known as breakdown and occurs at a material-specific electric field strength. For example,

the breakdown field strength in Alo7InAsSb is ~500 kV/cm.
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Figure 1.4: A sample current-voltage characteristic for a PIN APD under dark and light conditions. The gain is also
calculated starting at -25 V. Device breakdown is visible at -46 V.

Another phenomenon that starts to occur at a characteristic electric field strength is band-to-band
tunneling. This phenomenon occurs in narrow bandgap materials when electrons in the valence band can
directly tunnel into the conduction band, where they can contribute to the dark current. In an I-V
characteristic, band-to-band tunneling is identifiable by a distinctive "kink" in the dark current curve in
which the slope of the dark current increases. Band-to-band tunneling is illustrated in Figure 1.5 at a bias
of -5 V. It is undesirable to operate an APD when it has begun tunneling as the dark current exponentially

increases with increasing bias.
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Figure 1.5: A current-voltage characteristic demonstrating band-to-band tunneling.
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1.4.2 Capacitance-voltage Characteristics

Capacitance-voltage (C-V) curves are typically performed under dark conditions. This
measurement is useful for determining if a particular device is fully depleted, and it can be used to estimate
the doping concentration at a certain depletion width. Figure 1.6(a) shows a sample C-V characteristic for
a Alo7InAsSb-based PIN APD with a 1-um thick uid region. This capacitance measurement was performed
at 1 MHz. The device is fully depleted around -4 V when the C-V curve has flattened. The depletion width

can be calculated using a parallel plate capacitor model,

C = W = ®))

where C is capacitance, €, is the material-specific relative permittivity, &y is the permittivity of free space,
A is device area, and W is the depletion width. The device area can be measured with a microscope, and
the experimentally determined relative permittivity of Alo7InAsSb is ~13.9. The calculated depletion width

is also depicted in Figure 1.6(a).

The doping concentration versus depletion width can be calculated using the following equation

—2 (d(1/C?) —2 (AL/CH\
N(W):qgrgo< dV]> ~q5r€o< AV]> ©

-1

where N(W) is the doping concentration at a given depletion width, g is the elementary charge, C; is the
area-normalized capacitance, and V is the applied voltage. Using this equation, the doping concentration
versus depletion width was calculated and plotted in Figure 1.6(b). From the plot, the uid doping

concentration is ~5x10'> cm™, and the contact doping is ~1x10'® cm?.
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1.4.3 Quantum Efficiency Measurements

Quantum efficiency is a metric used to characterize how efficient a photodiode is at converting
photons into electron-hole pairs. Quantum efficiency is typically measured in terms of internal quantum
efficiency (IQE), how efficient a detector is at converting photons that have entered the device into electron-
hole pairs, and external quantum efficiency (EQE), how efficient a detector is at converting incident photons

into electron-hole pairs. The expression for IQE, nj,t, is as follows:

Nine = §(1 — exp(—aW)) ()
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where ¢ is the fraction of electron-hole pairs collected before recombining, a is the material-specific
absorption coefficient, and W is the thickness of the depletion region. External quantum efficiency is similar
in form to IQE, except the loss due to surface reflections is introduced. The expression for EQE, next, is as

follows:

Next = (1 - R)nint = (1 - R)E(l - exp(—aW)) (8)

where R is the reflectance. For normal incident light, R = (n; — 1)?/(ny + 1)%, where n; is the refractive
index of the absorbing material at a given wavelength. Typically, EQE is determined by first measuring the
responsivity, R, of a photodiode. Responsivity is the ratio of the output photocurrent to the incident light
power. It can be determined at a given bias by dividing the measured photocurrent by the measured incident

light power. With the responsivity, the EQE can be calculated with the following expression:

_iRhc 9
T’eXt_Aq ()

where A is the wavelength of light, h is Planck’s constant, c is the speed of light, and g is the elementary
charge. With the EQE, the IQE can then be calculated by dividing the EQE by one minus the reflectance,
Nint = Next/(1 — R). Figure 1.7 shows the measured EQE and calculated IQE for a Alo3InAsSb-based PIN

photodiode with a 1-um thick uid region.
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Figure 1.7: The measured external quantum efficiency and calculated internal quantum efficiency of a Alo3InAsSb-

based PIN photodiode with a 1-um thick uid region. The measurement was made at a bias in which the device was
fully depleted.

One method for measuring the EQE of a photodiode over a broad spectrum is using a broad-
spectrum lamp and a monochromator. Such a setup is used in our lab when measuring the EQE of a device
under test (DUT). The monochromator allows a narrow sliver of the broad spectrum (~4 nm) to be reflected
and shined on the DUT surface. However, the light from the broad-spectrum lamp is first passed through a
long-pass filter to remove higher-order harmonics that would also get reflected on the monochromator's
grating and shined on the DUT. The light reflected from the monochromator is focused through a chopper
wheel into an optical fiber so it can be illuminated on the DUT. The chopper wheel is attached to a lock-in
amplifier that measures the photocurrent of the DUT at a given wavelength. The EQE of the DUT, eyt purs,
is determined by comparing its photocurrent to that of a calibrated detector with a known EQE using the

following equation:

_ Iphoto,DUT
77ext,DUT - 77ext,cal I

(10)

photo,cal
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where Next cal 1S the known EQE of the calibrated detector, Ippoto,put 18 the measured photocurrent of the
DUT at a given wavelength, and Ihoto,cal 18 the measured photocurrent of the calibrated detector at the

same wavelength.

1.4.4 Variable Area Diode Analysis

Variable Area Diode Analysis (VADA) is a technique that can be used to determine the bulk and
surface dark current densities for a set of fabricated devices. An accurate understanding of the bulk and
surface contributions allows for more accurate predictions of dark current for different-sized devices,
especially if a material is prone to having a significant surface leakage current contribution. To perform this
analysis, I-V curves for several different-sized devices need to be measured. At each desired bias point, the

dark current in a photodiode can be expressed with the following equation®**:

2

d
Idark = ]bulkn <E) + ]surfaceﬂd (1 1)

where Jpuik 1s the bulk current density, Jsurface 1S the surface leakage current density, and d is the device
diameter. To illustrate the utility of this technique, I performed a VADA on a Alg3InAsSb-based PIN

photodiode. Figure 1.8 shows I-V curves for several different-sized devices used to perform the analysis.

Using (11), I fitted values for J,yx and Jsurface by taking a cross-section of Figure 1.8 at a given
bias and plotting the diameter current versus diameter. An example fit is shown in the inset of Figure 1.8.
The resulting fitted values for Jp 1k and Jsurface are plotted versus bias in Figure 1.9(a). Using these fitted
values at a specific voltage, the dark current contributions from bulk and surface leakage can be plotted
versus diameter. Such a plot is helpful as it illustrates the range of diameters where a given device is bulk
current limited or surface leakage current limited. This plot is shown in Figure 1.9(b), where the crossover
diameter or 54 pm is labeled. Below 54 pm, the device is surface leakage current dominant, and above the

device is bulk current dominant.
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1.4.5 Bandwidth

The bandwidth in an APD describes how quickly it can respond to incoming signals. A typical
figure of merit for APDs, and many devices in general, is the 3-dB bandwidth, f;4g, or the frequency in
which the output signal is half the input signal (attenuated by 3 dB). The two main limiting factors on the
bandwidth of an APD are its RC time constant and transit time. The RC bandwidth, fic, can be represented
by

1 w
~ 2mRC  2m(Rs + RL)&, €A

fre (12)

where Rg and Ry, are the series and load resistances, respectively, and C is the junction capacitance that can
be represented by (5). For frc, a thicker device yields a higher bandwidth as the capacitance drops. The

transit time bandwidth, f;, can be represented by

(13)

where vy is the material-specific average saturation velocity for electrons and holes. For f;, a thinner device
yields a higher bandwidth as the carriers travel a shorter distance. Accounting for both contributions, the 3-

dB bandwidth can be approximated as the following:

1

1 1)\ 2
f3aB ® (E‘FE) : (14)

1.4.6 Excess Noise Factor Measurements

The excess noise factor of an APD can be measured using a Noise Figure Analyzer (NFA) with a
setup depicted in Figure 1.10. With this setup, a bias tee provides an isolated DC bias to the APD and
couples the RF signal to the NFA. With an NFA, the noise power of the APD is measured relative to a

calibrated noise source. The relative noise power of an APD is measured under dark and illumination
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conditions at a given operating frequency (typically 50 MHz for our group). The relative noise power
contribution from the photocurrent can be obtained by subtracting the dark relative noise power from the
illuminated relative noise power. At a sufficiently low bias where there is unity gain, and thus unity excess

noise, the measured noise power, Ny, represents the terms 2qlphoto,unitydf in (1). Subsequent noise
measurements at higher reverse bias with gain, Ng,in, represent the terms 2qIphoto,unityAf M 2F(M)in (1).
The excess noise factor in an APD can be calculated by dividing Ngai, and Ny and solving for F(M). More

information on measurement techniques, as well as several important considerations when measuring

excess noise, are discussed in the APD Noise Considerations chapter below.

§ illumination

DUT
Source Bias
Meter Tee i

Figure 1.10: Noise-figure-analyzer-based setup for measuring the excess noise factor of APDs.

1.4.7 Separate Absorption, Charge, and Multiplication APD Structures

A separate absorption, charge, and multiplication (SACM) structure can be used to decouple the
absorption and multiplication in an APD device. This structure is useful as it alleviates band-to-band
tunneling issues that plague narrow bandgap materials required to absorb MWIR light. In an SACM, the
intermediate charge layer establishes an electric field profile that is high in the multiplier, promoting impact
ionization and low in the absorber, reducing the impact of band-to-band tunneling. Optionally, a grading
layer can be added between the charge and absorption region that allows for a smooth transition between
the narrow bandgap absorber and the wide bandgap multiplier. Without a grading region, abrupt steps in

the energy bands will form that act as a barrier for electrons traveling from the absorber into the multiplier.
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Incorporating a grading layer is not always possible, as the intermediate bandgap materials must maintain

the same lattice constant as the substrate to ensure proper growth without dislocations.

Additionally, the effectiveness of the grading layer depends on how smooth of a grade is achievable. A
constant linear grade is the most desirable, but it can be practically challenging to grow. Smooth grading
regions can be approximated by dividing the region into several steps. While barriers between the steps will

still be present, it will be easier for electrons to traverse compared to one large energy barrier.

A note on the naming convention of these structures. More correctly, our group typically designs
separate absorption, grading, charge, and multiplication (SAGCM) structures. However, we usually drop
the G in the abbreviation. It is also common to refer to these structures as separate absorption and
multiplication (SAM) structures. SAM, SACM, and SAGCM structures are all distinct, but it is common

to just refer to them as SAM structures (pronounced “sam”) as this is the easiest to say.

Figure 1.11(a) shows the electric field strength and energy band diagram for a simple PIN APD
structure where absorption and multiplication happen in the same region. The n-contact (n), unintentionally
doped (uid), and p-contact (p) regions are labeled. Figure 1.11(b) shows the electric field strength and
energy band diagram for an SACM APD structure. The n-contact (n), multiplication (M), charge (C),
grading (G), absorption (A), and p-contact (p) regions are labeled. Two distinct regions are visible,
distinguished by the higher field in the multiplication region and the lower field in the absorption region.
For both plots, the electric field is plotted at an arbitrary bias greater than zero, and the energy band diagram

1s under zero bias.
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Figure 1.11: (a) The electric field strength and energy band diagram of a simple PIN APD with the n-contact (n),
unintentionally doped (uid), and p-contact (p) regions labeled. (b) The electric field strength and energy band diagram
of a SACM APD with the n-contact (n), multiplication (M), charge (C), grading (G), absorption (A), and p-contact
(p) regions labeled. The electric field is plotted at an arbitrary bias greater than zero, and the energy band diagram is
plotted under zero bias.

Figure 1.12 shows a sample I-V characteristic for an SACM APD structure under dark conditions
and illumination. The significant increase in dark current and total current at -15 V is known as "punch-
through," as the device has depleted through the intermediate charge region into the absorption region. The
dark current increases due to the increase in thermally generated carriers in the narrow bandgap absorber.

The total current increases because photogenerated electrons in the absorber can travel through the
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multiplication region and get collected. The increasing curvature in the total current curve indicates

multiplication is occurring; breakdown is visible just past -19 V.
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Figure 1.12: A sample I-V characteristic of an SACM APD structure under dark conditions and illumination. Punch-

through has been labeled.

Figure 1.13 shows a sample C-V characteristic for an SACM APD structure, the same structure as

in Figure 1.12. The initial drop in capacitance before 2 V reverse bias occurs because the device has depleted

through the multiplication region. The region from 2 V to 13 V reverse bias is where the device is depleting

through the intermediate charge region. The onset of punch-through is visible around 14 V reverse bias.

The capacitance quickly drops after punch-through as the device continues depleting through the absorber.

The capacitance levels off around 18 V reverse bias, indicating the device is fully depleted.



21

5.0
4.5—-
4.0—-
3.5—-
3.0—-

25 -

Punch-through
2.0

Capacitance (pF)

Fully Depleted

1.5-........ \

0 2 4 6 8 10 12 14 16 18 20

Reverse Bias (V)

Figure 1.13: A sample C-V characteristic for an SACM APD structure. Punch-through and full depletion have been
labeled.

The final main calculation for an SACM APD structure is gain and excess noise, both of which are
valid after punch-through has occurred. From the I-V in Figure 1.12, it would be simple to claim that unity
gain occurs at ~ -15.5 V once the photocurrent has leveled off. However, there is clearly a positive slope
suggesting some level of gain is already present. This is usually the case in an SACM structure where a
sufficient field has built up in the multiplication region at punch-through such that the photocurrent has a
non-unity gain. This non-unity gain can be calculated by performing an excess noise factor measurement

and fitting the resulting measurement to the local field model.

In Figure 1.14, the raw results of such a measurement are displayed in black. The device measured
was biased to a point just after punch-through, and, for the purpose of the initial noise measurement, that
point is chosen to be a gain of one. Subsequent points were at higher reverse biases until the device entered
breakdown. As displayed in the plot, the excess noise scales linearly below k=0, and it appears that only a
max gain of ~3 was reached, even though the device was about to break down. This measured excess noise
can be corrected by fitting it to (3). Using this fit, the actual value for the gain and k-factor can be obtained.

The red points in Figure 1.14 represent the corrected excess noise factor versus gain for the raw black
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points. From the plot, the actual gain value at the first bias point is ~5.3, and the excess noise factor of the

device scales with a k of ~0.04. This technique is explained in greater detail in a previous publication®.
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Figure 1.14: The raw and corrected excess noise factor of an SACM APD structure.

1.4.8 AlInixAsySbiy Materials System
The AldnxAsySbi.y (AliInAsSb, or AllnAsSb) materials system grown on GaSb traditionally

grown as a random alloy is limited to Al concentrations less than 6% due to a large miscibility gap for
higher concentrations. Recently, though, our collaborators at the University of Texas at Austin have grown
this material up to Al concentrations of 80% using a digital alloy growth technique?’. This growth is
achieved via Molecular Beam Epitaxy (MBE) by repeatedly growing thin layers of the four binary
constituents (AlAs, AlSb, InAs, InSb). Figure 1.15 shows a transmission electron microscope (TEM) image

highlighting the four binaries and their repeating pattern®’.
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Figure 1.15: A transmission electron microscope image showing the repeating pattern of the four constituent binaries
in the digitally grown AllnAsSb crystal®®,

Using this growth technique in collaboration with our research group, PIN APD structures were grown,
demonstrating superior APD qualities in terms of dark current, gain, excess noise, and temperature
stability”” % An empirical model was developed to describe the change in bandgap with the change in Al

concentration:

E(x) = 0.247 + 0.97x + 0.47x2 (15)

where EG(x) is the bandgap in eV, and x is Al concentration. Using this equation, the wavelength tunability
for AllnAsSb ranges from ~1 um for 80% Al down to ~5 pm for 0% Al. This large tunability was used to
make Separate Absorption, Charge, and Multiplication APD structures tailored for detecting 1.55-um and
2-um light**=*. Additionally, as the Al concentration increases, it was found that most of the energy increase
goes toward increasing the conduction band, while the valence band remains relatively unchanged®. This
asymmetry in conduction and valance band movement is integral in realizing staircase APDs, a topic to be

discussed in subsequent chapters.
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It should be noted that we usually refer to Aldni.xAsySbi.y with only its composition of Al
(Alp7InAsSDb). It is assumed that the relative compositions of As and Sb have been adjusted to ensure a
lattice match to GaSb. To calculate the composition of As required for a lattice match, a linear interpolation
of the lattice constants of the binary constituents can be used. This is (16) below, a generalization of

37,38

Vegard's Law™ "%,

xyapas + X(1 —y)apsp + (1 —X)yamas + (1 —x)(1 — y)amsp = Agasp (16)

where ayy is the lattice constant of the constituent binary. With a given concentration value for x, y can be

calculated by solving (16) fory.

y= —apisbX + Apsp (X — 1) + Agasp (17
X(apas — Aaish) — AmasX t Apas + Apsp(x — 1)

Table 1.1 includes the lattice constants for the four binary constituents of AlxIni<As,Sbi.y and the lattice
constant for GaSb. Substituting these values into (17) yields a simplified relation for calculating the y value

required for maintaining a lattice match to GaSb.

_ 0.383 — 0.343x
"~ 0.421 + 0.055x%

y (18)

Table 1.1: Lattice constants of AlIn|xAs,Sbi.,/GaSb constituent binaries*®

Binary Lattice Constant, a (A)
AlAs 5.660
AlSb 6.136
InAs 6.058
InSb 6.479
GaSb 6.096

As an example, if we take x = 0.7 (Alo7InAsSb), using (18) yields y = 0.31. Therefore, the overall
composition of Aly7InAsSb required for a lattice match to GaSb is Alg7Ino3Aso31Sbogso. This is nearly

identical to what was grown for the original Al 7InAsSb PIN APD*,
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2 APD Noise Considerations

In this chapter, I will discuss four considerations for measuring the excess noise of low-k-factor
Sb-based materials with a specific focus on AllnAsSb/GaSb. In the past several years, our group has studied
AllnAsSb grown as a digital alloy on GaSb, as discussed in the background section. There have also been
examples of AllnAsSb PIN APDs grown on InP exhibiting a low k-factor’**°. Another Sb-based materials
system with growing popularity is AlGaAsSb grown on InP***'*, again showing low k-factor excess noise

scaling.

For such low k-factor materials, I have compiled four crucial considerations for properly measuring
the excess noise factor. The first consideration compares the calculation of F (M) using a single reference
point versus a calculation based on a reference line. Second, three measurement setups are provided for
performing measurements at different RF operating frequencies. Third, the wavelength dependence on
F(M) is explored. Finally, two gain correction methods are shown to compensate for bias-dependent

responsivity in APD structures.

2.1 Growth, Fabrication, and Initial Characterization

To perform this study, Alp7InAsSb epitaxial layers were grown as a digital alloy on an n-type GaSb
substrate via molecular-beam epitaxy, as described in a previous publication’’. Figure 2.1 shows a
schematic cross-section of the device. Devices were made using the process described in Appendix 1:
Device Fabrication. I-V measurements were performed with a Keithley 2400 SourceMeter. Figure 2.2(a)
shows the dark current, measured under blackout conditions, and photocurrent, under ~46 uW of 543-nm
He—Ne laser illumination for a 100 pm diameter device. C-V measurements were performed with an HP
3275A LCR meter at 1| MHz under blackout conditions. Figure 2.2(b) shows a C-V curve and a depletion
width versus the voltage curve for a 200-um diameter device. The depletion width was calculated assuming
a parallel plate capacitor model with a relative permittivity of 13.9. The inset of Figure 2.2(b) shows the

calculated doping concentration versus the depletion width extracted from the measured C-V, using a
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method described in the Capacitance-voltage Characteristics section above. The inset shows that the uid

concentration in the “intrinsic” region is ~5x10" cm™.

p-GaSb, 1x10'® cm3, 30 nm
p-Aly 7InAsSb, 2x10"8 cm-3, 100 nm

uid-Al, ,InAsSb, 1000 nm

n-Al, ,InAsSb, 2x10"8 cm-3, 200 nm

n-GaSb substrate
Figure 2.1: The schematic cross-section of the Alo.7InAsSb PIN APD structure in this paper.
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Figure 2.2: (a) Current-voltage curves under blackout conditions and ~46 uW of 543-nm illumination for a 100-um

diameter device. (b) A capacitance-voltage curve (black) and depletion width versus voltage curve (red) for a 200-um

diameter device under blackout conditions, and (inset) the doping concentration versus depletion width calculated
from the C-V curve.
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Figure 2.3: (a) Measured noise of a 100-pm diameter device under a fixed illumination intensity with increasing bias
(APD curve), the measured noise under fixed bias (-10 V) and varying illumination intensity (PIN curve), and (inset)
a blown-up plot of the PIN curve. (b) The excess noise factor from the point method for different first-point
uncertainties is in black, and the excess noise factor from the line method for different first-point uncertainties is in

red.

2.2 F(M) Calculation: Single Point versus Reference Line

Unless otherwise noted, all excess noise measurements in the remainder of this chapter were

performed with an Agilent 8973 noise figure analyzer at 50 MHz with a 4-MHz bandwidth under 543-nm

He-Ne laser illumination on 100-pm diameter devices.
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Typically, the excess noise of an APD can be measured by taking a fixed light intensity and varying
the bias to achieve increased gain. At each bias point, the noise is measured without illumination and is
subtracted from the noise measured under illumination—such a measurement results in a curve such as the
red points in Figure 2.3(a). If the first bias point is at a sufficiently low bias such that there is no gain (M =
1) and F(M) = 1, that point can be used as a reference. Neglecting dark current, this first point (Nynity)
represents the terms 2qlynityAf, Where Lypity i the photocurrent with unity gain. The gain is determined
by increasing the bias and taking the ratio of the photocurrent to that of the unity gain point. F (M) can then

be calculated using the following expression:

Nmeasured

FM)=—"—7+
( ) Nunityl\/l2

(19)

where Nyeasured = 2 unityAf M 2F (M) is the measured noise under higher bias with gain, M, and Nunity
is the noise of the first unity gain point. This method works if there is little error in measuring the first point.
However, since every subsequent measured bias point relies on the accuracy of the first point, any
uncertainty in the noise of the first point affects the results of every other point along the line. With the
noise figure meter setup, the noise can vary on the order of +£0.004 dB. This uncertainty is represented in
Figure 2.3(b). The three black curves represent the effect on the measured excess noise at the upper end
(+0.004 dB), middle, and lower end (—0.004 dB) of the uncertainty range. A significant change in the

measured F (M) is visible.

An approach to circumvent this issue is to use a reference line so that the measured points are
independent of each other. This approach is similar to one presented by Bulman et al.**. The APD is biased
at a low voltage (-10 V) to ensure unity gain and unity F (M) and to ensure the device is fully depleted, as
seen in Figure 2.3(b). Then, at this fixed bias, the intensity of incident light is increased, and the noise is

measured. This measurement is shown by the black points in Figure 2.3(a) and represents only the Iphoto

contribution to the noise. The inset of Figure 2.3(a) shows a blown-up plot of this measured line. These
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points are then fit with a line, and those fit values are used to calculate F (M) from the points in red in

Figure 2.3(a) using the following equation:

N easured
F(M) = —gess (20)

In (20), Mine = 2qlphotoAf and Npeasured = 2q1photodf MF(M). It should be noted that this
representation of Npeasureqd Only contains one factor of M. The other factor of M was used to convert
Iphoto,unity 10 Iphoto Where Iphoto = lunityM. The shot noise of an APD is typically calculated with
reference to unmultiplied photocurrent, Iyjty; however, the shot noise can also be calculated with reference
to the measured output photocurrent, which includes the increase in photocurrent due to gain. Overall, for
an APD the shot noise can be represented as either 2qlynjry Af M 2F(M) or 2qlpnhotoAf MF (M), both forms
are equivalent. The calculated F (M) using the reference line method, with the same uncertainty in the first
point as with the “point” method, is plotted as the red points in Figure 2.3(b). For the red curves, as the
noise of the first point changes, none of the subsequent points are affected. Therefore, this line reference

method offers a more robust F (M) calculation than calculating F (M) based solely on the first point.

2.3 Operating Frequency Dependence of F (M)

For “high frequency” noise measurements above 15 MHz (the lower frequency limit of an Agilent
8973 NFA), an NFA can be used in a configuration shown in Figure 2.4(a) in which a bias tee is used to
simultaneously provide an isolated DC bias to a DUT and couple the AC response to the NFA. Additionally,
above 10 MHz, a group from the University of Sheffield has demonstrated a noise measurement setup using
a trans-impedance amplifier (TIA) that can provide accurate measurement results for high dark current and
high capacitance APDs*. However, neither design is suitable for measuring devices under 10 MHz. A setup
that can measure below 10 MHz is useful if, for instance, the DUT has a bandwidth of less than 10 MHz.

Examples of such devices are presented in Chapters 5 and 6.
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Figure 2.4(b) shows the schematic for such a setup that can measure the F (M) of a device at as low
as ~20 kHz. In this setup, the DUT is probed with a ground-signal probe with the positive link connected
to the input of a Femto DLPCA-200 TIA and the negative link connected to the positive port on a Keithley
2400 SourceMeter. The negative port of the SourceMeter is attached to the metal case of the TIA. The
output of the TIA is routed to the input of an Agilent E4440A spectrum analyzer (SA). Since the TIA has
a built-in AC couple, a DC bias can be applied across the DUT, and the DC signal is isolated from the SA.
This configuration acts as a crude bias-tee. The TIA is set to the low-noise performance range with a trans-
impedance of 10° V/A. This gain was chosen to ensure the TIA was not overloaded. The upper limit of
measurement frequencies for this setup is ~400 kHz and is limited by the bandwidth of the TIA. This setup
will be essential for many of the excess noise measurements made in subsequent chapters. It was used to
measure the excess noise of staircase APDs, SACM staircase APDs, and cascaded multiplier APDs

presented in the following chapters.

To confirm the viability of this setup, a 100-um diameter AllnAsSb APD was measured with the
“high frequency” NFA-based setup in Figure 2.4(a) and the “low frequency” SA-based setup in Figure
2.4(b). The SA was centered at 68.7 kHz with a resolution bandwidth of 47 Hz. This measurement
frequency was selected because the system noise floor was low enough to detect the noise of the DUT and
avoid ambient noise sources. The results of these measurements are shown in Figure 2.4(c). Aside from the
first point, which is prone to increased uncertainty due to its close proximity noise floor, as previously

discussed, there is an 8% difference between the two measurements at most.
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Figure 2.4: (a) The noise-figure-analyzer-based setup for measurements above 10 MHz. (b) The spectrum-analyzer-

based setup for measurements between ~20 kHz and ~400 kHz. (c) The excess noise factor versus gain for the same
100-um diameter device using the two different setups in (a) and (b).

2.4 Wavelength Dependence of F (M)

Another factor to consider when measuring F(M) is the wavelength of light used, as different

wavelengths can lead to drastically different F(M) measurements. The difference originates from
wavelength-dependent absorption, which can lead to different carrier injection profiles. Typically, from the
infrared to the visible, the absorption coefficient in a semiconductor material increases as the wavelength
decreases. For short wavelengths, such as 445 nm, the light is absorbed very near the incident surface. This
quick absorption enables pure electron injection into the multiplication region in a top-illuminated PIN

structure. In many semiconductors, pure electron injection is favorable because the impact ionization
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coefficient for electrons is greater than that for holes. This, in turn, results in a lower k-factor, resulting in
lower F(M) at a given gain. For longer wavelengths such as 633 nm, much of the light is absorbed
throughout the multiplication region, resulting in mixed injection with higher k-factors and higher F (M) at

a given gain, as both electrons and holes are injected into the multiplication region.

Specifically, for the devices used in this chapter, 445-nm (laser diode), 543-nm (He-Ne laser), and 633-
nm (He-Ne laser) light was used to measure F (M) under different injection regimes. The approximate
thickness, x, to absorb a fraction 7 of the incident light (ignoring surface and interface reflections) can be

calculated using the following expression:

In(1 —n) + agaspx
X = _( (1 =) + AgasbXgasn) + Xgash @1

X709

where g9, is the absorption coefficient of Alo7InAsSb at a given wavelength, ag,sp is the absorption
coefficient of GaSb at a given wavelength, and x,gp, is the thickness of the GaSb cap layer (30 nm). Using
previously published absorption coefficients for Alp7InAsSb* and GaSb*, the approximate thickness to
absorb 99% of the incident light is 106 nm, 397 nm, and 706 nm for 445-nm, 543-nm, and 633-nm light,
respectively. Comparing these lengths to the structure from Figure 2.1 shows that 445-nm light should give
essentially pure electron injection, whereas 633-nm light results in a more uniform mixed injection. F (M)
was measured for these three wavelengths and is plotted in Figure 2.5. It should be noted that the light
power for the three wavelengths was chosen to ensure that the same photocurrent, ~2 pA, was measured at
-20 V. The light powers needed were ~202 uW, ~46 uW, and ~21 uW for 445 nm, 543 nm, and 633 nm
light, respectively. For these three wavelengths, the k-factor ranges from ~0.01 for 445 nm light to ~0.09
for 633 nm light. For the 445-nm curve, F (M) scales below the k=0 curve to a gain of ~10, a phenomenon

commonly seen in Sb-based APDs**#%4,
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Figure 2.5: The excess noise factor versus gain for ~21 uW of 633-nm light, ~46 W of 543-nm light, and ~202 pW

of 445-nm light.

2.5 Gain Corrections

The final consideration with excess noise factor measurements is the correct determination of
device gain. The easiest way to calculate the gain in an APD is to designate a point in the "flat" region of
the I-V as the unity gain point. With this definition, all current values above that unity point are considered
gain. In Figure 2.2(a), there appears to be a broad flat region in the photocurrent of the I-V after the device
has fully depleted from -5 V to -25 V. However, when the I-V is plotted on a linear scale and “zoomed in”
around the flat region, as plotted in Figure 2.6(a), there is a slight slope in the photocurrent plot. This small
increase in current is attributed to the slight increase in carriers diffusing from the p-contact region into the

high-field uid region as the depletion width increases into the contact layers under higher bias.

It should be noted that the slope of this flat region will increase as the background concentration of
the intrinsic region increases and as the doping concentration of the contact layer decreases. Without taking
this slight bias-dependent responsivity into account, the gain can simply be calculated by calling the current
at -20 V “unity” and calculating the gain with this reference point. The black curve titled “point method” is

shown in the inset of Figure 2.6(a). Using this approach, the highest gain at -46.5 V is ~17.3.
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A straightforward method to account for this bias-dependent responsivity is to fit a line to the flat
region and define the current along that line as “unity.” With this method, any current above the line is
considered gain. This method was used to fit a line between -10 V and -20 V. The result is the “Linear Fit”
line in Figure 2.6(a), and the resulting gain is plotted in the inset. It should be noted that the max gain has
been reduced to ~15.9. A more precise way to account for this bias-dependent responsivity is to use a fit

presented by Woods et al.*. The equation is as follows:

kg 1/4
I=A+B<V+VD—T) (22)

where [ is the photocurrent, A and B are fitting constants, V is voltage, kg is Boltzmann’s constant, T is
temperature, and q is the elementary charge. V}, is the diffusion voltage expressed as

v, = ("fTT) In (N*T’l];[0> (23)

i

where N, and Np are the p- and n-contact doping concentrations, respectively, and n; is the background
concentration of the intrinsic region. For this device, N4 and Np are 2x10'® cm™, and, from the inset of
Figure 2.2(b), n; is ~5x10"° cm™. This method was used to fit a curve between -10 V and -20 V. The result
is the “Woods Fit” line in Figure 2.6(a), and the resulting gain, extracted from the current above the fit line,

is plotted in the inset. With this fitting approach, the maximum gain was ~16.5.
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Figure 2.6: (a) The photocurrent from Figure 2.2(a) plotted on a linear scale with both the Woods fits and Linear fit,

and (inset) the resulting gain from a simple point fit, Woods fit, and Linear fit. (b) The excess noise factor versus gain
for the three gain calculation methods.

Figure 2.6(b) shows the resulting F (M) when using the point method, the Woods correction, and
the linear correction. The point method gives the highest gain and the lowest F (M) since the bias-dependent
responsivity is treated as gain here. The linear correction gives the lowest gain and highest F(M) as it is a
simple fit that attributes some of the gain above -20 V to bias-dependent responsivity. The Woods correction
gives both intermediate gain and F (M) and is the preferred choice for calculating gain as the fit accounts
for the physical parameters of the structure and better captures the bias-dependent responsivity compared

to the linear correction.
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In this chapter, I have introduced and discussed four important considerations that need to be made
when measuring F (M) for low-k-factor materials. Calculating F(M) from a reference line offers a more
robust measurement less susceptible to equipment-based uncertainties. Two setups for RF operating
frequencies above 10 MHz were presented, and a new setup for frequencies as low as ~20 kHz was
introduced. This low-frequency setup I developed will be integral for noise measurements for several
devices presented in future chapters. The wavelength dependence on F(M) was explored, where shorter
wavelengths yielded the lowest measured F(M). Finally, two gain correction methods were introduced to

help account for bias-dependent responsivity, each impacting the measured F(M).
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3 Alp.isInossAso77Sboos-based PIN Photodiodes

In this chapter, I will present results for Alo.1sInAsSb-based PIN photodiodes that will be useful for
the designs of future devices in the MWIR. Previously, the longest wavelength detector reported by our
group used Al3InAsSb as the absorption material and was designed to detect 2-um light**. To design an
APD capable of working in the MWIR, it was first essential to examine some of the material properties of
AlJInAsSb with lower Al compositions; as the bandgap is reduced, the cutoff wavelength is increased”’.
The composition of choice was Aly.1sInAsSb, as by using (15), the predicted cutoff wavelength is around

3-pum.

3.1 Material Characterization

To characterize Aly.15sInAsSb, simple PIN detectors were grown to determine materials and device
properties that could be useful for future MWIR device designs. Figure 3.1(a) shows the schematic cross-
section of the device grown on a GaSb substrate by our collaborators at the University of Texas at Austin.
Figure 3.1(b) shows an X-ray diffraction pattern of the grown epitaxial layers with the substrate and
superlattice fringe peaks labeled. The 0™-order superlattice peak and the peak of the GaSb substrate nearly
overlap, indicating a minimal lattice mismatch. Figure 3.2 shows the photoluminescence of the crystal
measured at several temperatures. At 78 K, the peak is at 2.89 um with a full width at half maximum of 45
meV (6.7 kT). At 300 K, the peak is at 2.94 pm with a full width at half maximum of 81 meV (3.1 kT). The
peak at 300 K falls between previously reported PL intensity peaks for AlpolnAsSb (3.35 um) and
Al 19InAsSb (2.64 pm)?’. The peak in the PL spectrum around 3.25 um is likely due to atmospheric

absorption.

Ellipsometry was performed with a J.A. Woollam VASE Ellipsometer on the bare epitaxy prior to
device fabrication. The wavelength range extended from 280 to 2900 nm with measurement angles from
65° to 75° in 5° increments. Figure 3.3(a) shows the measured ¥ and A at three angles and their
corresponding fits obtained using a B-spline fitting approach. Refractive indices, extinction coefficients,

and absorption coefficients were extracted from the fits and are displayed in Figure 3.3(b).
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Figure 3.1: (a) The schematic cross-section for the Alo.i1sInAsSb PIN and (b) the X-ray diffraction pattern for
Alo.15InAsSb/GaShb.
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Figure 3.2: The photoluminescence versus wavelength for Alo.1sInAsSb/GaSb at different temperatures.
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Figure 3.3: (a) Measured ¥ and A with their corresponding fits (dashed), and (b) the extracted refractive indices,
extinction coefficients, and absorption coefficients for Alo.1sInAsSb/GaSb.

3.2 Device Characterization

Devices were fabricated using the process outlined in Appendix 1: Device Fabrication. I-V curves
were measured with an HP 4145 Semiconductor Parameter Analyzer in a cryogenic chamber cooled with
liquid nitrogen. Figure 3.4(a) shows the dark current and photocurrent obtained using a temperature-
stabilized 2-um fiber-coupled laser diode at 200 K. For the photocurrent curve, ~27 uW of light was
incident on the top of the mesa. The light was focused with a fiber lens to a spot size smaller than the mesa

diameter to ensure no sidewall illumination. A characteristic kink in the dark current curve is visible at -4.5
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V, indicating the onset of tunneling. Assuming a uniform electric field in the depletion region, the onset of
tunneling occurs at an electric field strength of ~0.9 kV/cm at 200 K. The photocurrent is constant out to
the intersection of the photocurrent and dark current curves. Figure 3.4(b) shows the C-V curve for a 200-
um-diameter device measured with an HP 3275A LCR meter at room temperature under dark conditions.
The capacitance has leveled off at a reverse bias of 2 V, indicating the device is fully depleted. Dark current

was measured in 20-K increments from 100 K to 300 K and is plotted as dark current density in Figure 3.5.
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@ T 1200k Dark

1 0_4 ] —— Photo
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Figure 3.4: (a) I-V characteristic at 200 K for a 150-pm diameter Alo.1sInAsSb PIN with photocurrent, under ~27 uW
of 2-um illumination, and dark current. (b) A C-V curve at 300 K for a 200-um diameter device.
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Figure 3.5: Dark current density versus temperature curves from 100 K to 300 K in 20-K increments for the
Alo.15InAsSb PIN.

Dark Current Density (A/lcm®)

Responsivity was measured at 300 K at 1.55 um and 2 pm with temperature-stabilized fiber-
coupled laser diode illumination. A reverse bias of 2 V was used to ensure full depletion of the device. At
1.55 ym and 2 pum, the responsivity was 0.49 A/W and 0.53 A/W, respectively, corresponding to 39% and
33% external quantum efficiencies, respectively. The theoretical external quantum efficiency was
calculated using (8). Using the refractive index and absorption coefficient in Figure 3.3(b) at 1.55 um and
2 um, the theoretical external quantum efficiencies are 39% and 31%, respectively. The difference between
the theoretical and measured quantum efficiencies is likely due to uncertainty with fitting the optical
constants. A B-spline approach for fitting was used because there is no reference model for AlIn;.<As,Sbi.
y. Also of note, the depletion region is only 500 nm thick, with no anti-reflection (AR) coating. From the
optical constants in Figure 3.3(b), a normal incidence surface reflection can be calculated at 1.55 pm and 2
um of ~31%. Therefore, with a proper 1%-reflectivity AR coating, quantum efficiencies can be expected

up to ~57% and ~48% at 1.55-um and 2-um illumination, respectively.

The activation energy was extracted from the measurements in Figure 3.5 using the relation,

2 —Eq
Tqark < T exp <_k T) (24)
B
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where I, 1s the measured dark current, T is the temperature in kelvin, E, is the activation energy, and kg
is the Boltzmann constant. Figure 3.6 shows dark current density plotted against inverse temperature for
reverse bias voltages from 1 V to 5 V in 1-V increments for a 150-pm-diameter device. Equation (24) was
used to fit curves to the measured values and extract an activation energy for each bias voltage. The
extracted activation energies are plotted in the inset. The bandgap for Alo.1sInAsSb is known to be ~0.4
eV?’. These activation energies are approximately half the bandgap energy, which indicates that thermal
generation dominates. At low temperatures under 4 V and 5 V reverse bias, trap-assisted tunneling current

likely dominates the activation energy’'.
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Figure 3.6: Dark current density versus inverse temperature for the AloisInAsSb PIN from -1 to -5 V in -1-V
increments with (24) fits (dashed). The inset shows the extracted activation energy versus bias.

The forward I-V characteristic was measured from 200 K to 380 K in 20-K increments using a
Keithley 2400 SourceMeter. The measured curves were fitted with (25) at each temperature to extract the
ideality factor. J is the measured forward current density, Js is the reverse saturation current density, q is
the elementary charge, V is the applied voltage, n is the ideality factor, kg is the Boltzmann constant, and

T is the temperature in kelvin.

1= (o () - 1) @
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Both /s and n were fit to the measured data using (25). Figure 3.7(a) shows the measured forward current
density for a 200-pm-diameter device with fits shown as dashed lines. There is excellent agreement between
the measured data and the fit curves. Figure 3.7(b) shows the extracted ideality factor plotted against
temperature for two different mesa diameters, 150 um and 200 um. Two different-sized devices were
measured to assess the role of surface effects. From 200 K to 300 K, the ideality factors for the two sizes
are the same and decrease with increasing temperature. This inverse trend between ideality factor and
temperature has been previously reported in other structures®>>. However, above 300 K, the ideality factor
increases with temperature, and the two mesa diameters diverge. The sharp increase in ideality factor above
300 K likely results from the activation of surface effects, as indicated by the more significant increase of

the 200-pm-diameter device compared to the 150-um-diameter device.

The fitted /s from (25) is plotted versus inverse temperature in Figure 3.8. Using the fitted J, the
activation energy was extracted using a similar method as in Figure 3.6. Under a similar temperature range
as above, the activation energy is 0.25 eV, similar to the values above. At higher temperatures above 300
K, the extracted activation energy is 0.48 eV. This activation energy is similar to the bandgap of

Alp.15InAsSb, indicating diffusion current dominates.

In this chapter, I have presented several characteristics of Alg 15InAsSb-based PIN photodiodes that
will be useful for future designs of APDs operating in the MWIR; specifically, the one discussed in the
subsequent chapter, AlgosIngosAsoo3Sboor-based SACM APDs. The extracted absorption coefficients are
useful for estimating the EQE in a proposed design using (8). The dark current density versus temperature
plot helps estimate the bulk dark current at a given temperature. Finally, the tunneling field extracted from
the I-V in Figure 3.4(a) will be useful for optimizing the charge region thickness in an SACM design to

allow for a high electric field to build up in the multiplier before tunneling occurs in the absorber.
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Figure 3.7: (a) Forward current density versus bias for the Alo.1sInAsSb PIN from 200 K to 380 K in 20-K increments
with (25) fits (dashed). (b) The extracted ideality factor versus temperature for a 150-um diameter and a 200-um

diameter device.
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Figure 3.8: Reverse saturation current density, J¢, versus inverse temperature for the Al.1sInAsSb PIN with
the corresponding activation energy fitted using (24).
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4 Alo,051n0,95A80_93Sbo,o7-based SACM APDs

In this chapter, I will demonstrate an SACM APD with a Alo.osInAsSb absorber, using some of the
results gained in the Alg.15InossAso77Sbos-based PIN Photodiodes chapter above. As mentioned in the
Background section, an SACM structure is popular for MWIR detection as it alleviates band-to-band
tunneling issues that plague narrow bandgap materials required to absorb MWIR light while simultaneously
providing amplification in a wide bandgap region. The device presented in this chapter is the first
AllnAsSb-based SACM APD capable of efficiently absorbing light at 3 pm. A previous design’s operating
window cuts off at ~3-um>*. The device I designed has a unity-gain EQE of 24% at 3 um and cuts off at
~3.5 pm. Other SACM APDs previously designed in our group had cutoff wavelengths of 1.7-um??, 2.1-

pum*, and 2.9-pm*,

4.1 Design

Epitaxial layers for this device, displayed in Figure 4.1(a), were grown by our collaborators at the
University of Texas at Austin as a digital alloy via molecular beam epitaxy on an n-type GaSb substrate.
Figure 4.1(b) shows the zero bias energy band diagram for the device with different regions of the device
numbered. Region 1 is the n-contact. Region 2 is the wide bandgap Alo7InAsSb multiplication layer. Region
3 contains an Aly7InAsSb p-type charge layer and an Alo.7.0.15InAsSb bandgap grading region. These layers
establish the electric field profile and provide a smooth transition between the multiplier and absorber.
Region 4 is an Alo.1sInAsSb layer that helps prevent high electric field buildup in the narrow bandgap
regions of the grading layer (region 3), reducing dark current contributions from band-to-band tunneling.
Region 5 is the AloosInAsSb narrow bandgap absorber that has been lightly p-type doped, which helps
prevent energy band sagging. Finally, region 6 acts as the p-contact and a diffusion barrier for electrons
generated in the absorber. The electric field profile for the device was simulated using Lumerical CHARGE
based on the finite element drift-diffusion method. Figure 4.2 displays the electric field profile under -46 V

and -52 V of bias, along with lines indicating the breakdown field for both the multiplier and the absorber.
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Figure 4.3 shows an X-ray diffraction pattern for the grown epitaxy shown in Figure 4.1(a) with the GaSb

substrate and AllnAsSb superlattice fringe peaks labeled.
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Figure 4.1: (a) The epitaxial layer structure of the 3.5-um cutoff SACM APD, and (b) the simulated zero bias energy
band diagram with corresponding regions numbered.
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Figure 4.2: The simulated electric field profile for the device at -46 V and -52 V with the breakdown field of the
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Figure 4.3: X-ray diffraction pattern for the grown epitaxial layer structure shown in Figure 4.1(a).

4.2 Characterization

Devices were fabricated using the process detailed in Appendix 1: Device Fabrication. The dry/wet
etch process was used as this device contains a large region of low Al concentration AllnAsSb. A C-V
curve is shown for a 150-um diameter device in Figure 4.4(a). Measurements were performed with an HP

3275A LCR meter at 1 MHz under dark conditions in a cryogenic chamber cooled with liquid nitrogen to
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100 K. In Figure 4.4(a), punch-through for the device is visible around 42 V of reverse bias as indicated by
the drop in capacitance. At around 46 V, the capacitance has leveled off, indicating that the device is fully
depleted. Also included in Figure 4.4(a) is a simulated C-V curve, done using Ansys Lumerical CHARGE,
that can be used to verify the doping concentration in the different regions of the device. With the simulated
C-V curve, the doping concentration in the multiplier (region 2) and in the absorber (region 5) regions is
~2x10" cm™ and is ~1.28x10'7 cm™ in the charge/grading region (regions 3 and 4). Figure 4.4(b) shows
the calculated doping concentration profile versus depletion width for the C-V measured in Figure 4.4(a).
The depletion width was calculated assuming a parallel plate capacitor, where the overall relative
permittivity used, 13.4, is a weighted average, based on the thickness, of the relative permittivity of
Alp7InAsSb and Alo.osInAsSb. The doping concentration calculation is detailed in the Capacitance-voltage
Characteristics section above. The charge region doping is visible between ~0.9 and ~1.1 pm and has an
average value of ~1.40x10'” cm™. The background concentration of the absorber is visible between ~1.1
and ~1.7 um and has a minimum value of ~2x10'> cm™. The doping values extracted from the simulation
and calculated from the measured C-V are within 5% of the as-designed value. This difference is very

reasonable, considering the variation with growth parameters and measurement uncertainties.

I-V curves were measured using an HP 4145 Semiconductor Parameter Analyzer in a cryogenic
chamber cooled with liquid nitrogen. Figure 4.5 shows the dark current and photocurrent, under ~11 nW
and ~11 pW of 2-pm illumination, for a 150-pm diameter device measured at 100 K. A temperature-
stabilized fiber-coupled laser diode was used with a fiber lens to focus the 2-pum light to a spot size smaller
than the mesa diameter to ensure no sidewall illumination. Under the lowest illumination, there are two
distinct steps in the photocurrent curve. The first step, around —34 V, is likely caused when the device has
depleted into the Aly.1sInAsSb barrier, region 4 in Figure 4.1(b). Since the cutoff wavelength of Alo.1sInAsSb
at 100 K is 2.94 um™, the 2-um light was likely absorbed in this region, accounting for the increase in
current. The second step, around —42 V, occurs because the electric field has “punched through” into the

absorber, allowing for the injection of carriers from the absorber into the multiplier.
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Figure 4.4: (a) The measured capacitance-voltage characteristic, performed at 1 MHz, for a 150-pum diameter device
measured at 100 K and the Ansys Lumerical CHARGE simulated C-V curve. (b) The calculated doping concentration
versus depletion width for the measured

The gain for this device is valid after the electric field has punched through into the absorber. As
mentioned in the Background section above, an excess noise factor measurement was used to determine the
gain of the device at a point after punch-through. The gain for the two illumination intensities is plotted in
the inset of Figure 4.5. The difference in gain is caused by APD gain saturation, a well-known phenomenon
in which the higher photocurrents in an APD cause a voltage drop across the series resistance of the device,

lowering the bias across the APD and, in return, limiting the gain. At a light intensity of ~11 nW, this device
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achieves a gain of ~850 while still maintaining a photocurrent above the dark current. This maximum gain
is more than double that of previously reported state-of-the-art InAs detectors**® designed for MWIR
detection. The improvement in gain for this structure is likely due to higher achievable electric fields in the
multiplication region. This structure achieves gain in a wider bandgap region (~1.1 eV at 300 K), so high
electric fields are achievable without band-to-band tunneling. For InAs structures, gain occurs in a narrow
bandgap region (~0.35 eV at 300 K), so the electric field must be kept low to prevent band-to-band

tunneling.
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Figure 4.5: Current-voltage characteristics at 100 K under blackout conditions and ~11 nW and ~11 pW of 2-um
illumination. The inset contains the corresponding gains for the two illuminations.

Excess noise measurements were performed with an Agilent 8973 noise figure analyzer in a
cryogenic chamber. A 150-um diameter device was measured at 100 K under 517-nm illumination from a
temperature-stabilized fiber-coupled laser diode. This wavelength was chosen to ensure complete
absorption before the multiplier to avoid mixed injection, which would alter the measurement. Like the I-
V measurements, the light was focused with a fiber lens to a spot size smaller than the mesa diameter.
Results of this measurement are displayed in Figure 4.6, along with the theoretical scaling of k=0 through
k=0.06 using the local-field model'®. The excess noise with this device scales with a low k of ~0.04, similar

to the previously published results for Alp7InAsSb multipliers®-** and the known low k of ~0.01 for Si*"*%.
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Figure 4.6: The measured excess noise factor versus gain for a 150-um diameter device under 517-nm illumination at
100 K.

Using the known gain of 5.3 at -46.9 V, determined from the excess noise measurement, the unity-
gain external quantum efficiency for this device at 2-um is 49% (0.79 A/W) at -46.9 V. Improvement to
this external quantum efficiency can be explored using (8). The top surface of this device is GaSb, which
has a reflectivity of ~35% at 2 um*. With a 1%-reflectivity AR coating, the unity-gain external quantum
efficiency can be increased to ~74% (1.2 A/W). Alternatively, if the absorber thickness is increased from
525 nm to 1 pm, the external quantum efficiency can be increased to ~64% (1.04 A/W). Compared to our
group's previously reported Alg.1sInAsSb-based SACM, this device has a unity-gain EQE of ~49% at 2 pm
with a 525-nm thick absorber. In contrast, the previous structure has a unity-gain EQE of ~47% for a 1-um
thick absorber. A slightly higher unity-gain EQE is achieved in the new structure with an absorber half as

thick. This improvement is likely due to the smaller bandgap of Al.sInAsSb compared to Alo1sInAsSb.

The relative spectral response near cutoff was assessed using double-modulated Fourier-transform
IR (FTIR) spectroscopy at 100 K. Using the known unity-gain EQE 0f49% (0.79 A/W) at 2 um, the relative
spectral response was converted to EQE, and the result is plotted in Figure 4.7. The peak unity-gain EQE
of this detector is ~54% (1.02 A/W) at ~2.35 pm and ~24% (0.58 A/W) at 3-um. Using a 1%-reflectivity

AR coating could improve the unity-gain EQE of this detector to 82% (1.56 A/W) at 2.35 pm and 37% (0.9
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A/W) at 3 um. The cutoff wavelength of InAs at 77 K is ~3 um, and for Al15InAsSb at 240 K, the cutoff
is ~2.9 um. This device has a cutoff at 100 K of ~3.5 um, which is particularly useful as it allows for the

detection of 3-pm light.
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Figure 4.7: The measured unity-gain external quantum efficiency of a 250-um diameter device at 100 K.
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Figure 4.8: The dark current density versus voltage for a 150-um diameter device from 100 K to 240 K in 20-K
increments.

The dark current density (DCD) versus voltage for this device was measured from 100 K to 240 K

in 20-K increments using an HP 4145 semiconductor parameter analyzer in a cryogenic chamber. The
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results of this measurement are displayed in Figure 4.8. Using the gain from the inset of Figure 4.5, the
gain-normalized DCD for this device, at 100 K, at a gain of 10 is ~0.03 mA/cm?, and at a gain of 850 is
~0.05 mA/cm?®. Compared to our previous AlyisInAsSb-based SACM, this device has a gain-normalized
DCD of more than two orders of magnitude lower, 0.05 mA/cm? compared to 6 mA/cm?®. Table 4.1 below
summarizes the results of this device with comparisons to the AlgisInAsSb-based SACM*, two state-of-

the-art InAs APDs***, and a state-of-the-art HgCdTe-based APD.

In this chapter, I have presented the design for a Alg.osInAsSb-based SACM APD and demonstrated
its performance for operation in the MWIR. This device is the first AllnAsSb-based SACM APD capable
of efficiently absorbing 3-um light; the unity-gain EQE is 24%. Compared to InAs, my device achieves a
higher gain and a longer cutoff wavelength. Compared to our group's Alo.1sInAsSb-based SACM, my device
has a gain normalized DCD over two orders of magnitude lower. Additionally, at 2 um, my device has a
unity-gain EQE of ~49% with a 525-nm thick absorber compared to ~47% for the Aly.1sInAsSb-based
SACM with a 1-um thick absorber. It achieves a slightly increased unity-gain EQE for an absorber nearly

half as thick.

Table 4.1: The Alp.osInAsSb-based SACM APD compared to other MWIR APDs.

Ref Material Operating Maximum  Gain-normalized Cut-off
) Temperature (K) Gain DCD (mA/cm?) Wavelength (um)
This device Alo.osInAsSb 100 850 0.05 ~3.5
24 InAs 77 27 0.005 ~3
56 InAs 200 330 0.4 ~3.2
54 Alo.1sInAsSb 100 380 6.0 ~2.9

60 HgCdTe 77 5300 0.001 ~5
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5 Excess Noise of Staircase APDs

In this chapter, I will demonstrate experimental measurements of the excess noise factor of so-
called staircase avalanche photodiodes performed at an operating frequency of 70 kHz. This low operating
frequency ensured the excess noise measurements were performed under the 3-dB bandwidth of the
staircase APD devices. These measurements were enabled by the low-frequency setup that I developed and
described in the APD Noise Considerations chapter. The staircase avalanche photodiode was first proposed
by Federico Capasso in the 1980s, intended as a low-noise solid-state replacement for a photomultiplier
tube (PMT)®'. Figure 5.1 shows a qualitative energy band diagram for such a device under zero bias (a) and
reverse bias (b). The namesake of the staircase APD is visible in Figure 5.1(b), as the conduction band

looks like a staircase.

Figure 5.1: (a) Energy band diagram of unbiased staircase APD and (b) illustration of localized impact ionization
under reverse bias.

The large steps in the conduction band are designed to deterministically induce an impact ionization
event for electrons, while the holes remain largely unaffected by the relatively flat valence band. In this
sense, a staircase APD acts like a PMT, as only electrons contribute to the gain. Additionally, the conduction
band steps create spatially deterministic impact ionization like the dynodes in a PMT. In such a device

where the probability of impact ionization differs for each step, the gain can be represented by
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N
M = 1_[(1 + ) (26)
i=1

where p; is the probability of impact ionization at the it step, and N is the number of steps. With the

assumption of equal impact ionization probability at each step (26) can be simplified to

M={1+p)V 27)

With a unity probability of impact ionization at each step, the equation reduces to M = 2V Since the gain
for this device is more deterministic than a conventional APD, the excess noise factor of the device should
be lower as the noise in a conventional APD arises from the spatial variance of impact ionization. Several
theories have been proposed for the theoretical excess noise of staircase APDs?*?"**%* The most general
form for the excess noise of a staircase APD with different probabilities of impact ionization at each step

iS21,

F(N,p) =1+

var(1 + p;) > ( var(1 + p;) ) 28)

A+p0? L\ +p)? A0 +po)
where var(1 + p;) is the variance in multiplication at the i** step. Assuming the same probability of impact

ionization at each step yields a simplified form of (28),

F(N,p) =1+

var(1l + p) (1 1 ) (29)

p(l+p) \" (A +p)V

Finally, as shown by Teich et al.*!, var(1 + p) = p(1 — p), which substituted into (29), gives the final

expression for the excess noise factor of a staircase APD,

o =1+ () 1 )
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In the case of unity probability at each step, the excess noise factor reduces to one. Compared to a best-case
k=0 traditional APD, in which the excess noise asymptotically approaches two, staircase APDs should have

an excess noise factor two times lower.

5.1 Initial Excess Noise Factor Characterization

Initially, Capasso et al. used AlyGaixAs/GaAs to fabricate the staircase band structures®®.

Unfortunately, the AlxGaixAs/GaAs conduction band discontinuity is insufficient to allow carriers to
impact ionize in GaAs, particularly for high-energy electrons scattered to satellite valleys®. Recently, Ren
et al. and March et al. have realized 1-%, 2-, and 3—step68 staircase APDs with gains of ~2, ~4, and ~7,
respectively, using the AllnAsSb materials system. Figure 5.2(a) shows the measured gain for these devices.
Figure 5.2(b) shows the measured noise power spectral density (NPSD) for the staircase devices compared
to models and measurements for the best-case PMTs and a best-case k=0 APD. The NPSD was measured
under 543-nm laser illumination with a noise figure analyzer in a setup depicted in Figure 2.4(a). The NPSD
for the staircase devices is significantly lower than both k=0 APDs and PMTs and appears to scale linearly
with gain. In fact, this noise is much lower than predicted in (1) with an excess noise like that in (30). Even
with an excess noise factor of 1, the best-case scenario for a staircase APD, the NPSD should still scale

quadratically with gain, not linearly.

Regarding this discrepancy, a third party suggested that the bandwidth of the devices may be too
low for the 50 MHz measurement frequency used. In response, I performed several measurements to
evaluate this concern. First, I measured 2- and 3-step devices at a lower frequency, 15 MHz, and the
measured noise was the same as at 50 MHz. Second, I sent a 3-step device to John David’s group at the
University of Sheffield, a well-known APD research group, to perform measurements at 10 MHz. The
resulting noise measurement was very similar to the previous two measurement frequencies. Third, I

measured the NPSD versus photocurrent for a PIN photodiode, which should have lower noise than an
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APD, to ensure the measurement setup has high enough sensitivity. The NPSD for the shot noise of a PIN

photodiode is the following:

NPSD = 2q(Iphoto + laark)R 31)

where R is the system impedance (50 Q). For increasing light intensity, the NPSD of the PIN scaled linearly,
as expected, confirming that the NFA-based setup had high enough sensitivity for measuring the shot noise
of PIN photodiodes and APDs. This measurement is displayed in Figure 5.3 below. Also plotted (dashed

line) is the calculated NPSD using the measured photocurrent and a system impedance of 50 Q.
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Figure 5.2: (a) The measured gain versus bias for 1-, 2-, and 3-step staircase avalanche photodiodes, and (b) the
measured noise power spectral density for 1-, 2-, and 3-step staircase avalanche photodiodes®® [Nat. Photonics 15,
468-474 (2021))].
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Figure 5.3: The Noise Power Spectral Density versus photocurrent for a Alo7InAsSb-based PIN photodiode. The
dashed line is the calculated NPSD, using (31), based on the measured photocurrent and an impedance of 50 Q2.

From these three tests, it seemed that 1) the bandwidth of the staircase devices was high enough
for the chosen measurement frequency, and 2) the noise figure analyzer had high enough sensitivity to

measure the noise of the devices correctly.

To get a conclusive answer, I needed to measure the bandwidth of the staircase devices directly.
Finding a suitable modulation scheme for this measurement was non-trivial as the traditional lithium
niobate modulators are 1) designed to operate at much higher frequencies than 10s of MHz and 2) designed
for near-infrared operation, not visible. Lithium niobate modulators were not an option, so I directly
modulated a laser diode at 635 nm with a signal generator. The resulting bandwidth measurements for a 2-
and 3-step staircase detector are shown in Figure 5.4. The measured 3-dB bandwidths for the 2- and 3-step
devices were ~5 MHz and ~0.8 MHz, respectively, much lower than the measurement frequencies used for
NPSD measurements. As the minimum frequency of our noise figure analyzer is 15 MHz, a new noise
setup, operating in the kHz range, was needed to measure the noise of the staircase devices correctly. This

setup was described above in the APD Noise Considerations chapter.
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Figure 5.4: The normalized power versus frequency for 2- and 3-step staircase avalanche photodiodes.

The noise for 2- and 3-step staircase APD devices was measured at a low frequency of around 70
kHz to ensure the devices were not bandwidth-limited. The TIA was set to the low-noise performance range
with a trans-impedance of 10° V/A. The SA center frequency was 69.4 kHz with a resolution bandwidth of
47 Hz. This measurement frequency was selected because the system noise floor was low enough to detect
the noise of the DUT. For reference, the system noise floor was about -116.1 dBm, and the lowest measured

noise for either of the control structures was -114.9 dBm.

5.2 Low-frequency Excess Noise Factor Characterization

For all measurements, a bias of -2.5 V was used for the 2-step and its control, and a bias of -4 V
was used for the 3-step and its control. These biases yield the maximum gain in each of the staircase
structures. By using the same bias for both the control and its staircase, we ensure the control has the same
depletion characteristics as the staircase, directly comparing only the signal and noise performance. All
devices were illuminated with 543-nm light from a He-Ne continuous-wave laser, and all measurements

were performed at room temperature.
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The shot noise powers for an APD and a PIN are shown in (32) and (33), respectively. The
equations are like (1), except the system impedance, R = 50 Q, has been introduced and the multiplied

photocurrent is used as explained above in the APD Noise Considerations chapter.
NAPD = 2q(Iphoto + Idark)RAfMF(M) (32)

NPIN = 2q(lphoto + Idark)RAf (33)

To measure the excess noise of the 2- and 3-step staircase APDs, the noise versus photocurrent was
first measured for the corresponding control structure. The control structure is simply a PIN photodiode
producing a unity gain and unity excess noise. By varying the incident light power and thus the
photocurrent, the noise power of the control structures was measured corresponding to Zq(lphoto +
Idark)RA f + Nsystem- When plotting the measured noise versus photocurrent, there is a y-intercept at zero
photocurrent corresponding to the dark noise contributions and any system noise. By subtracting the
intercept, we are left with a line that scales linearly with photocurrent and represents 2qI,hotoRAf . These

are the “Control photo” lines in Figure 5.5(a,b).

A similar measurement was performed for the staircase APD. With the staircase APD biased to
achieve maximum output photocurrent, the device was illuminated with the same intensities exposed to the
control. The staircase APD gain is its measured output photocurrent divided by the photocurrent of its
control under the same illumination. The noise power was also measured at each intensity and corresponded
to Zq(lphoto + Idark)RA fMF (M) + Ngystem, the “n-step total” line in Figure 5.5(a,b). The intercept of the
"n-step total" line corresponds to the dark noise of the staircase APD and any system noise contributions.
By subtracting the intercept, we get the "N-step photo” lines in Figure 5.5(a,b), which are the photo noise

power of the staircase devices corresponding to 2q/photo RAfMF (M).

At the same input light powers, the measured control noise corresponds to 2qlyhotoRAf. The

measured staircase APD noise corresponds to 2qlphoto RAf MF (M). Therefore, the excess noise factor of
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the staircase APD can be calculated by dividing the measured noise of staircase APD by the measured noise
of the control and the gain of the staircase APD, F(M) = Ngtaircase/NcontrotM. This method for
determining F(M) accounts for any uncertainties with system gain and bandwidth and any noise
contributions from the laser source*. Since the staircase APD noise is divided by the control noise, these
uncertainties will be canceled, and only the excess noise intrinsic to the staircase device will remain. This

method is preferred for determining F (M) compared to direct calculation with (32).
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Figure 5.5: (a) The measured noise power for a 2-step staircase APD and its control, and (b) the measured noise power
for a 3-step staircase APD and its control.
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Figure 5.7: (a) The measured excess noise factor for a 2- and 3-step staircase APD compared to the excess noise, based
on (3), of a k=0 conventional APD, a Si APD?, and the theoretical excess noise of two best-case PMTs (A = 10, D =
o0)?!, (b) The measured excess noise compared to the theoretical excess noise for a 2- and 3-step staircase APD.
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Four devices were measured for both the 2- and 3-step staircase structure, and their excess noise
was averaged. The measured average excess noise factors for the 2- and 3-step staircase APDs are 1.02 and
1.08, respectively. The corresponding average gains for the 2- and 3-step staircases are 4.01 and 7.24. The
gain for a previously reported 1-step®’, as well as the gains for the 2- and 3-step staircase APDs, are plotted

with the theoretical, 2", gain in Figure 5.6.

Figure 5.7(a) shows the measured excess noise compared to the theoretical scaling of the best-case
k=0 conventional APD based on the local field model”, (3). Also plotted is the excess noise of a Si APD%
and two best-case high-gain first-dynode PMTs with 2- and 3-dynodes. For both PMTs, the gain of the first
dynode, A, equals 10, and the "degrees-of-freedom," D, is oo (the least noisy)?'. This “degrees-of-freedom”
describes the variability of secondary-emission efficiency across the surface of the dynode?®'. The measured
excess noise of both staircase APDs is much lower than that of the best-case k=0 conventional APD and
both best-case PMTs. Figure 5.7(b) shows the measured excess noise compared to the theoretical excess
noise of staircase APDs expressed in (30). Instead of plotting directly versus the probability, p, the average
gain was first calculated from the expression M = (1 + p)V and used. There is excellent agreement

between the theoretical and measured noise for the 2- and 3-step staircase APDs.

In this chapter, I have demonstrated experimental measurements of staircase APDs at 70 kHz. For
a 2- and 3-step device with an average gain of 4.01 and 7.24, the measured excess noise factors were 1.02
and 1.08, respectively. These measurements agree well with the theoretically predicted noise of staircase
APDs predicted by Capasso et al.”” and Teich et al.*! This measurement was made possible due to my
development of a new excess noise setup capable of measuring noise at operating frequencies in the 10s to
100s of kHz. Future iterations of this structure offer exciting implications for receiver sensitivities. First,
due to the exponential gain scaling in staircase APDs, each additional staircase step added to the structure
has the potential to double the gain. With the same near-unity excess noise factor, a future staircase APD
design with four or five steps would provide double or quadruple the gain of a three-step device while

maintaining a receiver system that is still circuit noise limited.
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6 SACM Staircase APDs

With the multistep staircase APDs, I have demonstrated devices with an excess noise factor ~2
times lower than a traditional best-case k=0 APD. This lower excess noise factor reduces device shot noise,
as seen in (1), leading to an overall increase in the APD signal-to-noise ratio. However, since this device
uses Alo7InAsSb as the absorber material (~1 pum cutoff), the absorber is limited to visible and NIR
detection. With the MWIR SACM APDs, I have demonstrated a device capable of detecting MWIR light
out to 3.5 um with gains up to 850 with a k-factor of ~0.04. This device achieves gains more than double
state-of-the-art InAs detectors and gain-normalized dark current densities over two orders of magnitude
lower than our previously reported MWIR Al0.15InAsSb-based detector. While this device has a low k-
factor near 0, it still has an excess noise factor ~2 times higher than achievable with a staircase multiplier.
The natural conclusion is to make a hybrid device, combining the low excess noise multiplication of the

staircase multiplier with the MWIR absorption capabilities of the MWIR SACM APD.

6.1 Design

Working with our collaborators at the University of Texas at Austin, a proposed design for such a
device was created incorporating Aly1sInAsSb as the absorber and a 2-step staircase structure as the
multiplier. This device should be able to detect MWIR light up to ~3 um and give a gain of ~4 with a near
unity excess noise factor. We call this device a SACMcase as it can detect and amplify IR light like a SACM
APD and is composed of a staircase multiplier. The design for the SACMcase and a control structure are
displayed in Figure 6.1. The control structure is nearly identical to the SACMcase, except the staircase
region has been replaced with Alo7InAsSb. Like staircase APDs, this control structure is used to calculate
the gain of the SACMcase by dividing the photocurrent of the SACMcase by the photocurrent of the control
at each bias point. Figure 6.2 shows the energy band diagram of the structure under -3.5 V of bias. Regions

corresponding to the absorber, charge grading, and staircase multiplier have been labeled.
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p*-GaSb, 1x10'° cm3, 30 nm p*-GaSb, 1x10'° cm3, 30 nm
p*-Aly ;,InAsSb, 2x10"8 cm3, 100 nm p*-Aly 7InAsSb, 2x10'8 cm-3, 100 nm
Absorber< Alj 45InAsSb, 1x10'6 cm-3 — UID, 1000 nm | | Al, 45InAsSb, 1x10'6 cm-3 — UID, 1000 nm
Grading{ Alj 15_,0.55INAsSb, UID, 140 nm Alj 15_,055INAsSb, UID, 140 nm
p-Alg 55,0 7INAsSb, 8x10'® cm-3, 60 nm p-Alg 55,0 7INAsSb, 8x10'6 cm3, 60 nm
Aly7_0InAsSb, UID, 37 nm
1st step Aly_,7InAsSb, UID, 61 nm

Al 7InAsSb, UID, 30 nm
Aly7_0.07INASSb, UID, 37 nm

Aly;InAsSb, UID, 256 nm

2d step Alg o7_07InAsSb, UID, 61 nm
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n*-Al, ;InAsSb, 2x10'® cm-3, 300 nm n*-Al, ;/InAsSb, 2x10'8 cm-3, 300 nm
n-GaSb substrate n-GaSb substrate

Figure 6.1: Schematic cross-sections of the SACMcase epitaxial layer structure (left) and control structure (right) with
labeled absorber, grading, and staircase step regions.
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Figure 6.2: Simulated energy band diagram of the SACMcase under 3.5 V reverse bias with labeled absorber, grading,
and staircase multiplier regions.

6.2 Characterization

Devices were fabricated using the process detailed in Appendix 1: Device Fabrication. As
previously reported for staircase devices, the gain of the SACMcase device was determined by comparing
its photocurrent with that of a control device having no steps in the multiplier region®*’. This gain, along

with current-voltage curves of the control and SACMcase structures, are shown in Figure 6.3. The control



66

must be under sufficient bias for the photogenerated electrons to overcome the graded charge layer,
demonstrated by the abrupt rise in current near -2 V. The gain of the SACMcase is determined beyond -2.8
V, the bias point where the steps have sufficiently flattened to initiate impact ionization. At a gain of 4, the
SACMcase can produce approximately 200% multiplied external quantum efficiency (EQE) at 1550 nm
without additional AR enhancement. GaSb presents a reflectance of about 0.34 at this wavelength’',
indicating that with a 1% AR coating, the SACMcase could provide a multiplied EQE of nearly 300% at a

gain of 4. The EQE could be further improved by increasing the thickness of the absorber region.

T T T = T T
-4 -3 -2 -1 0
Bias (V)
Figure 6.3: Current-voltage curves of the control (blue) and SACMcase (red) devices. Dark current curves are dashed,

and 1550-nm illuminated curves are solid. The resulting gain is shown in black. Measurements are of 150-pm-diameter
devices at 240 K.

Figure 6.4 shows the dark current of a 150-um diameter device as a function of temperature,
indicating a three-order-of-magnitude decrease in dark current from 300 K to 100 K at -3 V. This reduction
suggests that band-to-band tunneling is not the predominant dark current mechanism in the operating range.
Variable area diode analysis was performed at 240 K to extract the bulk and surface-leakage current

contributions to the dark current of the SACMcase devices.

Figure 6.5(a) shows the current-voltage characteristic at 240 K for five different-size devices. From
-3 Vto -5V in -0.5-V increments, [,k and Jsyurface Were fit using (11) for different diameter devices. For

all fits, RZ > 0.9998. The fitted J, 1k and Jsurface are plotted as an inset of Figure 6.5(a). At -3 V, where the
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gain of the SACMcase plateaus, the values for Ji, ik and Jourface are 3.38x102 A/cm? and 5.27x107° A/cm,
respectively. Using these values, the bulk current, Ik, and surface-leakage current, I, face, are plotted
versus device diameter in Figure 6.5(b). For diameters less than ~62 pm, surface-leakage current dominates,

and bulk current dominates for diameters greater than ~62 um.

To properly characterize the excess noise factor of this device, I first measured its 3-dB bandwidth
to see if it was high enough (over 15 MHz) to use the NFA-based setup depicted in Figure 2.4(a) or if |
would need to use the low-frequency setup shown in Figure 2.4(b). The bandwidth of the device was
measured with a 1550-nm laser diode directly modulated with a signal generator. The resulting 3-dB
bandwidth is displayed in Figure 6.6. The 3-dB bandwidth of the SACMcase is ~8 MHz, meaning that I

would need to use the low-frequency setup to measure the excess noise of this device correctly.
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Figure 6.4: Dark current-voltage curves of the SACMcase versus temperature for a 150-pm diameter device from 100
K to 300 K in 20-K increments.
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The excess noise factor of the SACMcase was measured in a cryo chamber at 240 K to reduce the
dark current. Under 543-nm He-Ne laser illumination, all light was absorbed before the staircase multiplier
region. The measurement was performed well below the device bandwidth at an operating frequency of
~70 kHz using the low-frequency noise setup described in the APD Noise Considerations chapter. The
SACMcase was biased to -3 V, where the gain curve plateaus. Four devices were measured, and their gain
and the excess noise factors were averaged. This measurement was performed the same way as the staircase
devices in the Excess Noise of Staircase APDs chapter above, where the noise of a control device was used
to calculate the excess noise factor in the SACMcase. Figure 6.7 shows a sample noise measurement plot.
The average gain for the four devices was 4.12 with an average excess noise factor of 0.97, falling in line
with the 2- and 3-step staircase APD devices I measured in the above staircase noise section. The measured
excess noise factor for the SACMcase also agrees with previously predicted theoretical excess noise*"’2.
The excess noise results for the SACMcase are plotted in Figure 6.8 alongside the previously measured 2-
and 3-step staircase APDs and the theoretical excess noise for a 2- and 3-step staircase APD*"%, Error bars

are included, representing the ranges of measured gain and excess noise for the measured devices.

Reference curves are also included for excess noise that scales as k =0, k =0.1, and k = 0.2.

In this chapter, I have demonstrated a hybrid SACM staircase (SACMcase) APD incorporating two
staircase steps with an average gain of 4.12 and an average measured excess noise factor of 0.97. The results
achieved in this chapter relied on results from several of the previous chapters. Design considerations for
the AlposInAsSb-based SACM APD chapter helped optimize the charge region thickness and doping
concentration in the final SACMcase design. Absorption coefficients obtained in the Alo.1sInAsSb PIN
chapter helped model the absorber in the SACMcase design. The methodology for measuring the excess
noise factor of staircase-step-containing devices was developed in the Staircase Noise chapter. Designs for
the low-frequency noise measurement setup used to measure the excess noise factor of the SACMcase were

introduced in the APD Noise Considerations chapter.
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7 Cascaded Multiplier APDs

From the Excess Noise of Staircase APDs chapter, | have demonstrated that the excess noise factor
of 2- and 3-step staircase APD structures is near unity as theoretically predicted. A maximum gain of ~7.3
was achieved with a 3-step structure. To increase the gain in a staircase structure, additional steps need to
be added, each drastically increasing the dark current in the structure due to the narrow bandgap regions
needed to form the staircase step. Another approach to increase the gain is to form a "cascaded" structure
where a staircase step or steps are placed before a conventional high-electric-field multiplication region. In
such a structure, the electrons would first impact ionize one or several times in the staircase steps before
entering a high-electric-field conventional region to impact ionize further. In this scheme, the staircase
region is akin to a low-noise pre-amplifier before a cascade of other amplifiers used to reduce the overall
output noise. It follows that the excess noise factor in this structure would behave similarly to that of the

noise factor in cascaded amplifiers based on Friis” equation’?

F2_1_|_...+FN—_1 (34)
Ml M1M2 e MN_1

FTotal :F1+

where My and Fy are the gain and noise factor of the N‘" stage in a series of cascaded amplifiers.

7.1 Design

For such a structure to be realized, a sufficient field must first be established in the conventional
multiplication region before the staircase steps unfold. As shown in Figure 5.2(a) from the staircase noise
section, once the staircase steps have unfolded, the gain flattens out, no longer increasing with bias as in a
conventional multiplier. However, increasing bias contributes to increased dark currents from the onset of
tunneling in the narrow bandgap region at the bottom of the staircase step. Therefore, a sufficient field
should be established, followed by the unfolding of the staircase steps to maximize the potential for gain
and minimize excess dark currents from the staircase region. For this cascaded multiplier structure to work,

an intermediate positive charge region should be placed between the staircase region and conventional
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multiplication region to allow for a high electric field to be established in the conventional multiplier before
depleting the charge region and subsequent unfolding of the staircase steps. Such a structure was designed
by my colleagues at the University of Texas at Austin and is depicted in Figure 7.1(a). This design
incorporates one staircase step before the conventional multiplication region. Similar to other structures
containing staircase steps, a step-free control structure (Figure 7.1(b)) was also grown, where the staircase
step region was replaced with an equally thick Alo7InAsSb region. This control structure is used to
characterize the gain in the cascaded multiplier APD by dividing the photocurrent present in the cascaded

multiplier APD by the photocurrent present in the control structure under the same incident light power.

Figure 7.2 shows the simulated energy band diagram of the cascaded multiplier APD at a bias of -
25 V. The simulation was performed with Ansys Lumerical CHARGE. The different regions are colored
corresponding to the epitaxy layers in Figure 7.1(a). In the figure, the unfolded staircase step is visible, as

well as the high-electric-field conventional multiplier.

p*-GaSb, 1x10'° cm, 30 nm p*-GaSb, 1x10"° cm3, 30 nm
p*-Aly 7InAsSb, 2x10'8 cm3, 100 nm p*-Aly 7InAsSb, 2x10'8 cm3, 100 nm
Absorber Aly,InAsSb, UID, 500 nm Al,,InAsSb, UID, 500 nm
. Aly7_InAsSb, UID, 37 nm
Sta'“’s"ize Aly_,-InAsSb, UID, 61 nm Al ;InAsSb, UID, 128 nm
° Aly,InAsSb, UID, 30 nm
P—charge{ p-Al;;InAsSb, 1.1x10'7 cm=3, 200 nm p-Aly£InAsSb, 1.1x10'7 cm-3, 200 nm
Gonventional Al ;InAsSb, UID, 500 nm Al, ;InAsSb, UID, 500 nm
multiplier
n*-Aly ;/InAsSb, 2x10'8 cm3, 300 nm n*-Aly ;InAsSb, 2x10'® cm3, 300 nm
n-GaSb substrate n-GaSb substrate

Figure 7.1: The schematic cross-section of the cascaded multiplier APD (left) and its corresponding control structure
(right).
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Figure 7.2: The simulated energy band diagram of the cascaded multiplier APD at a bias of -25 V with corresponding
epitaxial regions colored and labeled.

7.2 Characterization

Devices were fabricated using the process described in Appendix 1: Device Fabrication using the
dry/wet etch technique. To characterize the device performance, I-V characteristics were first measured
with a Keithley 2400 SourceMeter at room temperature. Measurements were made under blackout
conditions and 543-nm illumination from a He-Ne laser. The cascaded multiplier APD and its control were
illuminated with the same incident power, allowing for a direct comparison of the two structures. The
measured [-Vs are displayed in Figure 7.3(a). The hump in the control curves around -20 V indicates the
device has "punched through" and is depleting into the absorber. The cascaded multiplier curves show a
double hump. The first hump around -23 V most likely indicates when the device has depleted through the
p-charge region. The second hump around -30 V indicates where the staircase step has fully unfolded, and
the device has depleted into the absorber. Figure 7.3(b) shows the photocurrent ratio between the cascaded
multiplier APD and its control. For a standard staircase device (one with no charge region or conventional
multiplier), this photocurrent ratio would represent the gain. However, these devices operate under a high
enough bias that there is likely a sufficient electric field for impact ionization to occur after -25 V, where

the devices have initially "punched through" the p-charge region. This high electric field means the control
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structure likely has a non-unity gain. To get the overall gain of the cascaded multiplier APD, the gain in the

control structure must first be determined.

Current (A)
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Figure 7.3: (a) The measured current-voltage characteristic for the cascaded multiplier APD and its control. Both
devices have a 150-um diameter and are illuminated with ~31 pW of 543-nm laser light. (b) The photocurrent ratio

-20
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Figure 7.4: (a) The measured capacitance-voltage characteristic for a 150-um diameter control device. Punch-through
is visible around 20 V of reverse bias. The simulated capacitance-voltage characteristic is also included, and there is
excellent agreement with the measurement. (b) The extracted doping concentration versus depletion width for the
control structure with the p-charge region and absorber region doping values labeled.

One method to determine the gain is to use the following expression’

(35)
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where W is the thickness of the multiplier region and @ (E) and S (E) are the electric-field-dependent impact
ionization coefficients for electrons and holes, respectively. Expressions for a(E) and B (E) for Aly7InAsSb

have been previously published*® and are as follows
a(E) = 4.5 x 10° exp(—2.5 x 10°/E) (36)

B(E) = 3.5 x 106 exp(—3.2 X 106/E) (37)

The control structure was simulated using Ansys Lumerical CHARGE to extract the electric field strength
in the multiplication region. To confirm the accuracy of the simulation, the capacitance of the control
structure was simulated and compared to the measurements. The capacitance for a 150-pm diameter device
was measured with an HP 3275A LCR meter at 1| MHz under dark conditions. Figure 7.4(a) shows the
measured and simulated capacitance-voltage characteristics for the control structure. There is excellent
agreement between the measured and simulated C-V. Figure 7.4(b) shows the extracted doping
concentration versus depletion width for the measured C-V in Figure 7.4(a). The measured p-charge and
absorber doping concentrations are ~1.2x10'” cm™ and ~4.5x10" cm™, respectively. For the simulation, the
absorber region was doped 5x10'5 cm™ p-type, the multiplier was doped 5x10'> cm™ n-type, and the p-
charge was doped 1.35x10'7 cm™ p-type. The slight difference between measured and simulated p-charge

is likely due to a slight measurement uncertainty.

Now, with a sufficiently accurate simulation structure, the electric field in the structure can be
obtained. From the simulation at a bias of -25 V, just after punch-through, the average electric field strength
in the multiplication region is ~380 kV/cm?. Substituting this electric field into (35), a gain of ~1.38 at -25
V is calculated in the control structure. Using this value, the gain of the control and cascaded multiplier
APD can be calculated and is displayed in Figure 7.5. At a bias of -32 V, the cascaded multiplier APD has
a gain of ~6.1, indicating a combined gain contribution from both the staircase step and conventional

multiplier.
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Figure 7.5: The calculated total gain of the cascaded multiplier APD and its control using the calculated gain of 1.38
at -25 V in the control.

Calculating the excess noise factor in the cascaded multiplier APD can be achieved in a similar
way as other staircase-step-containing devices. The noise of the control structure can first be measured to
calculate the unity-gain shot noise for calculating the excess noise of the cascaded multiplier APD.
However, for the cascaded multiplier APD, the calculation is more complicated as the control structure no
longer has unity gain and unity excess noise. The photocurrent contribution of the shot noise of both

structures is as follows,

Ncascade = 2qIphotoRA]C]VIcascadeF(]\/I)cascade (38)

Ncontrol = 2qIphotoRAfIVIcontrolF(1\/1)control (39)

where both structures have their own M and F(M) terms. Note that Ippeto is the multiplied photocurrent,

not the unity-gain photocurrent. Solving for F (M) cascade in (38) yields

Ncascade
F(M =
( )cascade 2qlphotoRAflwcascade (40)
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At -32 V (the bias where the cascaded multiplier APD is maximized), M scade 1S already known from
Figure 7.5 above. The shot noise in the control structure represented in (39) can be used to calculate a value

for 2qlphotoRAS . The gain for the control structure at -32 V was determined above, s0 Mcontrol 18 known.

F (M) contro1 can be calculated from the local field model, (3). From previously published work, the k-factor
of Aly7InAsSb is ~0.01-0.05%*%°, Measurements above in the APD Noise Considerations chapter also
corroborate a k-factor of ~0.05. Using a k-factor of 0.05 and M.optro1 = 2.54, the term F(M)control 1S

calculated to be 1.65.

With values for M.gntro1 and F (M) control, @ Mmeasurement to obtain N.qpnirop 1S the final variable
needed to calculate a value for 2qlphoroRASf. With a bias of -32 V, the noise power of the control was
measured as a function of photocurrent achieved by varying the output power of the laser. This
measurement is the "Control Noise" line in Figure 7.6(a). A value for 2qlpnotoRAf oF “Nypiry” can be
obtained by dividing the control noise, (39), by the control gain, M qniro1 = 2.54, and the excess noise

factor, F(M)control = 1.65, Nunity = Ncontrol/ McontrolF (M) control). This new line is called "Unity
Noise" in Figure 7.6(a). By using a measurement to obtain 2qlpnotoRAf, we can account for any

uncertainties with system gain and bandwidth and any additional noise contributions from the laser source**.

Now, with a line representing 2qlpnoto RAf, the excess noise factor of the cascaded multiplier APD

can be calculated. Similar to the control, the cascaded multiplier APD was biased to -32 V, and the noise
power was measured as a function of photocurrent by varying the output power of the laser. This line,
"Cascade Noise," in Figure 7.6(a), is represented by (38). Finally, the excess noise factor of the cascade can
be obtained with (40). The average excess noise factor of seven cascade devices at a unity photocurrent of
~1.5 pA is plotted in Figure 7.6(b). The average gain is 6.05, and the average excess noise factor is 1.28.
This value is plotted alongside the excess noise factor scaling of a best-case k=0 conventional APD and a

Si APD.
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In order to account for measurement errors, because we assumed a k-factor of 0.05 for the control

device, error bars have been added to the measurement. The error bars for gain are the minimum and

maximum gain measured for the seven devices. The error bars for excess noise were generated by assuming

a control k-factor of 0 for the minimum and a k-factor of 0.1 for the maximum.
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Figure 7.6: (a) The measured noise power versus photocurrent for the control and the cascaded multiplier APD, as
well as the calculated unity gain noise. All measurements were made at -32 V under 543-nm He-Ne laser illumination.
(b) The calculated excess noise factor of the cascaded multiplier APD. The point is an average of seven devices with
error bars representing the span of measured gain and calculated excess noise. Also plotted is the theoretical excess
noise factor calculated from Friis' equation, (41), and the excess noise factor scaling for a best-case k = 0 APD and a

Si APD.
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Using Friis' equation, the theoretical excess noise factor of the cascaded multiplier APD can be

calculated. For the cascaded multiplier APD, Friis’ noise equation is

1 F, i -1

2 conventional

Fcascade = Fl + M = Fl step +
1

41
Ml step ( )

where Fj geep 1s the excess noise factor of a 1-step staircase APD, Fgnventional 18 the excess noise factor of
the k = 0.05 conventional multiplier at a gain of 2.54, and M; e, 1s the gain of the 1-step staircase APD.
For the cascaded multiplier APD, F; step = 1, Feonventional = 1.65, and Mj gep = 2.42. Substituting these
values into (41) yields a calculated excess noise factor of 1.27. An uncertainty can be placed on this value
by varying the assumed k-value for the conventional multiplier from k = 0 to k = 0.1. With these two
extremes, the calculated excess noise factor from Friis’ equation is 1.27 £ 0.02. This value is also plotted

in Figure 7.6(b).
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Figure 7.7: The Dark Current Density versus Gain for a 1-, 2-, and 3-step staircase APD plotted alongside the cascaded
multiplier APD. Gain for all devices was determined with 543-nm He-Ne laser illumination.
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For a final comparison, Figure 7.7 shows Dark Current Density versus Gain for the cascaded
multiplier APD alongside those of 1-, 2-, and 3-step staircase APDs. From the plot, it is clear that the goals
of the cascaded multiplier APD were achieved. The cascaded multiplier APD can achieve a gain greater
than that of a 1-step staircase APD, 6.05 versus ~2. It can also achieve this gain with a dark current density
of ~70 mA/cm?® versus a dark current density of ~170 mA/cm?* and ~400 mA/cm? for a 2-step and 3-step
staircase APD, respectively. The trade-off for the cascaded multiplier APD is the slightly sacrificed excess
noise factor of ~1.3 compared to the near unity excess noise factor in both the 2- and 3-step staircase APD

structures.

In this chapter, I have demonstrated measurements of a cascaded multiplier APD structure
incorporating a single staircase step followed by a conventional bulk Aly7InAsSb multiplication region.
The device reached a gain of ~6 with an excess noise factor of ~1.3. Compared to its pure staircase gain
counterparts with similar gains (2- and 3-step staircase APDs), the cascaded multiplier APD achieved its
gain with a dark current of ~70 mA/cm* compared to ~170 mA/cm? and ~400 mA/cm? for 2-step and 3-
step staircase APDs, respectively. While this device only had a gain of ~6, there are two ways to increase
the gain. Additional staircase steps can be added, each one doubling the gain. Also, optimizations in the
design of the bulk multiplication region could be performed to increase its gain beyond the ~2.5 present in
this design. Increasing the charge layer doping would allow a stronger electric field to build up in the

Alo7InAsSb multiplier, increasing its gain before the staircase step region depletes.
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8 Final Comparison of F (M)

As a final comparison, Figure 8.1 shows the measured gain and excess noise factor for all devices
presented in this dissertation, offering a convenient reference for the design space for AllnAsSb/GaSb.
Traditional SACM APDs have the highest noise with k ~ 0.05 scaling; however, they offer the highest
achievable gains much greater than 100. Staircase APDs with wide and narrow bandgap absorbers offer
near-unity F (M) with a gain approaching 8. The SACMcase brings the near-unity F (M) of a staircase APD
out to operating wavelengths in the MWIR. The cascaded multiplier offers a middle ground with respect to
F(M). With only a single staircase step, the cascade offers three times the gain of a 1-step staircase and
only a 28% increase in F(M). Additionally, the cascade has a dark current density ~4 times lower than
regular 2- and 3-step staircase APDs with similar gains. Overall, the AllnAsSb/GaSb materials system
offers a robust design space that can be tuned for specific needs. Conventional SACM APD structures are
possible with high gain and low k-factor excess noise scaling for applications that demand high gain.
Additionally, APDs incorporating staircase multiplication regions are possible for applications demanding

the lowest possible excess noise.
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Figure 8.1: The excess noise factor versus gain for the Alo.osInAsSb-based SACM APD, 2- and 3-step staircase APDs,
2-step SACMcase APD, and cascaded multiplier APD. Reference lines for k=0 and k=0.05 APDs are also included.

It should be noted that even the highest excess noise reported here is on the order of the lowest excess noise for Si,
known to have one of the lowest k-factors.
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9 Future Work

9.1 Higher step-count Staircase APDs

A natural continuation for staircase APDs is to increase the number of steps. As the gain increases
exponentially with the number of steps, the excess noise factor improvement over conventional APDs is
also expected to increase exponentially. Figure 9.1 shows the projected excess noise factor versus gain for
higher step count staircase APDs plotted alongside existing InGaAs/InP* and InGaAs/InAlAs™ SACM
APDs. Excess noise measurements for existing 2- and 3-step staircase APDs are included, as well as vertical
lines at gains of 16 and 32 for a theoretical 4- and 5-step staircase, respectively. A 4-step staircase APD
with a gain of 16 would have ~5x and ~9x lower excess noise than InGaAs/InP and InGaAs/InAlAs SACM
APDs. A 5-step staircase APD with a gain of 32 would have ~8x and ~17x lower excess noise than
InGaAs/InP and InGaAs/InAlAs SACM APDs. The higher step-count devices would also need to be

realized as SACMcase structures to allow for infrared absorption like the existing SACM structures.
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Figure 9.1: The projected excess noise factor versus gain for a staircase APD (red dashed) compared to InGaAs/InP
SACM APDs*?, InGaAs/InAlAs SACM APDs”>. Excess noise measurements for existing 2- and 3-step staircase APDs
are included, as well as vertical lines at gains of 16 and 32 for a theoretical 4- and 5-step staircase, respectively.

The main limitation in realizing higher step count staircase APDs is ensuring that all the staircase
steps unfold simultaneously. With each additional staircase step added, it becomes more challenging to

balance the electrostatics of the device in a way to ensure all steps unfold together. If only some of the steps
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are unfolded, there could be significant charge trapping in the unfolded steps as they essentially act as an
energy well. Additionally, suppose one step has completely unfolded and begins to flatten before the others.
In that case, carriers may begin tunneling in the narrow bandgap region at the bottom of the step, resulting
in increased dark currents. Adding intermediate charge layers between steps may become necessary for

higher step counts to ensure the proper step unfolding.

9.2 AlosInAsSb/InP SACM APDs

While my research has focused entirely on AllnAsSb lattice matched to GaSb, it is also possible to

grow AllnAsSb lattice matched to InP. Two papers have been recently published about
Alg70Ing 30As052Sbo1s PIN APDs lattice matched to InP***°. Similar to its GaSb counterpart, AllnAsSb on
InP was also found to have a low k-factor of ~0.02. Growth of AllnAsSb on InP presents fewer difficulties
than growth on GaSb as it can be grown as a random alloy. Theoretically, the direct band gap tunability for
AlInAsSb/InP should range from 1.81 eV (Alos4Ino.16As0.70Sbo 30) to 1.45 €V (Alo4sIng s2As)®. However, for
Al 70Ino 30As0.82Sbo 13, Hirst et al. have experimentally measured the bandgap to be closer to 1.45 eV when
grown at 325°C instead of the theoretically predicted 1.57 eV’°. For Alg7oIng21Aso74Sbo2s, Kodati et al.

have reported a bandgap of ~1.55 eV when grown at 450°C instead of the theoretically predicted 1.77 eV*’.

In addition to the growth of AllnAsSb as a random alloy, there are several other significant benefits
of being latticed to InP. First, crystal growth on InP is a more mature process compared to growth on GaSb,
leading to easier and cheaper growth at foundries. Second, a lattice match to InP unlocks the potential to
use Ings3GaAs as an absorbing material for SACM designs. As Inos3GaAs/InP is a staple for
telecommunications at 1550 nm, its material properties are well known, making it easier to design devices
with predictable characteristics. Finally, the availability of semi-insulating InP substrates allows for higher

bandwidth devices compared to ones grown on highly-doped GaSb substrates®.

With these considerations in mind, I have designed an SACM APD incorporating a Aly7InAsSb
multiplier and Ings3GaAs absorber designed for operation at 1550 nm. The schematic cross-section of the

device is shown in Figure 9.2. A 1000-nm thick multiplier was chosen to match the thickness in previously
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reported Alp7InAsSb PIN APDs*. A 1500-nm thick absorber should give an EQE of ~40 % without
incorporating an AR coating. Implementing a 1%-reflectively AR coating would increase the EQE up to

~57 %. The EQE for the device was estimated using the following,

Next = (1 - RInGaAS) eXp(_aInGaAsVVInGaAs,contact)(1 - exp(_aInGaAsVVInGaAs)) (42)

where Ringaas = 0.31 is the surface reflection for Inos;GaAs’” at 1550 nm, apygaas = 6200 cm™ is the
absorption coefficient for Ino.s3GaAs’ at 1550 nm, Wingaas contact = 100 nm is the thickness of Ing.s3GaAs
in the contact region, and Wi,gaas = 1500 nm is the thickness of the absorber. In (42), (1 — Ringaas)
represents light lost due to surface reflections, exp(—aInGaAsWInGaAS,Contact) represents light lost due to
absorption in the contact region, and 1 — eXp(—ajngaasWingaas) represents light absorbed and collected

in the absorber. Finally, Inos3GaAs was used for both p- and n-contacts as low resistance ohmic contacts

can be formed’®.

Simulations for this device using ANSYS Lumerical CHARGE indicate an operating range of ~38
V with breakdown in the multiplier*” (600 kV/cm) occurring at -85 V. At the time of writing, we are

currently discussing the growth of this structure with a commercial foundry.
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Figure 9.2: The schematic cross-section of a Alg7InAsSb-based SACM APD lattice matched to InP.
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Appendix 1: Device Fabrication
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Figure A1.1: Fabrication process for a PIN avalanche photodiode.
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Al.1 Fabrication Steps

The basic structure of an AllnAsSb-based PIN APD is shown in Figure Al.1(a).

On a spinner, rinse the surface of the sample with Acetone and Isopropanol (~10 s each) to remove any
residue from the surface. Dry the surface with nitrogen.

Using a photoresist spinner, coat the surface in a layer of positive resist. After spinning the resist, bake
on a hot plate. After this step, the sample will look as depicted in Figure Al.1(b). In our group, we
typically use AZ 5214 with the following parameters.

3.1. Spin speed: 4000 rpm

3.2. Acceleration: 1000 rpm/s

3.3. Spin time: 40 s

3.4. Bake temperature: 100 C

3.5. Bake time: 60 s

Using a Mask Aligner, align the pattern for the mesa structure (typically circles of various sizes). When
the pattern is aligned, expose the sample. After exposure, develop the sample. When finished, the
sample will look like Figure Al.1(c). For exposure, we used 365-nm light, and for development, we
use AZ 300 MIF with the following parameters.

4.1. Exposure dose: 175 mJ/cm?

4.2. Develop time: ~45 s (or until the mesa pattern is clearly visible)

To form the mesas, wet etch the sample in a solution of CsHsO7:H3;PO4:H,0,:H,O (10 g: 6 mL: 3 mL:
60 mL). Etch until the n-contact (blue) layer is reached, as shown in Figure A1.1(d). Remove the
remaining photoresist with an Acetone/Isopropanol rinse (10 s each) and dry with nitrogen. (Figure
Al.1(e)) Etching can also be performed in a dry/wet process, as detailed below.

Like step 3, spin another layer of positive photoresist (Figure A1.1(f)).

Use a Mask Aligner to align and expose the pattern for the metal contact layer (Figure Al.1(g)). We
use the same metals for both the p- and n-contacts.

Use an E-beam Evaporator to deposit the contact metals. Typically, we use a layer of Ti/Au (10 nm/100
nm) (Figure A1.1(h)).

Use Acetone and an ultrasonic bath to remove the unwanted contact metal by dissolving the underlying
photoresist and lifting off the metal (Figure A1.1(i)). At this point, the devices have been fully formed
and can be tested.

A1.2 Optional Passivation

10. A layer of SU-8 photoresist can be spun onto the sample to protect the device sidewalls from oxidation

11.

that would adversely affect the performance of the photodiodes by increasing their surface leakage
current. To do so, take the finished sample (Figure A1.1(j)) and spin on a layer of SU-8 photoresist
(Figure A1.1(k)). Our group typically uses SU-8 2000.5 with the following parameters.

10.1. Spin speed: 5000 rpm

10.2. Acceleration: 500 rpm/s
10.3. Spin time: 40 s
10.4. Bake temperature: 90 C
10.5. Bake time: 70 s

Use a Mask Aligner to align the passivation pattern and expose the sample. Bake the sample a second
time and develop. The finished sample will look as depicted in Figure A1.1(1). For exposure, we used
365-nm light, and for development, we use SU-8 Developer with the following parameters.

11.1. Exposure dose: 500 mJ/cm?

11.2. Post-exposure bake temperature: 90 C
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11.3. Post-exposure bake time: 70 s
11.4. Develop time: 30 s

A1.3 Dry/wet Etch Option

For the wet etchant described in step 5, the etch rate greatly decreases as the concentration of Al in

AllnAsSb decreases. For the low Al%-containing compositions needed for MWIR detection, a pure wet
etch leads to a large enough bevel such that the metal contact lithography no longer fits on the top mesa.
This problem can be circumvented by performing a dry etch to partially form the mesas, followed by a wet
etch to remove sidewall damage caused by the dry etch. Due to its physical nature, a dry etch will vertically
etch a mesa with minimal beveling. Typically, the dry etch is used to etch through the low Al-containing
AllnAsSb layers. A wet etch, using the solution in step 5, is used to finish the etch in the high Al-containing
AllnAsSb layers. Below are the parameters for dry etching using a reactive ion etch with inductively
coupled plasma (RIE-ICP). A thicker photoresist must also be used as the dry etch we use is not selective

to photoresist. We typically use AZ4330 with parameters also listed below.

RIE-ICP Parameters:

Process gases: Clo/N; (8 sccm/ 20 scem)
Process pressure: 4 mTorr.

Process temperature: 50 C

RF Power: 115 W

ICP Power: 300 W

AZ4330 Parameters:

e  Spin: 2500 rpm, 1000 rpm/s, 30 s

e Bake: 110 C for 120 s

e Exposure Dose: 500 mJ/cm?

o Develop: AZ400K:H,O (1:3) for 60 s (or until the pattern is clear)
e Post-develop Bake: 110 C for 600 s
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Appendix 2: Methods to Reduce Dark Current in Al 7InAsSb PIN
APDs

A2.1 NH4OH Dip

Alo7InAsSb is the most common material our group uses for APD designs. As such, it would be

beneficial for our Alp7InAsSb PIN APDs to have the lowest possible dark current. As the material contains
Al there is likely some surface oxidation on the sidewall that would contribute to an increased surface
leakage current. If this oxide layer could be removed, the surface leakage component of the dark current
could be reduced. I figured a finished sample could be dipped in a solution to remove the surface oxide. I
started by dipping the sample in a 10% Buffered Oxide Etch (BOE) solution for various times. However,

the BOE only increased the dark current by several orders of magnitude.

From my time as an undergraduate researcher at the University of Delaware, I remembered we had
some success with reducing dark current in InGaAs/InP photodiodes by dipping the samples in a 5%
Tetramethyl Ammonium Hydroxide (TMAH) solution in water. This solution acts as a dilute basic etch. I
was discussing this problem with a colleague from another research group here at UVA® and he suggested
I try using a 29% NH4OH solution in water. To evaluate the performance, I took a 29% NH4OH solution
and further diluted it in a 1:40 ratio by volume with water. I then dipped some Alg7InAsSb PIN samples in
the further diluted solution for 30 seconds. I then compared the dark current of the several devices before
and after the NH4OH dip. The results are displayed in Figure A2.1(a). The dip has clearly improved the
dark current of the devices. For the pre-dip curve, there is a slope change in the curve around -22 V, where
the dark current starts increasing at a quicker rate. However, in the post-dip curve, the slope appears to
remain constant out to around -42 V. Another observation deals with how the two curves appear around
device breakdown. The pre-dip curve has a more abrupt breakdown, only starting to curve upward around
-45 V. This behavior is characteristic of an abrupt surface breakdown. However, the breakdown for the

post-dip curve is smoother, with a gradual breakdown that looks similar to the photocurrent curve. This

b T want to acknowledge Chris Moore for suggesting the use of NH4OH.
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smooth breakdown is characteristic of a bulk region breakdown. Figure A2.1(b) plots the dark current

versus gain (left axis) for the pre- and post-dip samples. The pre-/post-dip current ratio is also plotted in

Figure A2.1(b) (right axis).
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Figure A2.1: (a) The dark current of an Alo.7InAsSb PIN APD before and after a 30-second dip in an NH4OH solution.
Also plotted is the photocurrent under lamp illumination. (b) The dark current versus gain for the Alo7InAsSb PIN
APD before and after the NH4OH dip (left axis) and the Pre/Post-dip current ratio (right axis).

A2.2 Double Mesa Fabrication

Another method for reducing the dark current in an APD is by implementing a double mesa

structure. This method is beneficial for reducing the surface leakage current contribution to the device dark

current as the double mesa structure acts to confine the high electric field away from the sidewalls of the
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structure. Figure A2.2(a) shows a schematic of how a double mesa PIN APD device looks, illustrating the
effect of electric field confinement. Figure A2.2(b) shows a 2D electric field profile (simulated with Ansys
Lumerical CHARGE) of the device depicted in Figure A2.2(a). The simulation illustrates the confinement
of the electric field from the top to the bottom of the depletion region. This structure is achieved by
performing two mesa etches. The first etch, with a smaller mesa diameter, is used to etch through the top
p-contact, just into the uid region. The second mesa etch, with a larger diameter, is used to etch into the n-
contact. By reducing the diameter of the p-contact region, the electric field is confined to the smaller top

diameter, greatly reducing the electric field strength near the sidewall of the detector.

uid-AllnAsSb

n-AllnAsSb

GaSb Substrate

p-AlinAsSb i

uid-AllnAsSb

n-AlinAsSb

Figure A2.2: (a) Schematic cross-section of a double-mesa PIN APD. (b) The 2D electric field profile, simulated with
Ansys Lumerical CHARGE, for the structure depicted in (a).
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To illustrate the performance benefit, I took one of our standard 1-pum thick Alp7InAsSb PIN APD
epitaxies and fabricated it as a double mesa. The photomask I used had various bottom mesa diameters (80
um, 100 pm, 150 um, 200 um). For each bottom mesa size, there were several smaller top mesa diameters
that reduced in size in 10-pm increments. Figure A2.3 is an I-V for a series of five 150-um bottom diameter
devices. As the top mesa diameter is reduced, the overall dark current also reduces. It is interesting to note
that as the top mesa diameter decreases, the slope of the dark current also appears to decrease. To further
emphasize this point, Figure A2.4 shows a 100/80-um and 150/100-um diameter device plotted together.
It is evident that after the device is depleted (~ -3 V), the slope of the 150/100-um diameter device is much
less steep than that of the 100/80-pm diameter device. In fact, at high bias, the 150/100-pm device has a
lower dark current than the 100/80-um diameter device. This implies that the surface current dominates at
a higher bias for Alo7InAsSb. The 150/100-pm diameter device has ~60% more bulk area compared to the

100/80-pm diameter device, yet it has a lower dark current.
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Figure A2.3: The current-voltage characteristic for a series of 150-um bottom diameter devices.
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Figure A2.4: The current-voltage characteristic for a 100/80-um and 150/100-um diameter device.

As a final comparison, Figure A2.5 shows the dark current versus gain for three devices. The blue
curve represents a "standard" fabrication run, a single-mesa structure with SU-8 photoresist to protect the
sidewalls. The red curve is a single-mesa device dipped in an NH4OH solution, as described above. The
black curve represents a double-mesa device that was also dipped in NH4OH. Both NH;OH-treated devices

have lower dark current at a given gain compared to the SU-8 passivated device.

It should be noted that the single-mesa structures used also benefit from a partial electric field
confinement away from the sidewalls. During the wet etching, the single-mesa samples are beveled because
the top GaSb capping layer, usually present in our devices, etches faster than the AllnAsSb layers. At the
top of the device, the electric field spans the entire diameter of the device, but toward the bottom, the electric
field becomes gradually confined away from the sidewall. Figure A2.6(a) shows a more accurate schematic
cross-section of a Alo7InAsSb PIN APD device. Figure A2.6(b) shows a 2D electric field profile (simulated
with Ansys Lumerical CHARGE) of the device depicted in Figure A2.6(a). The simulation illustrates the
gradual confinement of the electric field from the top to the bottom of the depletion region. Devices with
more anisotropic etches, forming straight sidewalls, will have a high electric field at the sidewall throughout

the entire length of the depletion region, leading to potentially large surface leakage currents. Compared to
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a beveled device, straight sidewall devices are more likely to benefit from a double-mesa structure due to

their electric field confinement away from the sidewall.
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Figure A2.5: The dark current versus gain for three Alo.7InAsSb PIN APD devices. Two single-mesa devices, one with

a traditional SU-8 surface passivation (blue) and one dipped in an NH4OH solution (red), and one double-mesa device
also dipped in an NH4OH solution (black).
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Figure A2.6: (a) The schematic cross-section of a beveled single-mesa PIN APD. (b) The 2D electric field profile,
simulated with Ansys Lumerical CHARGE, for the structure depicted in (a).
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Appendix 3: Troubleshooting the Low-frequency Noise Setup

A3.1 From Room Temperature to 240 K

Considerable steps were taken to enable the low-frequency noise setup to work in our cryogenic

chamber. For the 2- and 3-step staircase devices and the cascaded multiplier device, the low-frequency
setup at room temperature was sufficient as their dark current was low enough not to saturate the TIA.
However, the 2-step SACMcase would need to be measured at lower temperatures (240 K) to ensure the

dark current was low enough not to saturate the TIA.

A3.1.1 Room Temperature Setup

Figure A3.1(a) shows the physical room-temperature low-frequency noise measurement setup
depicted in Figure 2.4(b). The TIA is the black box at the bottom of the image, and the SourceMeter is at
the top. The SA is not depicted, but it is connected to the output of the TIA, coming out of the bottom of
the image. The GS probe used has an SMA connection, so it was connected to a breakout cable to separate
the positive and negative signals. It should be noted that the breakout cable was kept short to limit additional
noise in the system. Figure A3.1(b) shows a cable grounding the workbench. The inset shows the plug end
with only the ground pin. It is crucial for the workbench to be grounded! Without a grounded workbench,
RF interference in the lab will dominate the noise floor of the SA, making it impossible to measure the
noise of the DUT. It is also essential to ensure the SourceMeter is set to high accuracy mode! Under normal
accuracy, the SourceMeter generates enough RF interference to dominate the noise floor of the

measurement setup.

Figure A3.2 shows an image of the noise floor of the measurement setup without a device
connected. The center frequency is ~69 kHz with a resolution bandwidth of 47 Hz. From many rounds of
testing, I found that a noise floor of less than -110 dBm was sufficient to perform the low-frequency excess
noise measurements for all devices mentioned in this thesis. Therefore, if I could achieve a noise floor of -
110 dBm or lower when measuring in the cryogenic chamber, I would be confident in the sensitivity of the

system.
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‘i
Figure A3.1: (a) The room-temperature low-frequency noise measurement setup. The spectrum analyzer is not
depicted. (b) An image of the grounded workbench with an inset showing the plug end connected to the wall.
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Figure A3.2: An image of the noise floor at a center frequency of ~69 kHz with a resolution bandwidth of 47 Hz.

A3.1.2 Cryogenic Chamber Setup

To start, I simply moved the components of the low-frequency setup to our cryo chamber. I wanted
to see the noise floor of the setup without any modifications. Figure A3.3 shows the noise floor. In the
initial measurement, there are two big problems. One, the noise floor shows repeated ripples, likely

indicating some RF interference. Two, the noise floor is around -98 dBm, too high to measure the excess



104

noise of a device. After much trial and error, I discovered that the physical location of the cryo chamber
was the problem. I had the SourceMeter, TIA, and SA into a power strip. Depending on which wall the
power strip was plugged into, the noise floor in the setup would drastically change. Also, I found that the
chamber needed to be grounded, like the workbench, to reduce RF interference. To solve the problem, I
physically moved the cryo chamber from its workbench to the same workbench used for the room-

temperature low-frequency noise measurements.

Figure A3.4 shows an image of the cryogenic-temperature low-frequency noise setup. The layout
is effectively the same as for the room-temperature version, except that there is an additional grounding
line that connects the cryo chamber to the common ground of the outside of the TIA case. The TIA is
elevated on a wooden box because the SMA breakout cable was too short to connect the GS probe to the
TIA sitting on the workbench. After all modifications, the cryogenic setup, as depicted in Figure A3.4,
achieved a noise floor of about -110 dBm, as shown in Figure A3.5. At this point, the setup was ready to

test on known working devices to confirm its capabilities.

Mkrl 69.327 kHz
-98.999 dBm

| ca0.000000 Hz|
| AU ~ Man|

Center 69.040 kHz
#Res BH 47 Hz VBH 47 Hz Sweep 40.48 ms (601 pts)

iCopyright 2000-2006 Agilent Technologies

Figure A3.3: The noise floor of the low-frequency setup attached to the cryo chamber without any modifications.
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Figure A3.5: The noise floor of the cryogenic-temperature low-frequency noise measurement setup after it was moved
to the same workbench as the room-temperature setup.

A3.2 Testing the Setup in the Cryogenic Chamber

To test the viability of the setup, I first decided to measure the noise power of a simple PIN APD
at low bias where there is unity gain and unity excess noise. The measurement was performed at atmosphere
and room temperature. The noise was measured at an operating frequency of ~70 kHz and a resolution
bandwidth of 39 Hz. The results of the measurement are displayed in Figure A3.6. Like the staircase and

SACMcase measurements presented above, the noise power containing the dark and photocurrent
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contributions is plotted in black, and the photocurrent-only contribution is plotted in red. A clear linear
relationship is present, meaning the setup in the cryo-chamber is sensitive enough to measure the noise of

DUT correctly.
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Figure A3.6: The measured noise power versus photocurrent of a PIN APD at low bias with unity gain and unity
excess noise using the cryogenic-temperature low-frequency noise measurement setup. The black points represent the
photo and dark current contributions, whereas the red points represent only the photocurrent current contribution.
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Figure A3.7: The measured noise power versus photocurrent of the 3-step staircase and its control at 240 K measured
using the cryogenic-temperature low-frequency noise measurement setup.
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The final test was to measure a staircase APD structure. I selected the 3-step staircase APD. The

measurement was performed at 240 K under a pressure of less than one mTorr. Like the PIN APD, the 3-

step staircase APD was measured at an operating frequency of ~70 kHz with a resolution bandwidth of 39

Hz. The measurement technique was the same as presented in the Excess Noise of Staircase APDs chapter,

where the control was measured alongside the 3-step device to serve as a measured value for the

unmultiplied shot noise power. The measurement is displayed in Figure A3.7 and looks very similar to the

ones performed in the Excess Noise of Staircase APDs chapter at room temperature. Figure A3.8 shows the

measured excess noise factor for three 3-step devices. The results are similar to those found at room

temperature. The slight increase in noise is likely attributed to the slightly higher than 2" gain measured in

the devices. With successful measurements of a standard PIN APD and a 3-step staircase APD, I was

confident the cryogenic-temperature low-frequency noise measurement setup was ready to measure the

excess noise of a 2-step SACMcase APD.
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Figure A3.8: The measured excess noise factor of the 3-step staircase APD measured at 240 K in the cryogenic-
temperature low-frequency noise measurement setup. Reference lines for k=0 and k=0.1 are included.
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Appendix 4: SEM Images

Below are a few scanning electron microscope (SEM) images I took throughout my time at UVA.
I have included these images because I think they look cool and display a level of detail unobtainable with
light-based microscope imaging. All SEM images were taken using the Zeiss GeminiSEM 560 inside the

UVA Innovations in Fabrication (IFAB) facility.
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Electron-beam evaporated gold. To the naked eye this is a mirrored surface. The scratch mark was left by a 5-um
tipped tungsten needle probe used to test devices.
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The surface of a semiconductor with many point defects (black dots).
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