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Abstract

Over the past decade, we have witnessed a renaissance in power and RF electronics — enabled by
breakthroughs in wide-band gap semiconductors made using III-nitride materials. Yet, an exciting
but emerging application of these materials is their use in extreme temperature environments such
as oil/gas, combustion and space, where traditional silicon electronics do not operate. In this the-
sis, I discuss how polarization fields in gallium nitride on silicon (GaN-on-Si) can be used to make
thermoelectric energy harvesting and sensing devices to achieve this ambitious goal of “extreme en-

”

vironment” operation. In the first part of this thesis, I discuss measurements of the thermoelectric
properties of the aluminum gallium nitride/gallium nitride (AlGaN/GaN) two-dimensional electron
gas (2DEG) from room temperature to 300°C. Our experiments demonstrate state-of-the-art ther-
moelectric power factors (4-7 mW-m~1K~2 at room temperature) and thermoelectric figures of merit
~4x better than doped III-nitride materials. These properties can enable a monolithic GaN-on-Si
micro-thermoelectric generator with a power density of ~1 mW-cm ™2, which can be used to power
an extreme environment IoT node. I follow this with a brief digression on the thermoelectric prop-
erties of AlGaN/GaN films on a pyramidal Si substrate, a strategy that can increase power density
in micro-thermoelectric generators.

Switching gears, I next discuss how the transfer of momentum from lattice phonons to electrons,
a phenomenon called phonon drag, can be used to boost the low temperature thermoelectric per-
formance in the AlGaN/GaN 2DEG. The measurements of the phonon drag Seebeck coefficient are
conducted by varying the thickness of the underlying GaN layer. For large GaN thickness (~1.2
pm), we find that ~32% of Seebeck coefficient at room temperature can be attributed to phonon
drag. At 50 K, the drag component increases significantly to ~88%.

In the last part of my thesis, I discuss how manipulation of the polarization fields in the Al-
GaN/GaN 2DEG can be used for high-performance sensing applications. I first discuss a model for

studying electronic transport in AlGaN/GaN transistors under small applied strains, which may find

iv



use in pressure sensing and device packaging. Then, I present measurements of a novel ultraviolet
(UV) photodetector employing the 2DEG formed at the Al1GaN/GaN interface as an interdigitated
transducer. This photodetector exhibits a record high normalized photocurrent-to-dark current ratio
(~6x10'), which enables highly sensitive detection of UV optical stimuli. Overall, the techniques
explored in this thesis are an important step towards the maturation of the AlGaN/GaN-on-Si

platform as an extreme environment IoT node.
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(a) Fully-suspended platform to measure local temperature rise using the thick GaN
heterostructure. The six labelled AlGaN-GaN Seebeck 2DEG mesa regions (e.g., 2-27,
shaded white for clarity) can be used to estimate temperature rise near the heater
line, which mimics a power device. Note that the temperatures are measured at the
“hot” ends of the mesa regions, marked by a { symbol. (b) Finite element model of
temperature rise with a heater power of 25 mW using the extracted thermal properties
of the thick GaN sample. The model is for a quarter symmetry region of Figure 3.14a.
Three locations for temperature rise measurement (2, 37, 67) are also shown. The Si
substrate is assumed to be at 25°C in this model. (c¢) Simulated and experimentally
determined temperature rise at locations. The measured temperatures are noted to
be accurate to within 15%. We used the measured Seebeck coefficient of the thick
GaN sample to extract the temperature rise. (d) Measured thermoelectric figure of
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An improvement of ~22 to 51% is noted for the thin GaN sample over the thick GaN
sample over the temperature range. Scale bars of (a), (b) 500 pm, 100 pm. (€©)2018
Wiley. . . o o e e
(a) Room temperature Seebeck coefficients (S) as a function of carrier concentration
(ny) in GaN. The black line represents the Seebeck coefficient model. The experi-
mental data points [79, 102, 103] and the model are at room temperature. All the
data points correspond to doped, bulk films. The measured values for the 2DEG in
the thick and thin GaN sample in this work are also plotted. (b) Power factor of the
2DEG in the thin and thick GaN samples. The power factor for state-of-the-art ther-
moelectric materials is usually between 1.5x1073 and 4x10~2 W-m~'K~2 at room
temperature [81]. ©2018 Wiley. . . . . . .. ..
(a) Schematic of pyramidal heterostructure, showing the different layers and geometry-
induced tapering of film thickness. (b) Optical images of long strip-type devices for
current-voltage and Seebeck coefficient measurement experiments. An array of pyra-
midal structures can be seen on the surface of the pyramidal strip. (¢) SEM images of
the multilayered AlGaN/GaN layers grown using a MOCVD process on flat Si(111)
substrate and (d) on inverted pyramidal Si substrate with zoomed-in view at different

locations along the (111) surface. (©2017 AIP. . . . . . . .. ... ... ... ....
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3.17 (a) SEM image of the multilayered AlGaN/GaN films on inverted pyramidal Si sub-

3.18

3.19

3.20

3.21

3.22

strate with (1-4) zoomed-in view at different locations along the (111) surface. These
locations and images were used for energy dispersive X-ray spectroscopy (EDS) anal-
ysis (EDAX Inc.) to identify the composition of the elements in films along the
pyramidal surface. (b) Relative atomic ratio between Ga and Al at different locations
(1-4). The other elements detected are not considered in the calculation. It should be
noted that the heterostructure is Ga-rich in the upper portion, but gradually transi-
tions to Al-rich towards the bottom. (©2017 AIP. . . . . ... ... ... ... ....
(a) Simulated energy band diagram for the flat device with AlGaN thickness set
to 30 nm. The thickness of the 2DEG region, top, is shown in the region where
GaN is degenerate. (b) Volumetric charge density, n,, versus position, depicting the
approximately triangular charge profile. (©)2017 AIP. . . . . . ... ... .. .....
Experimental setup for Seebeck voltage measurement. The sample was firmly sus-
pended across a heater and heat sink. Thermal grease (Apiezon Inc.) was used to
ensure good thermal contact. The temperature at both ends was measured using a
self-adhesive K-type thermocouple (OMEGA Eng.). (©2017 AIP. . . . . .. ... ..
Comparison of (a) current-voltage response and (b) Seebeck voltage of AlGaN/GaN
thin films on conventional flat silicon substrate and inverted pyramidal silicon sub-
strate. Using a linear fitting curve, approximate Seebeck coefficients of -296.6 ©VK!
and -848.4 uVK! were obtained for AlGaN/GaN on flat and inverted pyramidal sur-
faces, respectively. (©2017 AIP. . . . . . . . . ..
Experimentally observed [79, 103, 102, 78] and theoretically calculated (solid lines)
Seebeck coefficients as a function of carrier concentration in GaN, AIN and related
ITI-V alloys. For the data from Zhang et al. [78], carrier concentration was assumed
to be ~10'® cm? based on the other data in the paper. The Seebeck coefficients for
GaN and AIN are calculated based on the model proposed by Sztein et al [77]. (©)2017
ATP. . o e
Schematic of the electrical circuit equivalent to (a) the AlGaN/GaN on flat Si(111)
substrate and (b) AlGaN/GaN on inverted pyramidal Si(100) substrate indicating
location-dependent electrical circuits due to tapered thickness of AlGaN/GaN mul-

tilayers. Note that the 2DEG at the bottom of the pyramid is expected to have a

smaller charge concentration when compared to the top of the pyramid. (€)2017 AIP.
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3.23 Magnitude of the Seebeck coefficient as a function of carrier concentration and dislo-

4.1

4.2

4.3

cation density in a GaN film, based on the model by Sztein et al [77]. We varied the
charged dislocation density parameter (Ngs) from 10° em=2 (typical films [98, 117])
to 101 cm=? (extremely defective film [119]) within the model to estimate the Seebeck
coefficient variation. It is seen, for example, that the Seebeck coefficient increases by
~25% as the dislocation density varies from 10° to 10!! cm~2. Similar results have
been observed in InN films [119]. We note that the observed Seebeck coefficient in-
crease for the pyramidal film over the flat film was over 180%. Thus, while dislocation
density increase could be partly responsible for the higher Seebeck coefficient in the
pyramidal film, we attribute the major cause to composition variation arising from

the difference in the mass transfer rates of AIN and GaN. (©)2017 AIP. . . ... ..

Measurement platform to probe phonon drag. (a) Schematic of suspended
device to measure Seebeck coefficient, showing the heater metal, the AlGaN/GaN
mesa, and the gate. (b) Cross-sectional SEM image of the suspended region, showing
Si, the buffer and the GaN layer. This image is for the thick GaN sample, with
tgany =~ 1.2 nm. (c) 2D schematic of the suspended mesa region, showing the drag
and diffusive components of the Seebeck voltage. The phonon wave vector is marked
by the symbol Q. (d) Flowchart showing the numerical procedure to extract the
phonon drag component of the Seebeck coefficient, Spp,. . . . . . . ..o
Fabrication process to create the suspended AlGaN/GaN diaphragms for measure-
ment of thermoelectric properties. . . . . . . . . ... oL
(a) Microscope image of the gated Seebeck coefficient measurement structure. (b)

Temperature-dependent thermal conductivity for the amorphous alumina film.
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4.4

4.5

Measurements for un-gated devices. (a) Temperature dependent sheet density
(n2p) of the thick and thin GaN sample. The experimental markers (blue triangles
and red circles) are obtained from Hall-effect and van der Pauw measurements, while
the dashed lines show the simulated values obtained from a commercial solver. The
inset shows a schematic of the AlGaN/GaN quantum well, with the Fermi level and
the characteristic thickness of well, top, marked. (b,c) Mobility for the thick and
thin GaN sample, with the dashed lines showing the simulated components, and the
markers from Hall and van der Pauw measurements. (d) Measured Seebeck coefficient.
The dashed lines show the calculated diffusive components, which are similar for the
thick and thin GaN samples. (e) Measured (markers) and calculated (dashed lines)
thermal conductivities for the thick and thin GaN samples. (f) Simulated values of the
phonon drag component of the Seebeck coefficient obtained by sweeping the effective
thickness of the GaN layer. The red markers show the estimated drag component for
the thick GaN sample extracted from the experimental data. A clear suppression of
phonon drag is observed for smaller GaN layer thickness. . . . ... ... ... ...
(a) Energies of the bottom 2 subbands in the AlGaN/GaN quantum well for the
thick and thin GaN samples. (b) AFM image of the surface of the thick GaN sample
(with the alumina layer on top). The RMS roughness is estimated to be ~1.4 nm.
(¢) Gating of the sheet density in the thick GaN sample at a temperature of 50 K.
(d) Electron-phonon momentum conservation in the out-of-plane direction for 2DEG
sheet densities varying from 1-10x10'2 cm~2. The corresponding shape of the wave
function, v(z), for the bottom subband at the 2DEG at the AlGaN/GaN interface is

shown in the inset. . . . . . . . . . . e
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4.6

5.1

5.2

5.3

Measurements with a gate bias. (a) Modulation of the sheet density in the
2DEG (n2p) with applied gate bias at 300 K and 50 K for the thick GaN sample.
The markers are obtained from Hall-effect measurements. The inset shows the sim-
ulated wave function in the bottom subband of the 2DEG for three different sheet
densities. The coordinate z = 0 corresponds to the AlGaN/GaN interface, as seen
in the band diagram (black lines). Positive z represents the GaN layer. (b) Experi-
mental measurements of field-effect mobility at 300 K. (c¢,d) Gated Seebeck coefficient
measurements for the thin and thick GaN sample. The solid lines are a guide for the
eye, while the makers are the experimental measurements. (e) Estimated drag com-
ponent for the thick GaN sample from the experimental data, at 50 K. (f) Simulated
phonon drag component for the thick GaN sample (using tgon = 1.2 pm) for 2DEG
sheet densities that correspond to our applied voltage range, at 50 K. (g) Estimated
temperature-dependent power factors for the thin and the thick GaN samples from
50 to 300 K from the experimental data, with the gate grounded. The dashed red and
blue lines are guidelines for the eye. We have also included power factor data from

other material systems for comparison with the thick GaN 2DEG. . . ... ... ..

(a) Cross-sectional image of a typical Ga-face AlGaN/GaN heterostructure used in
HEMT device microfabrication. (b) Top-view of the AlGaN/GaN HEMT under bi-
axial applied strain in the 1- and 2-directions (basal plane). (©2016 IOP. . . . . ..
Schematic illustration of energy bands in an undoped AlGaN-GaN heterostructure.
The black lines and the thick grey lines represent the bands with no strain and after
the application of a tensile external strain, respectively. ¢, ¢, represent surface and
polarization charge densities, respectively. In the Figure, ng represents the electron
sheet density at the 2DEG. Further, it should be noted that the AlGaN and GaN
surface charges arise from the net difference of the donor and acceptor states (whose
density is constant in this model) on their surfaces. For large strain values, the change
in the positions of the the conduction and valence band edge is significant (not shown
in the Figure).(©2016 IOP. . . . . . . .. ... ... ..
Transition energies from the HH/LH and the CH valence bands to the conduction
band in AIN and GaN, based on [174] for a large applied strain range of £3%. These

values are calculated at a temperature of 0 K assuming no initial strain. (©)2016 IOP.
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5.4

5.5

5.6

5.7

5.8

6.1

B.1

Strain-and temperature-dependence of the 2DEG sheet density ns and Schottky bar-
rier height ¢, as a function of the interface state density Dy, at the Schottky-AlGaN
interface. ©2016 IOP. . . . . . . . ... ...
(a)-(c) Current-Voltage characteristics of the HEMT channel as a function of strain,
temperature and Dj; at Vp = 1. The zoomed in regions are only to show the order of
the lines when they are close. A flip in the strain response characteristic is observed
in (b) at a gate voltage of ~-3 V. (d) Plot of numerically modeled AIp(%) for 0.1%
€s with a temperature fluctuation from 300-325 K. (©)2016 IOP. . . . . . .. ... ..
(a) Schematic illustration of material stack. (b) Optical image of fabricated device.
©2016 ACS. . . . .
a) UV photoresponse of characteristic 2DEG-IDT and MSM devices exposed to 1.5
mW-cm~2 UV power. (b) Responsivity as a function of incident power, with the re-
sponsivity corresponding to 100% Q.E. labelled. Measurements below 0.010 mW-cm 2

2 were performed with

were performed using Setup II, those above 0.010 mW-cm™
Setup 1. (c) Transient measurement of 2DEG-IDT response to 0.17 mW-cm~2 365
nm illumination chopped at 5 Hz, measured in Setup I. (d) Respounsivity vs. wave-
length, measured in Setup II. Measurements in (b,c,d) were at a bias voltage of 5 V.
©2016 ACS. . . . . e
Comparison of internal gain vs. length for (a) Pd-MSM and (b) 2DEG-IDT photode-
tectors. Error bars represent response biasing photodetector at £5 V. Inserts show
microscope images of fabricated devices with spacing of 4-20 pm, scale bars represent
100 pm. It is observed that there is a linear proportionality between gain and % for
the 2DEG-IDT device (black dashed line), but not for the Pd-MSM device. Band
structures for the Pd-MSM and 2DEG-IDT photodetectors under applied bias are

found in (c) and (d) respectively. Dashed lines in GaN conduction band represent

electrostatic barrier lowering due to photon-induced hole accumulation. (©)2016 ACS.

(a) Band diagram of a AlGaN/GaN heterostructure with a thick GaN cap, showing
the 2DHG at the GaN cap/AlGaN interface. (b) A 2DEG-2DHG thermocouple.

Fabrication process for the thermoelectric property measurement platforms described

in Chapter 3. . . . . . . . . L e
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Chapter 1

Introduction

1.1 Electronics for Extreme Temperature Environments

Semiconductor devices based on silicon (Si) are the focal point of today’s information revolution.
One of the major themes of this revolution is the integration of billions of cheap, low cost sensor
nodes with renewable power sources, which, coupled with advancements in artificial intelligence,
enable automation at an unprecedented scale. This phenomenon is often referred to as the Internet
of Things (IToT), and is expected to grow to ~91.4 billion US dollars by 2023 [1]. Most IIoT is fo-
cused on applications within silicon’s mil-spec temperature range (-55°C to 125°C). However, many
applications, which function in “extreme environments“ as depicted in Figure 1.1, could benefit from

low-power IoT outside this temperature range. Although extreme environment could refer to me-
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Figure 1.1: Applications for extreme temperature electronics.
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chanical forces, pressures, radiation levels, or chemical environments, in this thesis, we are primarily
concerned with temperature. For example, combustion engines in aircraft systems require sensors
which measure temperature and pressure above 350°C [2]. Automobiles often require chemical/gas
sensors at the exhaust, which should withstand temperatures from 350°C to 600°C [3, 4]. Other
examples of high-temperature applications include furnaces, geothermal [3], oil and gas [3], as well as
atmospheric re-entry during planetary space missions. On the other extreme, cryogenic electronics
are required for space applications [5], highly-sensitive detectors and sensors [6], and remote sens-
ing. In this thesis, we are largely concerned with cryogenic electronics above the liquid nitrogen
temperature (77 K).

Modern consumer electronics used today incorporate many sensors, microprocessors and com-
munication techonologies (such as wireless chipsets). However, in extreme environment, no such
system exists till date, with the only existing technology being a few simple sensing devices [7]. In
addition to the lack of microprocessors, traditional power sources, such as batteries, do not exist at
high temperatures (above 250 °C) [8]. Furthermore, most devices used in extreme high temperature
environments today require some form of active cooling (often bulky) to keep device temperatures
low, however, this is not challenging when the ambient itself is an extreme environment (such as
downhole oil/gas applications). In this scenario, it is necessary to overcome fundamental material
limitations to enable extreme environment electronic systems.

An electronic material’s fundamental limitation to work at high temperature is related to its
temperature-dependent intrinsic carrier concentration, which is a function of its bandgap (Eg). The

intrinsic carrier concentration can be expressed as [9]:

_Eg_

n; =/ N.Nye *BT (1.1)

where N, and N, are the conduction and valence band density-of-states, kp is the Boltzmann
constant and T is the temperature. The temperature dependent intrinsic carrier concentration for
Si is plotted in Figure 1.2 up to 800°C. Traditionally, silicon devices are doped in the range of 10
to 10 em™3. It can be seen that n; for Si reaches ~10' cm™3 at a temperature of 300°C, at which
point, it is comparable to the doped charge concentration, and starts to adversely impact device
operation. The plot also includes the intrinsic carrier concentration for gallium nitride (GaN), a
wide-bandgap semiconductor (Eg of 3.4 eV), where the intrinsic carrier concentration (~ 105 cm™3

at 300°C) does not limit operation up to temperatures as high as 1000°C. This suggests that a wide-

bandgap material, such as GaN, when mature enough to make microprocessors, sensing technologies,
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Figure 1.2: Temperature-dependent intrinsic carrier concentration in Si and GaN.

and dedicated power delivery, could be used to realize an extreme environment electronic platform

for a range of industrial and space applications.

1.2 Gallium Nitride as an Extreme Environment Electronic

Material

Gallium nitride (GaN) is a wide-bandgap (~3.4 eV) semiconductor with a direct bandgap, and has a
Waurtzite crystal structure [10]. It is part of the larger family of ITI-nitride devices, which also include
aluminum nitride (AIN, Eg ~ 6.2 eV) and indium nitride (InN, Eg ~ 1.97 eV) [10]. GaN, AIN and
InN can be alloyed to form semiconductors with tunable direct bandgap. GaN first emerged as an
important semiconductor in the late 1980s and the early 1990s due to breakthroughs in the growth of
InGaN on sapphire, which eventually lead to the commercialization of the blue light-emitting diode
(LED). Due to its opto-electronic properties, InGaN is today (early 2019) the second most important
semiconductor after Si [7]. In a parallel line of work, the growth of high quality GaN on sapphire led
to the demonstration of the AlGaN/GaN high electron mobility transistor (HEMT) in 1993 [11]. In
such a transistor, the AlGaN layer is very thin (~20-30 nm) and a two-dimensional sheet of electrons
(2DEG) at the AlGaN/GaN interface forms the channel for the transistor. The high mobility of
the electrons in the 2DEG (~2000 cm?-V~!s~! [7]), coupled with the high breakdown field of GaN
(~5 MV-cm~1 [7]) paved the way for the development of high-power and RF electronics. Today,
high-power and RF HEMTs have been commercialized. Further, GaN devices are now grown on 8”

Si substrates which enables low cost [7].
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Table 1.1: Properties of Si and GaN.

Parameter Si GaN
Bandgap (Eg, eV) 1.1 [17] 3.4 [17]
Melting Point (°C) 1415 [17) 2500 [17]

Electrical Failure (°C) 300 [3] 1000 [12]

Yield strength (MPa)  ~10 (at 600°C) [18] ~200 (at 600°C) [18]

Tensile strength (GPa) ~7 [19] ~10 [20]
Atomic bond energy (eV) 2.34 [15] 8.92 [15]

Gallium nitride is also very suitable for harsh environment applications, because of its wide-
bandgap, high melting point, high radiation hardness, and most notably high temperature electronic
operation (table 1.1). In particular, InAIN/GaN HEMTs with a 2DEG at the InAIN/GaN interface
have shown operation up to 1000°C [12], while AlIGaN/GaN HEMTSs have shown operation up to
600°C [13]. For comparison, the best silicon devices, which are based on the silicon-on-insulator
(SOI) technology, have demonstrated operation up to 300°C. The mechanical properties of GaN are
also favorable in comparison to silicon, which leads to reliable MEMS devices. For example, the
yield strength of GaN, at 200 MPa, is about 20 times the value of Si (table 1.1). Finally, GaN (and
other ITI-nitride materials) are robust to high levels of radiation exposure and have a high atomic

bond energy [14, 15, 16], which supports their use in the space environment.

1.3 AlGalN/GaN-on-Si Platform

When a heterostructure of AlGaN/GaN is grown on top of Si, it becomes a versatile platform for
extreme environment [oT. In particular, growth on top of Si allows the fabrication of microelectrome-
chanical (MEMS) devices, by releasing the silicon via etching. Both topside etching (using a vapor
phase XeF, etch) and backside etching (using a deep reactive ion etch) have been demonstrated.
Some important sensing devices that take advantage of the released substrate include pressure sen-
sors [21], MEMS resonators [22], micro-hotplates [23], fast recovery UV photodetectors [23]. Other
sensors, such as chemical sensors [24, 25, 26] and UV photodetectors [27, 28] do not need a released
substrate. In a parallel line of work, researchers have been actively trying to build integrated circuits
using AlGaN/GaN transistors, with basic circuits (such as an inverter) demonstrated up to 375°C
[29]. Instead of complementary p-type and n-type transistors, these circuits use enhancement mode
(E-mode) and depletion mode (D-mode) HEMTs as the basic building blocks [29]. This constraint
is due to the poor hole mobility in GaN (below ~30 cm?-V~1s™! at room temperature [30, 31]).
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Figure 1.3: Monolithic integration of electronics, sensors and power sources on an AlGaN/GaN-on-Si
platform.

Finally, GaN transistors can also be used as the building blocks in RF and power conversion circuits.
Although further maturation of sensing technology is required, in particular, the high temperature
operation capability, current progress in sensing, power delivery, and wireless communication sug-
gest that a monolithic IoT platform using GaN-on-Si is feasible. An example of such a platform is

depicted in Figure 1.3.

1.3.1 Energy Harvesting

Beyond the development of electronics for sensing, processing, and transmitting information, one
of the key challenges with extreme environments is power delivery. Current battery technology is
not functional above a temperature of 250°C. Although cabled wiring from a different location is
possible, this is very challenging if the ambient itself is an extreme environment. Further, wiring
would increase the footprint of the system, and make system integration complex. In this scenario,
the only viable option to have a local energy harvesting module integrated with the electronics
system, as depicted in Figure 1.3. The total power requirement for a wireless sensor node is on the
order of a few pW to mW [32], which is sufficiently low enough to be met by an on-chip energy
harvesting module. A prototypical IoT node which uses energy harvesting is depicted in Figure 1.4.
Many energy harvesting mechanisms exist, such as thermoelectric harvesters, solar cells, vibration,
thermionic emission, and alpha/beta voltaic devices [33].

Although solar cells are traditionally used in energy harvesting systems, they are not suitable

for high temperatures because of the large decrease in open circuit voltage at high temperatures.
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Figure 1.4: A prototypical energy harvesting system. Original image credit: Texas Instruments.

In order to use a solar cell for terrestrial energy harvesting, the bandgap needs to be small (~1 to
~1.7 eV). A solar cell that is 25% efficient at room temperature with a bandgap of 1.4 eV (made of
InGaP) will have a theoretical efficiency 5% at a temperature of 600°C [34]. Practically, the efficiency
drops much faster, and falls below 5% at 300-400°C [34]. On the other hand, thermionic energy
harvesters are suitable for extreme environment energy harvesting, but need very high temperatures
(>1000°C) for operation [35], making their usage challenging. Most alpha/betavoltaic sources suffer
from a large decrease in efficiency due to a drop in open circuit voltage at high temperatures, similar
to solar cells [33].

Specifically, most high-temperature energy harvesting solutions use thermoelectric devices [36,
37], which become more efficient at high temperatures if they have a wide-bandgap [10]. One such
commercially available device is a thermoelectric powered temperature sensor with a RF transmitter
from Micropelt, which operates up to 100°C. In this thesis, we focus on the use of the AlGaN/GaN-
on-Si platform for designing an integrated thermoelectric energy harvester for a range of extreme
temperature environments, as depicted in Figure 1.1. A power output of 10-100 pW is sufficient
power for typical sensing elements (Figure 1.5, but not sufficient to make an IoT node. As a
representative target, an output power of a few mW on a footprint of 1 cm X 1 cm should satisfy

the requirements for sensing and wireless transmission, as can be seen from Figure 1.5.
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Figure 1.5: Power consumption requirements for a myriad of electronic devices, from sensors, to
wireless nodes, to compact systems. Adapted from [38].

1.3.2 Thermoeletric Energy Harvesting

Thermoelectrics are solid state energy conversion devices which generate electrical power from a
temperature gradient (Seebeck effect), and vice-versa, generate a temperature gradient from electri-
cal power (Peltier effect). These devices have the advantage of no moving parts, no maintenance,
and high reliability, which makes them a suitable power source in harsh environments. These de-
vices are currently utilized for a variety of energy harvesting applications, such as power sources for
deep-space missions, as well as waste-heat recovery from automobile engines [39)].

Upon the application of a heat flux, the majority carriers diffuse along the direction of the tem-
perature gradient. As the carriers diffuse, an opposing electric field is set up from the concentration
gradient, which eventually limits further diffusion. For a given material, the voltage produced per
unit temperature gradient is referred to as its Seebeck coefficient, in units of xV-K~!. The fun-
damental architecture of a thermoelectric device consists of sets of n-and-p-type material in series.
Since the Seebeck coefficient for the p-type material is positive, while it is negative for the n-type
materials, the voltages add up for each p-and-n-pair.

The maximum efficiency of a thermoelectric generator (assuming identical properties for the

p-and n-type legs and a temperature drop of AT') can be written as [40]:

AT V14T -1 T S26T
max = 777 Z =
K Th V1+2T +1 K

(1.2)

In this expression, we assume that zT is typically evaluated at the mean of the hot-and-cold side

Th+T
2

temperature, T,y = . Note from (1.2) that nmq. is scaled relative to the Carnot efficiency

AT/Ty, which is the maximum thermodynamic efficiency that a heat engine can achieve. In the
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Figure 1.6: Energy harvesting within extreme high temperature environments. Data shown is for
n-type materials and is compiled from Lu et al [10].

expression for zT', k is the thermal conductivity of the material, and o is the electrical conductivity
of the material. High values of zT for a material translate to a high conversion efficiency. For
example, a zT of 3 is equivalent to a third of the Carnot efficiency, as per (1.2). As can be seen in
Figure 1.6, the 2T for even state-of-the-art thermoelectric devices is around 1-2 [39], which translates
to a poor conversion efficiency. Thus, while thermoelectrics not suitable for for large-scale power
generation (powerplants), they are suitable for scenarios where the ease of fabrication, integration,
no moving parts, small size footprint and low power requirements outweigh efficiency considerations.
Figure 1.6 shows the 2T for several materials suitable for energy harvesting in extreme temeperature
environments [10]. The temperature-dependent z7T peak for materials depends on the bandgap.
Beyond a certain temperature, the promotion of intrinsic minority carriers across the bandgap shifts
the Fermi level to intrinsic, which results in a decreased Seebeck coefficient [10]. Wide-bandgap
semiconductors, thus, are especially suited to high temeperature operation. We can make a few

general observations based on Figure 1.6 as follows:

e Bi, Te, and Sb based compounds (such as BiSbTe) are standard thermoelectric materials for
room temperature applications. However, their thermoelectric performance is heavily degraded

at temperatures above 200°C [40], suggesting that alternative materials need to be explored.

e With the exception of SiGe, other promising high temperature thermoelectric materials (such
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as LAST, YBCoSb, YbMnAISb, PbTe, GeTe, and SnTe) utilize rare-earth and toxic materials,

making them difficult to use for practical, commercial thermoelectric applications [10].

e Most thermoelectric materials have poor efficiencies at low temperature, making them (typi-

cally) unsuitable for such environments.

Finally, while thermoelectric generators using these complex materials have been developed com-
mercially, they have large footprints (several cm) and are not compatible with typical semiconductor
fabrication processes. These modules also cost over ~1000$, making their use prohibitive for dis-
tributed sensing nodes. In such a scenario, a micro-thermoelectric generator that can be fabricated
within an existing electronics/logic process is desirable. As of today, Si, SiGe and Bi/Te based
compounds have been used for making micro-thermoelectric generators, but they are not desirable
for extreme environment applications [32], with the exception of SiGe. While SiGe is one possible
solution, electronics based on this material platform have only been demonstrated up to 300°C [41],
as the bandgap of SiGe is less than 1.12 eV. As previously discussed, GaN-based electronics are
stable to 1000°C [12] because of the much larger bandgap. Furthermore, GaN is extensively used
today for commercial applications in high-power and RF electronics [7]. Thus, the development of
a thermoelectric energy harvester with the existing fabrication pipeline for GaN is highly desirable.

Figure 1.6 also highlights the thermoelectric performance of some IIl-nitride materials that have
been measured over the last few years. Efforts in this area began after the demonstration of a micro-
thermoelectric generator made from doped GaN in 2009 [42]. The best performance to date has been
recorded in InGaN with a 27T as high as 0.34 at ~600°C [43] (also highlighed in Figure 1.6), which
shows that III-nitrides could potentially be good candidates for thermoelectric energy harvesting
in high-temperature environments. As will be shown later in Chapter 2, the thermoelectric power
density that we can obtain with an InGaN thermoelectric is below 0.3 mW per cm? of area footprint.

2 is sufficient to power a sensor and

On the other hand, a power density of a few mW per cm
wirelessly transmit the information from such a sensor elsewhere, as seen in Figure 1.5. In order
to reach such power densities, we can take inspiration from the use of 2DEGs as thermoelectric
elements, as they can have much higher thermoelectric performance from improved charge carrier
mobility in comparison to the bulk. Such thermoelectric devices, often termed as a modulation-
doped thermoelectrics, were first introduced in the seminal work by Ohta et al. [44] using SrTiO3
as the material platform. In this thesis, we take inspiration from this approach and demonstrate a

new polarization-based AlGaN/GaN 2DEG architecture with a large improvement in thermoelectric

performance when compared to InGaN. The primary reason for this improvement is the high electron
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mobility in the AlGaN/GaN 2DEG; the details are discussed later in Chapter 2.

1.4 Thesis Contributions

The major contributions of this thesis are the following:
e A micro-fabrication process to study the thermoelectric properties of the AlGaN/GaN 2DEG.

e Measurement and modeling of the thermoelectric properties of the AlGaN/GaN 2DEG over
a wide temperature range (25 K to 600 K). These results show that the high temperature
thermoelectric performance of AlGaN/GaN 2DEGs can exceed those of bulk GaN by a factor
of ~4x. Measurement of the low temperature thermoelectric properties show the existence
of phonon drag in this material system for the first time, and how it can tuned to improve

thermoelectric performance at cyrogenic temperatures.

e A novel thermoelectric architecture that uses AlGaN/GaN on top of pyramidal Si substrate

to increase the output power and decrease the footprint of thermoelectric devices.

e A model to understand the behavior of AlGaN/GaN HEMTSs under applied strain, with the

context of its use in pressure/force sensors.

e Development of a novel, record-high performance UV photodetector using 2DEG interdigitated

finger electrodes.

1.5 Thesis Outline

e Chapter 2 reviews some of the fundamentals of energy harvesting and A1GaN/GaN heterostruc-
tures. The chapter first discusses the growth of GaN on foreign substrates, which is followed
by a discussion of quantum wells that can be formed in ITI-nitride heterostructures. After this,
we review some of the basics of thermoelectrics and micro-thermoelectric generators. Finally,

the fabrication methods to make the structures in this thesis are reviewed.

e Chapter 3 describes the measurement and modeling of the thermoelectric properties of the
AlGaN/GaN 2DEG for a variety of buffer configurations. This is followed by a discussion of
a novel pyramidal architechture which can lead to large improvements in the thermoelectric

power output in lateral devices.
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e Chapter 4 discusses a novel phenomenon called phonon drag, which leads to a large increase
the thermoelectric performance of the AlGaN/GaN 2DEG at low temperatures. In particular,
this chapter discusses a way to separate out the phonon drag component of the thermoelectric

performance by comparing the Seebeck coefficient from multiple buffer configurations.

e Chapter 5 discusses novel sensors using the AlGaN/GaN 2DEG. In the first part of this chap-
ter, the combined effect of applied strain and temperature on the device characteristics of
AlGaN/GaN HEMTs is investigated. The developed model is a useful tool for predicting the
response of HEMTSs used in sensing and under the influence of packaging in extreme environ-
ments, especially when temperature fluctuation and strain coupling is of concern. The second
part of this chapter discusses a novel photodetector that uses the AlGaN/GaN 2DEG for its

electrodes, which leads to record signal-to-noise performance.

e Chapter 6 concludes the thesis and discusses further extensions of the work presented that can

advance the field.



Chapter 2

Background

2.1 Gallium Nitride Heterostructures

Most ITI-nitride Heterostructures (GaN, AIN, InN and their alloys) that are found are grown via gas
phase deposition of single crystal epitaxial layers onto substrates such as Si(111), Sapphire and SiC
[45, 46]. The technique is specifically called metal organic chemical vapor deposition (MOCVD).
Ways to grow IIl-nitride materials without epitaxy, such as ammonothermal growth exist [47].
However, they are very cost prohibitive (~$800 for a 1 ¢cm by 1 cm piece at the time of writing this
thesis) and are limited to a maximum substrate size of 2“. In the MOCVD technique, vapor phase
metal organic precursors are introduced into a reactor while the substrate is at a high temperature
[46]. Typical precursors for Ga and Al are trimethylgallium (TMGa), trimethylaluminum (TMAI),
while ammonia (NHj) is used as the precursor for nitrogen gas [46]. In MOCVD, it is crucial
to manage both strain due to CTE mismatch and defects due to lattice constant mismatch, as
illustrated in Figure 2.1a. In particular, the best substrates for GaN growth have both low lattice
mismatch and thermal coefficient mismatch, such as sapphire, SiC and AIN and Si(111). Although
sapphire and SiC have been traditionally used for most power device applications, GaN-on-Si(111)
is especially popular today due to low cost and reasonably low dislocation densities (108 cm~2) [48].
In this thesis, we will exclusively use GaN-on-Si(111) heterostructures.

Because of the large lattice mismatch of GaN with Si (~17%), a variety of transition structures,
such as graded Al,Ga;_,N, superlattices of AIN/GaN [49], and step-graded Al,Ga;_,N [50] are
required. In this thesis, we will employ step-graded Al,Ga;_,N for growth of GaN layers on a
Si substrate. Further details about this step-graded MOCVD recipe can be found elsewhere [50].

12
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It should be noted that even with MOCVD, the growth of IIl-nitride layers is limited to a few
micrometers due to limitations arising from cost and strain. When GaN/AIN is grown on Si, the
crystal structure is wurtzite, with Ga(Al)-face [51]. This means that the termination of the crystal is
with Ga(Al) atoms. Due to the ionic nature of the Ga-N bond and the noncentrosymmetric nature
of the wurtzite crystal, a strong spontaneous polarization field develops in these crystals [51]. In
addition, the application of an external strain leads to additional piezoelectric polarization charge

in these crystals [52]. These effects can be used to make heterostructures with quantum wells, as we

shall discuss next.
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Figure 2.1: (a) Choice of substrate for GaN growth. (b) Typical cross-section of a gallium nitride
heterostructure.

2.2 The Two-Dimensional Electron Gas

In III-nitride heterostructures, a two-dimensional electron gas (2DEG) can be formed when a thin
(~10-30 nm) barrier layer of a ternary nitride, such InGaN, AlGaN, or InAlIN is deposited on top
of a thick GaN layer (usually ~1-3 pm) [51, 52]. In this thesis, we are concerned exclusively with
AlGaN/GaN heterostructures and we will discuss this specific scenario. An example of such a
heterostructure is depicted in Figure 2.1b. In these heterostructures, the barrier layer is regarded as
being undoped (or unintentionally doped), thus the 2DEG is not formed from modulation doping,
unlike traditional heterojunctions such as AlGaAs/GaAs. The 2DEG charge density is closely related

to the imbalance of the spontaneous (Ps,) and piezoelectric (P,.) bound polarization charges between
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the barrier layer and the GaN layer [51]. Typically, the AlGaN layer is assumed to be pseudomorphic
to GaN and hence develops a tensile strain which leads to the piezoelectric polarization charge in
the AlGaN layer. The GaN substrate layer does not develop any piezoelectric polarization charge
as it is assumed to not have any in-built strain.

Since these polarization charges are bound charges (not mobile), they only aid the formation
of the 2DEG via surface traps or deep level donors present in the AlGaN layer [53]. In the limit
of large AlGaN thickness (>20 nm), the experimental 2DEG deunsity is found to be the difference
in the polarization charge between AlGaN and GaN [53]. This value is usually around 10'% ¢cm=2
for a 30 nm thick Alg.o5Gag.75N layer, which is a standard experimental composition we will use
in this thesis. However, at smaller AlGaN thickness, the 2DEG charge density is found to reduce
below this value, eventually disappearing below ~6 nm. Many models have been proposed to explain
this phenomenon, and there still remains considerable debate in the community as to the correct
physical model [53]. The standard model that explains this thickness dependence of AlGaN relies
on the ionization of a discrete donor state at 1.65 eV from the top of conduction band at the AlGaN
surface [54]. Excellent discussions of the different models can be found elsewhere [53, 54]. An in-
depth discussion of the physics of AlGaN/GaN heterostructure is also discussed later in Section 5.1
of this thesis.

In order to accurately understand the properties of the AlGaN/GaN 2DEG, we rely on a com-
mercial Schrodinger-Poisson solver (NextNano [55]) in this thesis. NextNano is optimized for III-
nitrides and can incorporate the strain-dependent polarization fields present in these materials into
the calculation of the band structure. As a representative, example, the band diagram of a GaN (3
nm)/AIN (1 nm)/Alg.25Gag 75N (30 nm)/GaN heterostructure is illustrated in Figure 2.2 at room
temperature. The barrier height at the GaN cap surface is set to 1 ¢V [56] in the band diagram in
Figure 2.2a. The 2DEG is visible at the AlGaN/GaN interface as a triangular quantum well. The
integrated volumetric charge density corresponding to the triangular well, depicted in Figure 2.2b,

leads to a sheet density of ~10'3 cm™2.

The calculated subband energy levels further reveal that
the majority of charge (>90%) is present in the bottom subband of the triangular quantum well,
which is important while calculating the mobility of the electrons in the quantum well. Although
these calculations are for the sheet density at room temperature, measured sheet densities for the
AlGaN/GaN 2DEG remain stable across a wide range of temperatures, from 50 K to 573 K [57],

which is the range of test conditions for the devices described in this thesis.

The electron mobilites in the AlGaN/GaN 2DEG are an order of magnitude better than doped
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Figure 2.2: A GaN/AlGaN/AIN/GaN heterostructure. (a) Band diagram with Fermi level
(red line), showing the 2DEG at the AIN/GaN interface. (b) Volumetric charge density. (c,d)
Spontaneous and piezoelectric polarization charges as the interfaces. Note that at each interface
the charge shown includes the contribution from both materials on either side of the interface. (e)
Strain distribution in the heterostructure, showing tensile strain in the AlGaN and AIN layers. The
tensile strain is used to calculate the piezoelectric polarization charge.

GaN at comparable volumetric densities. This is illustrated in Figure 2.3a, where the 2DEG mobility
(~1800 cm?-V~!s~! at room temperature) is from samples grown at Stanford with a Alg o5Gag.75N
(30 nm) barrier layer. The mobility data for bulk GaN is taken from Mnatsakanov et al [58]. The
dominant mechanisms which contribute to the scattering of 2DEG charge carriers include polar
optical phonon scattering, roughness scattering at the AlGaN/GaN interface and acoustic phonon
scattering (in the form of deformation potential scattering and piezoelectric scattering) [59]. Optical
phonon scattering and roughness scattering are the most important of these scattering mechanisms.
A model for the 2DEG mobility that we will use in this thesis, which accurately accounts for the
different mechanisms can be found Appendix A.

It is important to note that scattering from remote ionized impurities is negligible because the
barrier layer is undoped (unlike doped GaN) which leads to the high mobility. This can also be
observed from the plot of the temperature dependence of mobility in Figure 2.3. For all the doped
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samples, the mobility falls below a certain temperature, as ionized impurity becomes the dominant
scattering mechanism at low temperatures. The 2DEG mobility, in comparison, increases to value
close to ~10,000 cm?-V~!s~!. Further, it is worth noting that the mobility of the 2DEG remains
higher than the doped samples across the entire temperature range measured (from 50 K to 873
K). The values of the 2DEG samples and the bulk doped samples converge at high temperatures

because polar optical phonon scattering becomes the dominant mechanism which limits the electron

mobility.
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Figure 2.3: (a) Electron mobility in the AlGaN/GaN 2DEG in comparison with doped GaN [58].
(b) Temperature dependence of 2DEG mobility in comparison to doped samples.

2.3 Thermoelectric Properties

Excellent overviews of both the fundamentals of thermoelectric properties and their measurement
techniques can be found elsewhere [60, 61, 62]. Here, we briefly review some of the key fundamental

concepts that serve as groundwork for Chapter 3 and Chapter 4.

2.3.1 Thermoelectric Effects

Thermoelectric effects represent the coupling between heat and electric current flow, and can be
fundamentally understood from the Onsager relations [63]. These relations express the current flux

(Je) and the heat flux (J;) to gradients in the temperature (T') and voltage (V), and are written as



CHAPTER 2. BACKGROUND 17

[63]

dV dT
=T —— L - 2.1
Je 11( d:c>+ 12( dx) (2.1)
dV dT
Jq = Lo <_d17> + Loo (_dx> (22)

where L;; represents a transport coefficient and x is the one-dimensional coordinate along the struc-
ture. Some of the transport coeflicients are well known, for example, L1 is the electrical conductivity,
o. If there is no temperature gradient along the material (i.e., it is isothermal), we can derive a
relation between J, and J,

Loy

J, =22 =11, 2.3
q Lll ( )

where II is commonly known as a Peltier coefficient. This equation directly suggests a unique
amount of heat flow (J;) that occurs in every material when a current J. flows through it. Thus,
if two dissimilar materials, labelled 1 and 2, are connected and a current J. is driven through
them, heating and cooling will occur at the two junctions because of the difference in their Peltier
coefficients (ITy — II;). The heating and cooling is then (Il — I1y)I, where I is the current flow
in the material. In this thesis, we are more concerned with the generation of power, which is the
current flow, J, that is produced when a temperature gradient is imposed in the material. This is
the opposite scenario to the Peltier effect. The open circuit voltage produced in a material due to a
temperature gradient can be obtained by setting J, = 0 in (2.1), and leads to the definition of the

Seebeck coefficient,
av. V. Ly

SETUr T AT Ly

(2.4)

The Peltier coefficient is related to the Seebeck coefficient as IT = ST, where T is the temperature.
The transport coefficients L;; are fundamentally related to the band structure of the electronic
material. Using a Boltzmann transport equation (BTE) formalism under the relaxtion time approx-

imation (RTA), for a single band material, they can be expressed as [61]

Ly = 77/ afo (E)dE (2.5)
Lus 37T v27(E)(E — EF)gJ;S g(E)dE (2.6)
Ly = o [r(B)(E  Bey P g(B)am (2.7)
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where F is the energy, g(F) is the density of states, fo(F) is the Fermi-Dirac distribution, Er is

the Fermi level and 7(F) is the energy dependent scattering time for the charge carriers. Based on
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Figure 2.4: Fundamentals of Thermoelectricity. (a) Fermi-Dirac distribution at a finite temper-
ature. (b) Conduction band showing the Fermi level, the derivative of the Fermi-Dirac distribution
and the charge carrier distribution. (c) Conceptual diagram to show that only a small band A
around Ep matters for both electrical conductivity and Seebeck coefficient. (d) Metals vs. semi-
conductors. (e) Optimization of the thermoelectric power factor (S%0) as a function of the charge
carrier concentration.

these transport coefficients, we can now express the Seebeck coefficient as:

1 [v*7(E)(E - Ep)%Sg(E)dE
5= el vaT(E)%g(E}?)dE (29)
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which shows that the Seebeck coefficient is fundamentally related to the average electron energy
within the Fermi window. These concepts are illustrated in Figure 2.4, with the window (A) illus-
trated in Figure 2.4c. Thus, the Seebeck coefficient is related to how different the electron scattering
time, 7(E) and the density of states, g(E) are around the Fermi level. On the other hand, the
electrical conductivity is directly related to Lij, and hence is determined by how large g(FE) is.
Thus, metals usually have high ¢ but small S, while semiconductors with Er near the edge of the
conduction band usually have high S and small o. This concept is illustrated in Figure 2.4d. As
the position of the Fermi level is changed, the power factor S?¢ can be optimized for maximum
thermoelectric power conversion, as depicted in Figure 2.4e. Usually, degenerate semiconductors
have the highest power factors. In this thesis, we are primarily concerned with the thermoelectric

properties of 2DEG quantum wells, for which (2.9) applies with a few key differences:
1. The occupation of the 2DEG electrons in multiple subbands needs to be considered.
2. The density of states corresponds to the 2D case.

3. The scattering mechanisms corresponding to the 2DEG electrons need be individually calcu-

lated and summed up to obtain 7(F).

These points are discussed in detail in the later chapters. Finally, the Onsager relations, (2.1) and

(2.2), can also be rearranged to express the heat flux (by eliminating the voltage) as

drT

Jq = HJe - K/e%

(2.10)
where ko, = Loy — L1L271L121 represents the electronic contribution to the thermal conductivity. In this
thesis, this contribution is very small, and most the thermal conductivity is from lattice phonons,

which we discuss next.

2.3.2 Thermal Conductivity

As discussed, reduction in thermal conductivity is a key component to optimizing thermoelectric
performance. The phonon contribution to the thermal conductivity can be calculated via the BTE

using the RTA [63]:

b= 2 é/c(w)“(“w”)d“: > %/C(w)(v(w))%(w)dw (2.11)

LATA LATA
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where C'(w) is the phonon-mode specific volumetric carrier heat capacity, v(w) is the phonon-mode
specific velocity, and A(w) is the mode specific phonon mean free path. The integration is performed
till the cutoff phonon energy, corresponding to the Debye wave vector. Further, the summation is
performed for the two transverse phonon modes (TA) and the longitudinal phonon mode (LA). In
our calculations, we assume a constant phonon velocity across the entire range of phonon frequencies,
and also assume that a Debye relationship (v = %) holds for the phonons [63]. The mode specific
scattering time is obtained by summing the scattering rates for the phonons via Mathiessen’s rule
[63]. The specific scattering mechanisms of interest to us are discussed later on in Chapter 3 and

Chapter 4.

2.4 Micro-Thermoelectric Generators

2.4.1 Working Principle

A simplified thermal and electrical schematic of a thermoelectric generator is depicted in Figure
2.5a, with a thermal resistance diagram in Figure 2.5b. The n-and-p-type thermoelectric elements
are electrically connected in series, while they are thermally connected in parallel. The electrical
resistance of the thermoelectric generator is denoted as R, while the load resistor, across which the
current (denoted by I) flows is denoted by R;. In the analysis of micro-thermoelectric generators,
it is typical to assume that the heat capacities of the ambient and the substrate to which the TEG
is connected is large enough that their temperature does not change, even with heat flow through
the TEG [64]. Thus, we can assume fixed temperatures T, and T, for the hot and cold side. The
temperature drop across the TEG is less than T}, — T, because of the presence of of other thermal
resistances, for example the substrate, heat sinks, ambient heat loss from convection and radiation,
etc. We denote these resistances as Ry j, and R; . on the hot and cold side, respectively. The thermal
resistance of the TEG is denoted as R 4. The space between the thermoelectric elements is usually
occupied by a filler material (e.g. vacuum, air, or a dielectric), whose thermal resistance can be
denoted as R, ;. The fill factor, denoted by F'F', represents the fraction of the area occupied by the

thermoelectric elements. This is visually depicted in the top view of the thermoelectric generator,
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Figure 2.5: (a) Architecture of a typical vertical nTEG. (b) Simplified thermal resistance network
of the pnTEG. (c¢) Top view of the pTEG, illustrating the array of n-and-p-type thermoelements.

as seen in Figure 2.5c. The thermal resistances can be written as:

_ b

Res = 1 —itomy (2.12)
_ b

Res = o a0 T (2.13)

The actual temperature drop across the hot and cold sides of the TEG can then be written as

Ty n-Ty,.. The output voltage of the TEG can be expressed as:
Vout = N(Sp — Sn)(Tgn — Ty,e), (2.14)

where S, and S,, represent the Seebeck coefficient of the p-type and n-type material, respectively,
and N represents the number of thermocouple pairs. For simplicity, we will denote Sy, = S, — S,
Due to the current flow across Ry, Peltier cooling and heating occur at the hot and cold side (denoted

by Qp.n and Qp ), respectively. The Peltier term can be calculated as:
Qp = NS, IT, (2.15)

where the temperature T' could be either T, or Ty .. In addition, Joule heating (Q; = I 2Rg) due
to current flow occurs in the TEG, which can be assumed to be equally distributed on the hot and

cold side. Now, performing a nodal energy balance at the hot and cold junction, we get the main
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relations which govern heat flow in a pnTEG [64]:

Tg,h — Tg,c Tg hn—1T,

Qn= NSy, IT, , + i s 22— 0.5I°Ry, (2.16)

Qc = NSpuITep + Tg”;z;ng’C + +T9”;%;fT9’C +0.51°R,, (2.17)

Qn = Th];tfgh (2.18)
Tye—T.

Qe = QRT (2.19)

These equations can be used to understand the performance of the thermoelectric generator, as we

discuss next.

2.4.2 Efficiency and Themoelectric Figure of Merit

The efficiency of the thermoelectric generator can be defined as the fraction of the input heat (Q)
that is converted into usable electric power (P,,;). Assuming that the temperature gradient is fully

across the thermometric generator, using (2.14), (2.16) and (2.17), the efficiency, n can we written

as [32]:
Pout V2 t m
= =5 = 2.20
! Qn  RiQn n(m+1)+%_%¢ (2.20)
with
Th - Tc
c = ) 2.21
e = 2:21)
m = Ri/Rg, (2.22)
S2
= 2.23
kp ( )

Here, (2.21) refers to the Carnot efficiency. In a typical thermoelectric system, the largest efficiency

is obtained under a special choice of the thermoelectric and load resistors [32]:

m= |1+ 2ZT,(1 - L) (2.24)

Under this choice of m, the maximum thermoelectric efficiency is [32]:

VI+ZT, -1

Nmaz = Tc (225)
VI+ZT + %=
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Equation (2.25) clearly states that in order to maximize the efficiency of conversion, one should focus
on maximizing Z. Indeed, this is why Z7T is often denoted as the thermoelectric figure of merit, and
improving ZT has been the major focus of the thermoelectric community over the past few decades.
It must be noted that the uppercase ZT is used when referring to system level thermoelectric
performance, while lowercase 2T is used to describe individual materials. Equation (2.25) also shows
us that the efficiency of thermoelectric power conversion is limited by the Carnot efficiency, which
is approached as ZT — oo. Large-scale (bulk) thermoelectric generators are usually optimized
for maximum efficiency (usually less than 5%). However, in the design of micro-thermoelectric
generators, it is usual to optimize the power output per area (power factor) instead of the maximum

efficiency, as discussed below.

2.4.3 Power Density

The power density of a micro-thermoelectric generator is the output power per unit area per unit
temperature difference [32]:
Pout

PD = AT (2.26)

The full expression of the PD including the Peltier and the Joule heating terms can be found
elsewhere [32]. The temperature drop across the thermoelectric elements, including the parasitic
thermal resistors R, ; and R . is:

= ( Rt
R@h + Rt7g + th

AT, )AT (2.27)

Using Equation (2.27), the simplified expression for the power density excluding the Peltier and

Joule terms is: n
202 £, 2
PD = N Spn(Rt,h+Rt,Z+Rt,u)
4R, A

(2.28)

Equation (2.28) encompasses the most important features that are necessary to build a good micro-
thermoelectric generator. In particular, it is necessary to ensure that most of the temperature drop

is across the TEG and not the parasitic resistors, since this ensures that ATy, — AT
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2.4.4 Conventional versus Hybrid TEGs
Conventional ITI-Nitride TEGs

As discussed previously in Section 2.1, ITI-nitride devices are grown by epitaxy with thicknesses
limited to a few microns. Thus, if we were to make a traditional thermoelectric device from III-
nitrides, as illustrated in Figure 2.5, with the hot side on top of the III-nitride and the cold side
below the substrate, the performance of the device will be limited by the parastic thermal resistors
R, and Ry.. To confirm this, we can calculate the load-matched PD, as described in (2.28),
accounting for realistic temperature drops across the parasitic thermal resistors. Using the defined
thermal resistances, an approximate closed form solution for the actual temperature drop across the

TEG can be written as [64]:

(Fy *7g)
Ton —Tge = I (Th — Te) (2.29)
g R ¢

To obtain practical values for the PD, we choose the thermoelectric properties corresponding to ITI-
nitride material with the best cross-plane 2T (InGaN) [43]. The values for the simulation parameters
are listed in Table 2.1. Note that the properties listed here are at room temperature, with a
temperature gradient AT of 10 K across the generator. Further, the resistance of the metal lines and
the contact resistance of the metal lines to thermoelements are neglected. The values for R; j, and Ry .
include a thermal resistance due to a 525 pm silicon substrate on the hot and cold side. For simplicity,
both the p and n type thermoelements are assumed to have the same thermoelectric properties (with
the p-type Seebeck coefficient having the opposite sign to the n-type Seebeck coefficient). In this
simulation, we have assumed air to be the filler material. Figure 2.6 shows the results of these

calculations. There are few key observations we can make from these Figures:

o As the leg length (l; ) increases, the power density first increases as a larger fraction of AT is
dropped across the thermoelectric legs, but eventually decreases since the electrical resistance

scales linearly with leg length.

e For small thermoelectric leg lengths that are of interest to us (Figure 2.6b), very small fill

fractions (F'F') produce the highest power density.

Within practical limits, these calculations clearly show that the output power will be limited below
~0.5 mW-cm~2. This can be seen in Figure 2.6b with FF = 0.01 and ly,g = 3 pm. In a practical

scenario, the output power will be much lower because of un-optimized p-type material and parastic
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Table 2.1: Simulation parameters for vertical InGaN pTEG shown in Figure 2.5.

Parameter Value
Net Seebeck coefficient, S, 250 uV-K~1[43]
InGaN thermal conductivity, kg 4 W-m1K~1[43]
InGaN electrical resistivity, py,q 5x107° Qm [43]
Cold reservoir temperature, T, 300 K
Hot reservoir temperature, T}, 310 K

1075 m?

Total device area, Aioral
2.25x10710 m?

Individual leg cross-sectional area, A;.,

Area-specific thermal resistance to heat source, Ry, X Atotar  1.35x107° m?K-W—1!

Area-specific thermal resistance to heat sink, R; . X Aiotai 1.035%10* m?2K-W—1!
Silicon substrate thickness 525 pm

contact effects. It is clear the the small thickness of the III-nitride elements will limit thermoelectric

performance, which motivates a different approach: hybrid pTEGs.
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Figure 2.6: Simulations of the thermoelectric power density for a vertical InGaN pTEG at room
temperature. The p and n elements are assumed to have the same thermoelectric properties. (a)
Simulated power density with leg thickness from 1 to 100 pm for a variety of fill factors. (b) zoom-in

of panel (a) and short leg lengths.

Hybrid TEGs

In a hybrid pnTEG, the heat flow is still vertically in and out of the structure, but the current flow is
lateral. This is because the thermoelements are laid laterally on top a suspended substrate, as shown

in Figure 2.7a. Several hybrid TEGs have been developed because of compatibility with CMOS
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(planar) processes, the details of which can be found in an excellent review elsewhere [32]. Here, we
point out that a hybrid architecture is especially suitable for III-nitride based thermoelectrics. The
key point to note is that because the the temperature gradient is lateral along the thermoelements
(which can be long) their small thickness no longer limits the thermoelectric performance. In order to
study these hybrid thermoelectrics, a simple finite element simulation (using COMSOL) was carried
out. Figure 2.7b shows the simulation model to study thermoelectric performance in a hybrid TEG.

In the simulated architecture, we chose silicon as the substrate material, because III-nitrides can
be grown with transition layers (buffer) on it. Further, Si can be easily released from the backside
via a process such as deep reactive ion etching (DRIE), to direct heat flow along the thermoelements
and into the substrate. It must be noted that we have included a thin metal plate on top of the
thermoelements to contact the hot side, while the cold side is the bottom of the Si substrate. In our
simulation, we included a buffer layer with a thickness of 3.25 ym. For the purpose of simluation, the
buffer is considered electrically inactive and does not contribute to thermoelectric transport. Further,
our thermoelements (both p-and-n-type) are 3 nm thick, which is a feasible limit for MOCVD growth.
The thermoelectric properties of the thermoelements correspond to an AlGaN/GaN superlattice
consisting of in-plane 2DEGs [65]. This is chosen because it has been shown to have the best
thermoelectric properties in the III-nitride family, and is also uniquely suited to an in-plane geometry
since the electron transport in the 2DEGs is planar. Although thermoelectric properties have only
been measured for n-type superlattices to date, we still set the properties of the p-type element
to be the same as that of the n-type element, with the opposite (positive) sign for the Seebeck
coefficient. A thorough experimental investigation of the thermoelectric properties of AlGaN/GaN
2DEGs is also discussed in Chapter 3 and Chapter 4. The thermoelements are electrically insulated
from the top plate by means of an dielectric. In our simulation, the dielectric (SiO2) thickness is
3.25 pm. Some of the other parameters in the simulation are listed in Table 2.2. For simplicity,
both the buffer and the thermoelements are assumed to have the same thermal conductivity. To
study the power density, we performed a parameteric sweep of the thermal conductivity from 5 to
200 W-m~'K~!. The results from this simulation are plotted in Figure 2.8, assuming a temperature
gradient of 10 K from the top contact to the bottom of the silicon substrate. The simulated result
is shown via the blue line. In calculating the output power density, the electrical properties of the
contacts are neglected. Further, the inactive areas (suspension) legs also need to be accounted for
in the calculation of power density. Here, we assume that the inactive area is equal to the active

area. There are a couple of key observations we can make from this Figure:
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Figure 2.7: Simulation of hybrid TEGs. (a) Heat flow profile in a hybrid TEG. The active area
refers to the region where the thermoelements are laid out, while the inactive area has the silicon
substrate underneath. (b) Zoom-in showing the thermoelements, contacts, buffer, substrate, oxide
and the top contact. (c) Close up heat profile, with same scale bar as in (a).

e The power density does not scale with the inverse of the thermal conductivity. To make this
point clear, we have plotted the power density curve if it were to scale inversely with the thermal
conductivity (orange line) in Figure 2.8. It is seen that while larger thermal conductivity does
lower the power density, the drop is more gradual than suggested from a simple zT scaling.
This suggests that it is more important to optimize for the thermoelectric power factor first

(S%0) and consequently the thermal conductivity (k).

e The power densities are significantly higher than the vertical architecture. Even for the worst

case scenario depicted in Figure 2.8 with k& = 200 W-m~*K~!, the power density of 2 mW-cm~2
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Table 2.2: Simulation parameters for a hybrid TEG.

Parameter Value
Net Seebeck coefficient, S, 400 pV-K~1 [65]
Buffer and thermoelement thermal conductivity ~ Varied in simulation
Oxide thermal conductivity 1.4 Wm'K!
Electrical resistivity of thermoelements p; 4 2.0833x107° Q-m[65]
Cold reservoir temperature, T, 300 K
Hot reservoir temperature, T} 310 K
Thermoelectric leg length, I 30 pm
Thermoelectric leg width, w 10 pm
Thermoelectric contact width, w, 10 pm
Thermoelectric contact length, [, 10 pm
Top plate width, wpiate 25 pm
Top plate thickness, tpiqte 10 pm
Total area of thermoelements 60000 pm?
Number of thermoelement pairs 49
10 r r r
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Figure 2.8: Power density from a simulated hybrid TEG with the thermal conductivity of the buffer

and thermoelements varied for a temperature gradient of 10 K.

is 4x higher than the best case estimate of 0.5 mW-cm~2 that we estimated from the vertical

InGalN architecture.

Both these points suggest that a hybrid thermoelectric architecture with a high thermoelectric

power factor is a viable route to a practical ITI-nitride thermoelectric device. As further discussed

in Chapter 3 and Chapter 4, AlGaN/GaN 2DEG quantum wells on top of a Si substrate achieve

these specific aims.



CHAPTER 2. BACKGROUND 29

2.5 Fabrication Process for GaN-on-Si MEMS

All the devices described in this thesis use an AlGaN/GaN-on-Si platform, with specific choices of
metallization, passivation, and release processes. We discuss a typical fabrication flow to illustrate
these choices. In our devices, fabrication usually begins with MOCVD growth or purchase of an
AlGaN/GaN-on Si(111) wafer. The AlGaN barrier layer is usually 30 nm thick with 25% AIN. The
2DEG is present at the the AlGaN/GaN interface. It must be noted that the film thickness of the
various MOCVD layers can be varied to tune device parameters, such as the thermal conductivity

and electron mobility in the 2DEG.

2.5.1 Mesa etch

The first step in our fabrication process is the the isolation of 2DEG region. This is typically
achieved by etching the AlGaN, and is referred to as a mesa etch process, as shown in Figure 2.9a.
It is typical to overetch the AlGaN to ensure isolation. In the devices described in this thesis, the etch
depth is ~60-100 nm. We use an inductively coupled plasma (ICP) with chlorine/boron trichloride
(Cly/BCl3) to achieve this. The plasma power is low during etching (the forward inductive power
is 250 W, while the RF power is 80 W) to ensure a small etch rate (~10s of nm/min). Further
details of this etching step can be found elsewhere [66]. In order to protect the regions where the
2DEG needs to be preserved, a standard 1 pm SPR 3612 photoresist mask is sufficient because of

the relatively low etch rate (~100 nm/min).

2.5.2 Metallization
Ohmic Contacts

The Ohmic contacts to the 2DEG in our devices consist of a Ti/Al/Pt/Au (20/100/40/80 nm)
followed by a rapid thermal anneal (RTA) in Ny ambient at 850°C for 35 seconds. This step is
illustrated in Figure 2.9c. This particular recipe is a popular Ohmic contact metallization scheme
used in the GaN community and is stable up to 500°C [67]. The theory behind the formation of an
Ohmic contact using this metallization scheme can be found elsewhere [68]. The contact resistance
from this metallization scheme is relatively high (~1075-107¢ Q-cm?) and lower resistance contacts
may be achieve by other means such as re-growth techniques [69, 70]. The devices in this thesis
are several 10s of pm in dimension and the contact resistance is a small fraction of the channel

resistance, hence, this metallization scheme is satisfactory.
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Figure 2.9: Outline of a GaN-on-Si MEMS fabrication process used at Stanford.

Schottky Contacts

A wide variety of metals (Ni, Au, Pt, Mo, Ir) have been used as a Schottky (gate) contact for
the AlGaN/GaN 2DEG [71, 72, 73]. Typical metals chosen for Schottky contacts have high a high
workfunction (> 5 eV) and are stable at high temperatures. In this thesis, Ni, Pt and Au are used
as Schottky contacts (e.g., gate metallization) for the AlGaN/GaN 2DEG.

On-chip heaters and temperature sensors

In the thermoelectric devices described in this thesis, on-chip heater and sensor elements are used to
induce temperature gradients and to measure local temperature. A Ti/Pt (10/100 nm) metallization
scheme is used specifically for this purpose. This step is illustrated in Figure 2.9d. Pt is chosen
because of its high temperature coefficient of resistance (TCR) of ~4x10~2 and high electrical

resistivity of ~10.6x1078 Q-m, which enables high sensitivity temperature measurements.

2.5.3 Passivation and Isolation

Atomic layer deposition (ALD) is used to deposit the dielectric films for passivation and isolation in
this thesis. In particular, all the devices in this thesis use thermal ALD alumina (AloO3) deposited at
a temperature of 200°C, which is chosen because it was previously shown to be a stable, low-leakage

dielectric for AlGaN/GaN MIS-HEMTs even at high temperatures up to 600°C [74]. Further, ALD
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Al503 can easily be wet-etched in regions where contacts (vias) need to be deposited using a 20:1
Buffered Oxide Etch (BOE) solution. In the depicted fabrication flow, the alumina layer serves the
purpose of electrical insulation between the current flowing in the heater and sensor metals and the

2DEG (Figure 2.9d).

2.5.4 Release Process

In this thesis, the suspended A1GaN/GaN devices are fabricated by a backside etch of the Si using
deep reactive ion etching (DRIE). Our wafers typically have ~500 pm of Si, which needs to be
etched through completely. In our devices, we use deposit 4 pm of PECVD SiOs to protect the
backside of the wafer in regions where release is not desired, which was chosen based on the the
typical selectivity of the deep silicon etch chemistry is (>200:1). This step is shown in Figure 2.9b.
The Ill-nitrides act as a natural etch stop to the silicon etch chemistry, enabling the creation of

diaphragms with uniform thickness.



Chapter 3

Thermoelectric Properties of

AlGaN/GaN 2DEGs

3.1 Tuning Thermoelectric Transport in AlGalN/GaN Het-
erostructures via Buffer Layer Engineering

In this section, we explore the thermoelectric properties of the AlGaN/GaN 2DEG from room

temperature to 300°C. Portions of this section can also be found in our our paper [75].

3.1.1 Introduction

GaN thin films are being considered in the design of thermoelectric devices because of their high-
temperature operation and potential for on-chip energy harvesting and sensing [42]. As a result, the
electro-thermal transport in various GaN-based materials is being investigated [42, 43, 76, 77, 78].
The best performance to date has been recorded in InGaN with a 27T as high as 0.34 at ~600°C
[43]. As discussed in Chapter 2, 2DEG heterostructures [79, 65] and GaN-based superlattices have
attracted great attention in the design of thermoelectric devices as bulk doped materials are limited
by very low mobilities when they are degenerately doped [58] (below 100 cm?-V~1s~1). For example,
recent experiments showed ~10x improvement in power factor (S2¢) over bulk doped GaN (as high
as 2x1072 W-m~1K~? using an Al1GaN/GaN superlattice [65]), as well as simultaneous increase in

Seebeck coefficient (S) and electrical conductivity (o) for the 2DEG [79], contrary to bulk doped

32
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materials. The primary contributor in the power factor enhancement is the improved 2DEG mobility
[65], yet, the overall thermoelectric efficiency is limited by the high thermal conductivity [80] of its
underlying GaN buffer (confinement) layer. To date, researchers have overlooked the ability to
modify the GaN buffer layer to a reduced size in order to significantly scatter the phonons in it,
while simultaneously preserving the electrical integrity of the 2DEG. Furthermore, the thermoelectric
properties of material systems where the interfacial charge is caused by polarization fields (e.g.,
AlGaN/GaN) have not been investigated to date over a wide range of temperature and buffer
configurations.

In this section, we present this remarkable ability to independently manipulate electrical trans-
port separately from thermal transport in AlGaN/GaN heterostructures. This tuning behavior is
possible as it arises from polarization fields, the electrons are tightly confined at the interface, while
the phonons are in the material system [65]. Our device test platform is composed of a fully-
suspended, microfabricated device architecture that enables characterization of the in-plane thermal
and electrical transport in AlGaN/GaN heterostructures with varying buffer layer thickness. Figure
3.1 shows a conceptual schematic of the aims of this study. Transport properties are studied over a
wide temperature range from 25°C to 300°C. Notably, we show that ~100 nm thin GaN layers can
considerably impede heat flow without significant electrical transport degradation, and that a large
improvement (~4x) in the thermoelectric figure of merit over externally doped GaN is observed in
2DEG based heterostructures. Furthermore, our experiments also demonstrate state-of-the-art [81]
thermoelectric power factors (4-7x1072 W-m~1K~2 at room temperature) observed in the 2DEG
of this material system. As discussed in Chapter 2, high power factors are key to designing a good
micro-thermoelectric generator. This remarkable tuning behavior and thermoelectric enhancement,
elucidated here for the first time in the AlGaN/GaN 2DEG heterostructure, demonstrates how
tuning the polarization fields at material interfaces can be used for thermal sensing and energy

harvesting applications.

3.1.2 Test Structures

In order to measure the thermoelectric properties of the AlGaN/GaN 2DEG, we fabricated on-chip
testing platforms. Figure 3.2a and Figure 3.2b are microscope images of our two fully-suspended
heterostructure platforms for the measurement of in-plane thermal conductivity of the heterostruc-
ture stack and Seebeck coefficient of the 2DEG. A scanning electron microscope (SEM) image of a

cross-section of the suspension region is shown in Figure 3.2c. These structures are based on the
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Figure 3.1: Conceptual schematic showing thermoelectric voltage generation via a lateral temper-
ature gradient in the AlGaN/GaN 2DEG. The high mobility electrons in the 2DEG can lead to
high thermoelectric power factors across the 2DEG. In this study, we explore how the thickness of
the underlying GaN and buffer layers can be designed to preserve the thermoelectric power factor
of the 2DEG but significantly reduce the in-plane thermal conductivity. This allows for a large
improvement in the thermoelectric figure of merit in comparison with bulk doped GaN. Note that
in our case we use the in-plane thermal conductivity of the GaN and the buffer (but not Si), since
only these are necessary for 2DEG formation. (©)2018 Wiley.

well-known central line heater method used in thermal characterization [62, 82]. The suspended
platform was micro-fabricated using a seven-mask process, with deep reactive ion etching (DRIE)
used as the final processing step to remove the Si(111) below the heterostructure, as seen in Fig-
ure 3.2c. The details of the fabrication process are in Appendix B. Two parallel, ~5 pm wide
Ti/Pt metal lines separated by 75 pm are used as heater and sensor thermometers, patterned on
a ~47 nm thick amorphous AlyOj3 layer that provides electrical isolation from the heterostructure.
For Seebeck coefficient measurement, only a heater thermometer is patterned adjacent to a 2DEG
mesa with Ohmic contacts extending to the substrate, as illustrated in Figure 3.2b. We used an
in-house metal organic chemical vapor deposition (MOCVD) system (Aixtron, Inc.) to deposit the
AlGaN/GaN/buffer heterostructure layers on top of p-type Si(111) substrates with resistivity of 0.1
to 1 Q-cm. Additional details about the growth process can be found in our former work [50]. The
buffer layers (Al,Ga;_,N, 0 < z < 1) are unintentionally doped below 1016 cm=3. Current-voltage
(I-V) measurements after etching the 2DEG mesa were below the measurement resolution of our
system (~10 pA), which supports the assumption of Ry, ffer > Rapra, where R is the resistance.

Thus the buffer layers can be considered semi-insulating. Forming of the 2DEG was accomplished
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Figure 3.2: (a) Microscope image of the fully-suspended AlGaN/GaN heterostructure used for in-
plane thermal conductivity measurements. The separation between the heater and sensor lines is
~75 pm. A thin ~47 nm ALD Al;Oj3 layer provides electrical isolation between the metal lines and
the AlGaN/GaN heterostructure underneath. (b) Microscope image of the suspended AlGaN/GaN
heterostructure to measure the Seebeck coefficient of the 2DEG. The 2DEG mesa is contacted via
Ohmic Ti/Al/Pt/Au contacts. The Seebeck 2DEG mesa is shaded white for clarity. (c) Cross-section
SEM image (of the A-B section in panel A) of the suspended heterostructure, with the Si substrate
selectively etched out from the backside via DRIE.(d) SEM image of the thick GaN structure. The
GaN thickness is ~1.2 pm and false colored. The buffer structure, starting from the Si interface
is composed of AIN (300 nm)/AlysGag 2N (300 nm)/Alg 5Gag sN (400 nm)/Aly 2Gag sN (500 nm).
(e) SEM image of the thin GaN structure, showing the 2DEG at the AlGaN/GaN interface and the
buffer layers. The GaN thickness is ~100-150 nm and is false colored. The other buffer layers are
identical to the thick GaN structure. (f) Half-symmetric finite-element simulation of experimental
structure, showing sample temperature profile when current is applied through the heater. Scale
bars of (a)-(e) 200 pm, 200 pm, 3 pm, 2 pm, 2 pm. (©)2018 Wiley.

by depositing ~30 nm of unintentionally doped Al 25Gag 75N barrier layer on the GaN layer in
both heterostructure variants. A thin GaN capping layer of ~3 nm was grown on top of the AlGaN
barrier layer, and a 1 nm thick AIN spacer was inserted between the AlGaN and the GaN layers for
2DEG mobility enhancement [83]. Two variants of the heterostructure with GaN thicknesses of 1.2
pm and ~100-150 nm are grown and called the “thick GaN” (Figure 3.2d) and “thin GaN” (Fig-
ure 3.2e) samples, respectively. The “thick GaN” heterostructure is a still a thin film, and reflects

the heterostructure thicknesses that are typical for AlGaN/GaN power devices [48]. The thermal
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Figure 3.3: (a) Schematic of grown AlGaN/GaN heterostructure, along with the different buffer
layers. (b) Schrodinger-Poisson simulation of decrease in 2DEG charge density (ns) with reducing
the thickness of the GaN buffer layer. ()2018 Wiley.

conductivity of the Al1GaN/GaN /buffer hetero-structure is typically determined by the thermal con-
ductivity of the GaN buffer layer. The thickness of the GaN (t{gqn) layer in the thin GaN sample
was designed to lower the thermal conductivity of the buffer layer structure due to size effect, while
preserving the charge density ns of the 2DEG. This effect is shown in Figure 3.3b, which depicts the
rapid decline in ng with tg,n due to band bending in the AlGaN and GaN layers from a Schrédinger
Poisson model of the structure, which we discuss later. As the GaN layer thickness decreases below
100 nm, the decline is much sharper as the strain difference in the A1GaN/GaN layers decreases,

leading to the GaN layer becoming pseudomorphic with the buffer layers beneath.

3.1.3 Thermal Conductivity Measurement

Measurement of the in-plane thermal conductivity is conducted as follows. The sample is attached to
a temperature controlled chuck (Signatone Inc.) via a vacuum-compatible thermal grease (Apiezon
Inc.) with air as the ambient. We pass a range of DC currents through the heater metal line to induce
a temperature gradient in the heterostructure (Figure 3.2f) and simultaneously measure the electrical
resistance of the metal electrodes. Typical current values are chosen to induce a maximum AT = 20
K referenced to the substrate temperature, which varies from 25°C to 300°C. The placement of the
sensor electrode was carefully designed to allow for a one-dimensional (1-D) in-plane heat transfer

approximation in the diaphragm [62]. The electrical resistance of the electrodes was calibrated
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over the entire temperature range using sufficiently low currents to avoid self-heating. Figure 3.4a

_ACVoltage
Ultra Low Measurement
Agilent 34401A
a TCR<1 (e )
ppm ‘
v
==
: = s
) = o
3 g E o E 5 = 5l 2T
L
R 1595 |25
CCUE o 0d 2 g * 53 c =
2= B S5%9 —‘ 538 [ E‘
3 33S8
5% 3| |88°° 9t |ES
Y= 8 = =3 @ &
3™ - 5
e
s
b | T T T T r x10
V¥ Heater ¥ Bl
@ Sensor
100 solw [ ] Sensor |
v
L
v
90 o .,
= X .
: X *
] =18 L
%
L}
°r 16}
60

50 100 150 200 250 300 1.4

T(C) 50 100 150 200 250 300

T(°C)

Figure 3.4: (a) Schematic of test setup. We measured the resistance of the heater electrode using a
DC multimeter and voltage source with a calibration current of 50 pA. For the sensor side, we used
an AC lock-in amplifier with frequency of 97 Hz to minimize self-heating effects. (b) Resistance-
temperature calibration for the heater and sensor lines showing linear behavior. (c) TCR for heater
and sensor lines. (©)2018 Wiley.

shows the test setup used to measure the in-plane thermal conductivity of the AlGaN/GaN hetero-
structure. In order to ensure accuracy in the thermal conductivity measurements, we performed
careful resistance versus temperature calibration for the Ti/Pt heater and sensor lines. For the
heater line, a DC current source (Keithley 2400) and a DC voltage source (Agilent 34401) were
used to measure the resistance of the Ti/Pt trace. To measure the resistance of the sensor line,
we used an AC voltage lock-in amplifier (Zurich Instruments HF2LI) with a lock-in frequency of 97
Hz. AC voltage measurement across a fixed resistor (1 k€, ultra-low TCR of less than 1 ppm) was
used to infer the AC current from the applied AC voltage. The lock in-amplifier was chosen for the
sensor side to minimize self-heating effects and block environmental noise. In order to calibrate the

resistances of both lines, the substrate of the suspended membrane was attached to a temperature
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controlled chuck using high vacuum thermal grease (Apiezon, Inc.). A current value of ~100 pA
was carefully chosen for the purpose of resistance calibration to avoid self-heating effects.

Figure 3.4b and Figure 3.4c show the calibration curves of resistance (R) and temperature co-
efficient of resistance (T'C'R) till 300°C. Initially, we obtained a non-linear resistance-temperature
calibration curve due to the effects of alloying in the Ti/Pt metal. In order to alleviate this problem,
the entire sample was heated to ~400°C and held for ~10 minutes to anneal the Ti/Pt metals. Upon
annealing, the resistance calibration curve is found to be extremely linear as can be seen in Figure
3.4b (R? ~ 0.998), and this is later used to extract the temperature of the heater line when heating
power is applied to it to extract the thermal conductivity of the AlGaN/GaN heterostructure. The
fitted slope is ~0.148 Q-K~!, as can be seen in Figure 3.4b. Note that the plotted resistance values
are obtained by averaging over 20 measurements spaced by 2 seconds at each substrate temperature.
In each case, the error bar (defined as the range) for the resistance measurement is smaller than
the size of the markers in Figure 3.4b and Figure 3.4c, with steadily increasing error bar as the
temperature increases. Typical values for the error bars are ~1.5 m€Q at 25°C with a steady increase
to ~50 m2 at 300°C. Using the fitted slope, this implies an error of < 4+0.5°C for the measured
temperature even at 300°C, which is accounted for in the extraction of thermal conductivity.

The calibration allows us to convert the electrical resistance into corresponding temperature val-
ues using the measured temperature coefficient of resistance (TTC'R). From the collected temperature
data, we can infer the in-plane thermal conductivity of the heterostructure given the heater power
(Pp), after accounting for errors due to heat spreading into the Al;O3 and external losses. In order
to understand the errors associated with the measurement and extract the thermal properties of
the AlGaN/GaN/buffer heterostructure, a 3-D finite-element model using a commercial software
(COMSOL) was implemented. Figure 3.2f shows a half-symmetric finite-element simulation of ex-
perimental structure, showing sample temperature profile when current is applied through the heater
with the substrate fixed 25°C. The heater and sensor lines have a width (W) of 5 pm, and are spaced
by a distance (Dpg) of 75 pm. The location of the heater and sensor resistances on the suspended
membrane (Ry and Rg) are chosen such that the heat transfer can be well approximated as 1-D
[62], which facilitates the extraction of the thermal conductivity. The typical variation of tempera-
ture along the length of these resistors is estimated to be <0.01% from the simulation model, which
supports this assumption. Figure 3.5a shows a cross-section schematic of the thermal resistance
network with the different pathways for heat sinking when current is applied to the heater metal.

In the absence of external convective and radiative losses and negligible contribution of the alumina
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Figure 3.5: a) Thermal resistance network with the different pathways for heat sinking when current
is applied to the heater metal. (b) Simulated lateral temperature profile in the A1GaN/GaN/buffer
film with ~14 mA heater current. The substrate fixed at 25°C (for the thick GaN film). (c)
Simulated vertical temperature drop across the heater/Al,O3/AlGaN/GaN/buffer film for the same
conditions in (b). (©2018 Wiley.

film to the in-plane heat conduction, the thermal resistance of the film (Rp) can be estimated as:

Rp = 2(TH — TS) — 2R — 2(Finzom + Rozg)

B T (3.1)

where Ty and Tg are the heater and sensor line temperatures, Py is the input power to the heater
and R 4; is the thermal resistance of the AloOg3 layer, Ay is the projected area of the heater electrode
(5 pm x 200 pm), R,z is the thermal boundary resistance of the heater/Al,Og interface and Rozg
is the thermal boundary resistance of the AlO3/GaN interface. The thermal conductivity of the
film can be extracted from Rp and the known film dimensions. The simulated temperature drop
from the heater to the sensor in the GaN film is linear, as can be seen along the Y direction in Figure

3.5b. Equation (3.2) suggests that the thermal conductivity of the film can be measured accurately
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in the limit of Rr > Rai+Interfaces- Lhe resistance ratio is analytically estimated as:

RAH—Interfaces _ TAlkFTF (Rmow + Romg)kFTF
Rp kaW Dpus WDpys

(3.2)

where Ty, and T are the thicknesses of the alumina and AlGaN/GaN/buffer film, respectively.
We used a thermal boundary resistance of 2.8x1078 m?KW ™! for R,,.. [84]. Although data for
the thermal boundary resistance across the Al;O3/GaN film interface is not available, we estimated
Rozg &~ 1x107% m?KW ™! based on measurements across amorphous dielectric/Si interfaces [85],
since GaN and Si have similar Debye temperatures [86, 77]. At room temperature for the thick
GaN film, using Tr ~ 3 um, Ta; ~ 47 nm, ky ~ 2 W-mK~! [84] and kr ~ 115 W-m 1K1,
we estimate a thermal resistance ratio of ~5.7%. For the thin GaN film, since Tr =~ 2 pm and
krp ~ 45 W-m~'K~!, the thermal resistance ratio is ~1.48%, thus the error due to loss in Al,O5
is smaller than the thick GaN film. Note that these values also support the assumption in (3.2)
that alumina does not contribute to the in-plane heat conduction, since k4;T4; < krpTr. At higher
temperatures, the error due to this effect is less pronounced as k4, is found to increase [84], while kp
further decreases. The loss via the Al;O3 and the interfaces can also be observed via the COMSOL
model, as can be seen in Figure 3.5¢ (thick GaN film, substrate at 25°C). In the model, in addition
to using k4; ~ 2 W-m~'K~!, The temperature drops by ~0.47 K in Al;O3 and interfaces on either
side relative to ~7.4 K in the GaN film (across Dgg), giving an error of ~6.35%.

Figure 3.6 shows the typical thermal conductivity measurement procedure for our films. These
plots are from experiments with the thick GaN sample. In this experiment, the substrate is held
at 25°C. The sensor is maintained at the calibration current of ~100 pA (Figure 3.6f), while the
heater current is ramped up in a half-sinusoid from its initial calibration value (Figure 3.6b). Before
each resistance measurement, we wait for 2 seconds after the current ramp to allow the system to
equilibrate. The waiting interval of 2 seconds was chosen based on an estimation of a thermal time
constant of ~2 milli-seconds for the suspended membrane from COMSOL simulations. The heater
and sensor temperature (converted from the resistance via the calibration curve in Figure 3.4b)
track the current pattern, with the initial temperature equal to the substrate temperature, as seen
in Figure 3.6¢ and Figure 3.6d. The extracted temperature difference can be used to calculate the
in-plane film thermal conductivity via (3.2), after accounting for the Al,O3 temperature drop and
external losses, which are discussed later. In addition, we also ensured that hysteresis did not occur
in our heater and sensor lines. This is clear from observing the temperature versus power lines in

Figure 3.6a and Figure 3.6e.
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Figure 3.6: Thermal conductivity measurement. Panels (a)-(c) are for the heater line, while (d)-(f)
are for the sensor line. These panels are for the thick GaN sample with the substrate held at 25°C.
(©2018 Wiley.

In the model, we also included estimated values of the thermal contact resistance between the
electrode, insulation and heterostructure interfaces. Overall, the errors due the insulation are found
to be less than ~6%, while errors due to external convective and radiative losses progressively

increase to ~10% at a substrate temperature of 300°C.

3.1.4 Seebeck Coefficient Measurement Procedure

The calibration procedure for the heater line in the Seebeck coefficient measurement platform for

the thick and thin GalN samples is identical to the method described for thermal conductivity
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measurement. The measurement of the Seebeck coefficient also follows a similar procedure; a current
passed through the heater electrode induces a temperature gradient in the diaphragm, resulting in a
Seebeck voltage across the 2DEG mesa that spans the suspension and the substrate regions (Figure

3.2b). Figure 3.7 shows a typical Seebeck coefficient measurement procedure. Similar to the thermal
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Figure 3.7: Seebeck coefficient measurement. Panels (a)-(c) are for the heater line, while (d) shows
the Seebeck voltage measured in the 2DEG mesa. These panels are for the thick GaN sample with
the substrate held at 25°C. (e,f) Cross-section and top view showing the different electrodes for
Seebeck coefficient measurement. Scale bar of (f) 200 pm. (©)2018 Wiley.

conductivity measurement, the heater current is ramped up from its calibration value, setting up a
lateral temperature gradient along the 2DEG mesa which translates to a measurable Seebeck voltage
(Figure 3.7d). The measured Seebeck voltage includes a minor contribution from the temperature
drop across the Ti/Al/Pt/Au Ohmic contacts to the 2DEG (visualized in Figure 3.7f). At room
temperature, we measured the Seebeck voltage across the 2DEG mesa and the Ohmic metal line for
an identical temperature gradient. Using this, we estimated the contribution of the Ohmic metal

line to be less than 2% of the overall Seebeck voltage, and thus neglected its effect in subsequent

measurements. The Seebeck coefficient of the 2DEG is given as Sappg = ‘7/?1D_ET§ , as depicted in

Figure 3.7e and Figure 3.7f. Note that the measured Seebeck coefficient corresponds to the 2DEG

contribution exclusively since the III-V buffer layers are semi-insulating. The temperature at the
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contact outside the suspended region (T») is assumed to be at the substrate temperature. The
temperature drop in the silicon supported region is <1% of the total temperature drop (17 — T»)
(Figure 3.5b), thus, the contribution to the Seebeck coeflicient from the supported region can be

ignored. T is related to the heater temperature Ty as:

TH - Tl RF Rmow + Rowg

P 5 A (3.3)

where Rp is calculated using the measured film thermal conductivity and a length of 30 nm (Dg,

depicted in Figure 3.7¢) and R 4; is calculated as discussed earlier.

3.1.5 Note on High Temperature Losses

External losses from convection are significant at high temperatures which lead to errors in the
thermal conductivity measurement. This can be seen in Figure 3.8a, which shows the temperature
profile when no current is applied through the heater with bottom fixed at 200°C for the thick
GaN film. Notice the cooling in the suspended membrane due to external convection, leading to
a relative temperature difference between the heater and the sensor line. This underestimates the
AT between the heater and the sensor line, leading to a higher measured thermal conductivity
than the true value. The actual temperature gradient can be expressed as ATyeq; = ATmeas +
ATeorr, where ATy, is the temperature gradient from the heater to the sensor with no current
applied. The prominence of this effect is seen in Figure 3.8b and Figure 3.8c, which shows the
simulated true and estimated measurements of the thermal conductivity for the normal GaN and
thin GaN film. The error in the measured thermal conductivity is estimated to be ~4% and ~10%
for the normal and thin GaN films from simulations, using an external convection coefficient of 10
Wm~2K~!. The correction factor AT, can be estimated from the natural convection coefficient
(h). At progressively higher temperatures, a non-zero Seebeck voltage is observed when no current
is applied in the heater line due to the effect shown in Figure 3.8a. Then, using the most recently
corrected thermal conductivity value, we estimated the value of h required to produce the observed
non-zero Seebeck voltage using our knowledge of the Seebeck coefficient from the COMSOL model.
Following this, we obtained the correction factor AT, for the current thermal conductivity value.
Typical values for h estimated using this procedure are in the range of 12-14 Wm—2K~!, which are
reasonable coefficients for natural convection. The correction factors (AT.,.) we obtained for the

normal GaN and thin GaN films for the different substrate are tabulated in Table 3.1.



CHAPTER 3. THERMOELECTRIC PROPERTIES OF ALGAN/GAN 2DEGS 44

k (Meas. conduction only)
k (Meas. conduction + losses)

k (Meas. conduction + losses)|
L = = =k (True value)
90 \u

b 100 . C “wp—
k (Meas. conduction only) \

— = =k (True value)

80

k(Wm'K™)
S

60

. . . \ . 20— ; i 1 A
50 100 150 200 250 300 50 100 150 200 250 300
T(°C) T(°C)

50

Figure 3.8: (a) Temperature profile when no current is applied through the heater with bottom
fixed at 200°C. Notice the cooling in the suspended membrane due to external convection. This ef-
fect becomes prominent at temperatures above ~100°C. (b,c) Thermal conductivity measurements
predicted from finite-element model for thick and thin GaN samples, respectively. At higher tem-
peratures, the measured thermal conductivity is higher than the actual thermal conductivity due to
the cooling losses described in Figure 3.8a. The scale bar of panel (a) is 200 pm. (©)2018 Wiley.

Table 3.1: Estimated thermal conductivity correction factors.

T(°C) Bulk GaN Thin GaN

75°C - 0.055
100°C - 0.097
150°C 0.096 0.19
200°C 0.17 0.31
250°C 0.32 0.62
300°C 0.63 1.1

3.1.6 Electrical Conductivity Measurement

Circular transfer length method (CTLM) test structures with gap spacing (d) varying from 20-70
nm (Figure 3.9a) were used to measure the sheet resistance of the 2DEG and the contact resistance
for the thin and thick GaN samples. The inner radius (L) of the circular test structures was designed
to be 500 pm, such that the approximation L > d is valid. In the regime where L > d, the total

resistance Ry between the inner and outer contact can be expressed as [87]:

Rsh(d + 2LT) d

o log(1+ =) (3.4)

Rr = 7

where L7 is the transfer length and Ry, is the sheet resistance of the 2DEG. Here, Lt is related to
R4, and the contact resistance p. as:

Pc
L = 3.5
r Rsn (3:5)
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Figure 3.9b illustrates the variation of the total resistance Ry with gap spacing d (via (3.4)) for the
thin and thick GaN samples at 25°C, which is used to extract Ry and p.. Using the 2DEG thickness,
top, the extracted Ry is used to extract the 2DEG conductivity. The values of Ry, for the thick
and thin GaN sample are also shown in Figure 3.9d. The contact resistance values are noted to be
in the right range for typical 2DEG Ohmic contacts [88] (107°-107% Q- ¢cm?) and decreasing with
increasing temperature due to enhanced thermionic field emission across the GaN/AlGaN layers
[68, 89], as observed in Figure 3.9c. A similar magnitude of decrease has also been observed in

former work [90]. Lastly, electrical conductivity of the 2DEG for the thick and thin GaN samples
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Figure 3.9: CTLM Measurements. (a) CTLM test array for measurement of contact sheet resistance
with gap spacing varying from 20 pm to 70 pm. (b) Transfer resistance versus gap spacing for the
thin and thick GaN samples to extract sheet contact resistance at 25°C. (c¢) Temperature dependent
contact resistance for the thin and thick GaN samples. (d) Temperature dependent sheet resistance
for the thin and thick GaN samples. Error bars are obtained from measurements across 4 identical
CTLM test arrays. Scale bar of (a) 500 pm. (©)2018 Wiley.

is obtained using the data from the CTLM measurements with the aid of simulations to obtain the
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thickness of the 2DEG triangular potential (t2p) well, as discussed next.
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Figure 3.10: (a) Schrodinger-Poisson model of the energy band diagram for the thick GaN structure
with AlGaN thickness is 30 nm. The thickness of the 2DEG region, t2p, is shown in the region where
GaN is degenerate. (b) Volumetric charge density, n,, versus position, depicting the approximately
triangular charge profile, with tap ~ 6.1 nm. (c¢) Simulated energy band diagram for the thin GaN
structure with AlGaN thickness of 30 nm. Note that the GaN layer is 100 nm. (d) Volumetric
charge density, n,,, versus position, depicting the approximately triangular charge profile, with t5p
~ 4.4 nm for the thin GaN structure. (©)2018 Wiley.

3.1.7 Charge Profiles

The thickness and charge density of the 2DEG for the thick and thin GaN heterostructures are
simulated using a commercially-available Schrédinger-Poisson solver (NextNano GmbH [55]). The
simulated band structures and volumetric charge density profiles for the thick and thin GaN het-
erostructures are illustrated in Figure 3.10. All the heterostructure layers are assumed to be undoped
and the barrier height for the GaN capping layer is set to 1 eV [56]. The entire structure is simulated
using a 1-D grid size of 0.5 nm, except in the region where the 2DEG quantum well forms, where
we used a finer grid of 0.1 nm. In both cases, the simulation requires a substrate to determine the
strain in the heterostructure. For the thick GaN model, we used a thick 500 nm GaN layer as the
substrate to converge the 2DEG sheet density (ns). However, for the thin GaN model, the GaN

layer was set to 100 nm, while the thick layer below it, Aly2Gag gN, was used as the substrate to



CHAPTER 3. THERMOELECTRIC PROPERTIES OF ALGAN/GAN 2DEGS 47

determine the strain level. A 500 nm thick Aly2Gag gN layer was sufficient to converge the charge
density in the thin GaN model. A lattice temperature of 300 K was used for the both models. The
source code for both models is available in Appendix C. In both cases, the 2DEG region is visible
as a triangular potential well near the AlGaN/AIN/GaN interface, as seen in Figure 3.10. From the
simulation, we found n, = 1.06 x10'® cm~2 and n, = 0.91x10'3 cm~2 for the thick and thin GaN

heterostructures, respectively. The Schrodinger-Poisson model is validated by comparing the sheet
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Figure 3.11: Room temperature Hall-effect Measurements. (a) Van der Pauw structure used for Hall-
effect measurements. An octagonal 2DEG mesa region is used. These devices are co-fabricated with
the other electrical and thermal transport test structures described in this section. (b) Extracted
sheet density (ns) for a range of applied bias currents (Ig) at room temperature. The estimates
from the Schrédinger-Poisson model are shown using dashed lines. Scale bar of (a) 200 pm. (©)2018
Wiley.

densities obtained from the model with the values obtained from Hall-effect measurements. The
sheet density is ~16% lower for the thin GaN sample due the reduced 2DEG quantum well depth
(tap), but has a similar peak volumetric charge density as the thick GaN sample, as discussed in
Figure 3.10. A simple, 4-contact Van der Pauw structure was used to characterize the sheet density
via Hall-effect measurements. The structure is shown in Figure 3.11a. The conducting 2DEG area
for each Hall-effect plate was 200 pm x 200 pm. Using a range of bias current levels (1), an external

magnetic field (B) of ~1 mT, n; is related to the Hall voltage Vj as

_ IpB

= (3.6)

ns

where g is the electronic charge. The results from these experiments performed at room temperature

are depicted in Figure 3.11b. Good match between the sheet densities obtained from the experiments
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and the model is observed. The values from the experiments are about 5-10% higher than those
predicted from the Schrédinger-Poisson model, however, we note that the average difference in
the sheet densities of the thin and thick GaN samples from experiments (~14.3%) and the model
(~16.5%) is predicted accurately, which serves as a validation for the model, in particular, the thin
GaN heterostructure. The fluctuation in the experimentally observed ng values for different bias
currents (Ig) could arise from non-linearity in the current-voltage characteristics and other sources
such as offset voltage from thermal effects [91].

The physical thickness of the 2DEG region, t2p, can be extracted as the region where GaN is
degenerate [79]. From simulation, these thickness values were obtained to be ~6.1 nm and ~4.4 nm
for the thick and thin GaN heterostructures, respectively, which can be used to obtain the 2DEG
conductivity o from the sheet resistance (Rs) extracted via CTLM measurements. Finally, we note

ng

that an average 2DEG volumetric density can be estimated as n, = for the thick GaN (1.73 x

t2D

10 em™3) and thin GaN (2.07 x 10'® ¢cm™3) heterostructure. We note that the higher n, for the

thin GaN sample reflects the smaller 2DEG quantum well thickness.

3.1.8 Electrical and Thermal Property Measurements

The measurements of Ry, averaged over four samples up to 300°C via CTLM measurements can be
combined with the 2DEG thickness t2p to obtain the average electrical conductivity [0 = m]
of the electrons in the 2DEG. At room temperature, we obtained R, values of ~350 Q-sq~! and
~500 Q-sq~! for the thick and thin GaN samples, respectively. We note that these values are
amongst the lowest reported Rgp, values for AlGaN/GaN 2DEGs, which highlights the quality of
our samples [50]. The average conductivity in the thin GaN sample is observed to be similar to
the thick GaN sample due to simultaneous reduction in the sheet density and quantum well depth,
as seen in Figure 3.12a. Sheet densities in this temperature range are approximately constant due
to negligible strain relaxation in the heterostructure layers [68], stable piezoelectric coefficients [92],
and minimal intrinsic carrier concentration change due to the wide-bandgap. Thus, the decrease
of o at high temperatures is mainly determined by the 2DEG mobility, p. The dependence is well
described by a temperature power law ~ T—2® that arises from electron-optical phonon scattering,
which further supports this fact. We also note that our exponent is consistent with former exponent
ranges (from -2.2 to -3.4) reported in the literature [68]. Temperature dependent in-plane thermal
conductivity measurements for the thick and thin GaN samples are shown in Figure 3.12b. Room

temperature thermal conductivity dropped from ~115 W-m~'K~! for the thick GaN sample to ~45
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Figure 3.12: (a) Temperature dependent electrical conductivity of the 2DEG for the thin and thick
GaN samples, extracted via CTLM measurements. (b) Temperature dependent thermal conductivity
measurements for the thick and thin GaN samples. Fits are shown with black, dotted lines. (c)
XRD rocking curve scan of the (0002) lattice plane in GaN, to investigate the density of screw-type
dislocations. (d) Modeled in-plane thermal conductivities of the layers in our composite stack as a
function of thickness using a dislocation density of 10° em~2. (e) Thermal conductivity reduction
due to size effect at 25°C. The model corresponds to the dashed lines with increasing dislocation
densities (Ngs) and the data points are the experimental measurements. (f) Measured Seebeck
coefficient versus temperature for thin and thick GaN samples. The model uses n, ~ 2x10' cm™3,

which is estimated from the Schrédinger-Poisson simulation. (©)2018 Wiley.

W-m~tK~! for the thin GaN sample due to phonon boundary scattering, i.e. the size effect [82].
The measurements for the thick GaN sample follow a T~11® fit. This is consistent with a similar
temperature exponent observed in measurements of cross-plane thermal conductivity measurements
of GaN films of thickness of ~0.7 pm [80, 93]. However, for the thin GaN sample, we note that the

measured thermal conductivity values follow a T—%8 fit, indicating that Umklapp scattering is less
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prominent for long wavelength phonons which are suppressed due to size effect.

In-plane thermal conductivity data in these films are limited, with little data available on the
size effect and temperature dependence [80]. Since our suspended film is a composite consisting of
an AIN layer, Al,Ga;_,N transition layers and a GaN layer, the overall thermal conductivity (k)

can be estimated as %:ktt, where k; and ¢; refer to the thermal conductivities and thicknesses of

individual layers. For each multilayer, we used a Boltzmann Transport Equation (BTE) model to
quantify k; with layer thickness (¢;). Using a simple Debye approximation for the phonon dispersion
with an average velocity over the acoustic phonon modes (v,.), the in-plane thermal conductivity

for each layer can be written as [94]

kS T3 0p/T 27
ki = 5 / / / cpn sin(f) o (x)x 2v§d9d¢>dx (3.7)

833,

where kp is the Boltzmann constant, 6p is the Debye temperature for the multilayer [77], T is the

temperature, h is the reduced Planck’s constant, ¢,y is the mode specific volumetric heat capacity,

evaluated as 3kp & 93 eD/T s ””46 dx and x = kaT' Here, w is the phonon frequency. The integration

is performed over the angular dlrectlons (0 and ¢) using a direction dependent group velocity vy, =
Vae sin(6) cos(o).

The total scattering time 7¢ is calculated by Mathiessen’s rule with contributions from Umklapp
(tv), impurity (77), alloy (74), boundary (7p) and defect scattering (7p), respectively. The Umklapp
scattering term is evaluated via the Callaway relationship, 7y = %. We evaluated constant A in

the bulk limit as %, where ko, in the bulk thermal conductivity of layer and wp is the Debye
frequency. For instance, ko, values of 240 W-m—'K~! and 285 W-m'K~! are used for GaN and
AIN at room temperature, respectively [95, 96]. The Debye frequencies are extracted from the
known Debye temperatures of these material layers [77]. Scattering with impurities is neglected
since its effect is found to be negligible for unintentionally doped films [95]. For the underlying
transition layers, all the material parameters (e.g. vqc, 0p, koo) are averaged over the AIN and GaN
fractions, in context of the virtual crystal model [97]. Alloy scattering severely reduces the thermal
conductivity of the transition layers and is evaluated as a point defect scattering term [98]. For the
sake of brevity, we skip the details, which can be found in Liu et al. [97]. The defect scattering term
(tp) included core, screw, edge and mixed dislocations with total density Ny;s, whose effect is to
reduce the thermal conductivity [98].

Although we have a composite film (and thus, the dislocation density is expected to vary for the

different layers), we estimated an average value for the composite film via X-Ray Diffraction (XRD)
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measurements. For example, Figure 3.12¢ shows symmetric (rocking curve) scans of the (0002)
lattice planes in the thin and thick GaN samples. Using the full width at half maximum (FWHM,
denoted by ) value of the XRD scans, the screw-type dislocation density can be estimated as ~

$7 where ¢ is the lattice constant (0.5185 nm) along the c-axis direction for the GaN wurtzite

crystal [48]. Using this, we calculate the screw-type dislocation density to be ~ 9x10% ¢cm=2

and

~ 2.5x10° cm~2 for the thick and thin GaN samples, respectively. An estimate of the edge-type

dislocation density from XRD measurements is shown in Figure 3.13a, also in the order of 10° cm™2.

Finally, the direction-dependent boundary scattering term [94] is evaluated as 75 = m The
modeled in-plane thermal conductivities of the individual layers in the composite stack are depicted

in Figure 3.12d as a function of the corresponding layer thickness. Due to the lack on in-plane
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Figure 3.13: (a) XRD scan to estimate the density of edge-type dislocations in the thick GaN sample.
The edge type dislocation density is estimated as ~3x10? cm ™2 following the methods described in
elsewhere [48]. (b) Cross-plane thermal conductivity estimates of the layers in our composite film
as a function of thickness. The experimental data points correspond to cross-plane measurements
in GaN [93, 80]. (©2018 Wiley.

thermal conductivity data in these films, it is difficult to compare the model in Figure 3.12d with
literature. However, an estimate of the cross-plane thermal conductivity [94] using the layers can
be estimated using a different v, = v4ccos(6) in (3.7), the results of which are in Figure 3.13b,
showing good agreement with previous measurements. Using the thicknesses of the multilayers
(Figure 3.2), the overall in-plane thermal conductivity of the composite stack (k) where the GaN
buffer layer thickness (tgqon) is varied (at room temperature) is shown in Figure 3.12e. In particular,
we note that the model agrees with the experimental data well, and that dislocation densities in

our range (10 — 10'% ecm~2) are estimated to have little effect on thermal conductivity of the film
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layers. In other words, the in-plane thermal conductivity reduction from the thick GaN to the thin
GaN composite stack is expected to arise almost exclusively from the size effect. We note that this
observation is consistent with former reports of the cross-plane thermal conductivity in GaN films
with similar dislocation densities [97, 99].

The measured Seebeck coefficients for the thick and thin GaN heterostructures are shown in
Figure 3.12f. While the Seebeck coefficients for thick doped III-V films have been reported in the
past [43, 76, 77], values for a polarization induced 2DEG have not been well studied in literature.
The approximate linear increase in the Seebeck coefficient with temperature indicates a degenerate
semiconductor that may be well approximated with a Cutler-Mott [100] formula for nearly free
electrons. Since Ryyffer > Rapra, the measured values can be considered to arise exclusively from
the 2DEG [60], which is in agreement the degenerate semiconductor characteristic. To understand
the magnitude and the observed dependencies with temperature, we implemented a simple analytical
model based on Sztein et al [77]. For a bulk doped material with fixed electron concentration, the

Seebeck coefficient is analytically evaluated as (following Chapter 2)

[(E - Ep)o(E)dE

S=- T [o(E)dE

(3.8)

where o(F) is the differential electronic conductivity, ¢ is the fundamental charge, E' is the electron
energy and Er is the Fermi energy.

Following Sztein et al. [77], we evaluated S as a function of doping densities in GaN. The model
for the Seebeck coefficient shows good match with measurements for doped GaN films (Figure 3.15a).
These doping densities only serve to “mimic” the effect of 2DEG charge density, since the origin of
the 2DEG is related to built-in polarization fields as discussed earlier. The differential electronic
conductivity is evaluated using a non-parabolic energy dispersion relation and typical scattering
mechanisms found in III-nitrides: optical phonon, piezoelectric, deformation potential and charged
dislocation scattering [77]. The parameters and assumptions in the model follow from Sztein et al.
[77], with the notable exception that we neglected ionized impurity scattering in the evaluation of
o(FE), since the 2DEG region is assumed to be undoped. In principle, the Seebeck coefficient for
the 2DEG region can be evaluated by discretizing it into fine regions with approximately constant
charge concentration using (3.8) via a thickness average. For simplicity, we instead compare the

average volumetric density n, for the 2DEG region that we obtained by calculating the average

charge density ZD against the simulated Seebeck coefficients for “mimic” doping densities. The

t

predicted Seebeck coefficient dependence using n, (= 1.73x10' cm™3) is in good agreement with
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the measured values for the 2DEG for the thick GaN sample, as illustrated in Figure 3.12f. However,
the Seebeck coefficient values for the thin GaN sample are lower than the thick GaN sample, which
could arise from a larger n, (= 2.07x10' ¢cm~3) due to reduced 2DEG thickness and differing
relevance of scattering mechanisms (e.g., greater dislocation scattering) in comparison the thick
GaN film.

Finally, we also note that our measured values for the AlGaN/GaN 2DEG Seebeck coefficients
do not show a similar enhancement in comparison to a bulk 3D Seebeck coefficient, which is unlike
other systems, such as ZnO based 2DEG [101]. This could arise from the relatively large 2DEG
confinement thickness (ta2p) of ~5 nm in our structures, as opposed to much smaller confinement
depths (~1 nm) in the ZnO based 2DEG [101]. Nonetheless, our results show that tuning the thermal
transport while maintaining the electrical transport via buffer layer engineering can be achieved and

is useful for the design of AlGaN/GaN devices.

3.1.9 Applications

The measured electrical, thermal, and thermoelectric properties could be important for a variety of
GaN-based temperature, power electronics, heat-flux, magnetic field and energy harvesting devices
using ITI-V heterostructures. As an example, we demonstrate how the measured electrical and
thermal properties could be used to detect local temperatures from on-chip heat loads using the
fully-suspended thick GaN platform. Figure 3.14a shows an on-chip circuit with four resistive heat
sources (similar to the heater and sensor metal electrodes) with six 2DEG mesa regions (spanning the
suspension and substrate regions) across which the Seebeck voltage can be measured. The substrate
is held at 25°C using a temperature controlled probe-station. We then apply a heating power (25
mW) to induce a temperature gradient relative to the substrate in the suspended heterostructures.
The simulated temperature profile for a quarter region using the measured thermal properties and
external losses is shown in Figure 3.14b. Three sample locations of the “hot” ends of the 2DEG
mesa where temperature is measured are illustrated in Figure 3.14b. Finally, with the heater power
held constant, we measured the differential Seebeck voltage for the six 2DEG mesa regions. Using
the measured temperature dependent Seebeck voltage for the thick GaN film, we extracted the
temperatures at the hot ends of the 2DEG mesa regions and compared them with the simulated local
temperatures from the finite element model. Excellent agreement is observed (within a maximum
of ~15% error), as seen in Figure 3.14c, which demonstrates how the measured properties could

be used for local on-chip monitoring of thermal loads in addition to validating our measurements.
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Figure 3.14: (a) Fully-suspended platform to measure local temperature rise using the thick GaN
heterostructure. The six labelled AlGaN-GaN Seebeck 2DEG mesa regions (e.g., 2-27, shaded white
for clarity) can be used to estimate temperature rise near the heater line, which mimics a power
device. Note that the temperatures are measured at the “hot” ends of the mesa regions, marked by
a T symbol. (b) Finite element model of temperature rise with a heater power of 25 mW using the
extracted thermal properties of the thick GaN sample. The model is for a quarter symmetry region
of Figure 3.14a. Three locations for temperature rise measurement (2f, 37, 67) are also shown. The
Si substrate is assumed to be at 25°C in this model. (c¢) Simulated and experimentally determined
temperature rise at locations. The measured temperatures are noted to be accurate to within 15%.
We used the measured Seebeck coefficient of the thick GaN sample to extract the temperature rise.
(d) Measured thermoelectric figure of merit (27) for thin and thick GaN samples, showing steady
rise with temperature. An improvement of ~22 to 51% is noted for the thin GaN sample over the
thick GaN sample over the temperature range. Scale bars of (a), (b) 500 pm, 100 pm. (©)2018 Wiley.

Finally, Figure 3.14d shows the temperature dependent thermoelectric figure of merit (27") up to

~300°C using the measurements of 2DEG electrical conductivity, Seebeck coefficient and in-plane
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Figure 3.15: (a) Room temperature Seebeck coefficients (S) as a function of carrier concentration
(ny) in GaN. The black line represents the Seebeck coefficient model. The experimental data points
[79, 102, 103] and the model are at room temperature. All the data points correspond to doped,
bulk films. The measured values for the 2DEG in the thick and thin GaN sample in this work are
also plotted. (b) Power factor of the 2DEG in the thin and thick GaN samples. The power factor
for state-of-the-art thermoelectric materials is usually between 1.5x1073 and 4x1073 W-m'K—2
at room temperature [81]. (©)2018 Wiley.

heterostructure thermal conductivity. These zT values are 3 to 4x higher than in bulk doped GaN
films [77], owing to large 2DEG conductivities and thermal conductivity reduction from size effect.
Further, we notice that the thin GaN film displays almost ~22-51% higher zT values in comparison to
the thick GaN film due to the large, ~2.5x decrease in the in-plane thermal conductivity. The trend
with temperature is almost linear, which is different from the super-linear trend [77] observed for
doped III-V films, due a greater temperature exponent for the 2DEG mobility. Since the background
doping concentration is low (<10'® cm™2) and the layers used are wide band gap materials, it is
expected that the thermopower peak occurs at much higher temperatures [77] in comparison to
doped III-V films, which warrants further investigation of these properties beyond 300°C. Apart
from the thermoelectric figure of merit, the 2D electron gases in these films also show very high power
factors between 4-7x1073 W-m~1K~2 at room temperature (Figure 3.15b), which is comparable to
the values for state-of-the-art thermoelectric materials [81]. These observations suggest that this
approach of engineering the heterostructure layers in conjunction with polarization-based 2DEGs

has promising potential for thermoelectric applications at high temperatures.



CHAPTER 3. THERMOELECTRIC PROPERTIES OF ALGAN/GAN 2DEGS 56

3.1.10 Conclusion

In this section, we described the design and implementation of a suspended AlGaN/GaN heterostruc-
ture platform to investigate temperature dependent thermal and electrical transport of by tuning
the GaN layer thickness. We have demonstrated effective manipulation of these properties, and in
the process shed light on several transport parameters that have not been previously explored in
detail in former literature. Notably, our results show that thin GaN layers of ~100 nm significantly
impede heat flow, but preserve the 2DEG conductivity, which could be useful for a range of GaN-
based devices. The state-of-the-art power factors are also promising for making micro-thermoelectric
generators. We also showed a simple example of how the measured properties can be used to monitor
local heat fluxes on an AlGaN/GaN power device. We used a single AlGaN barrier layer in this
study, which could serve as a backbone for extension to multiple, alternating GaN/AlGaN superlat-
tice layers. Further work along these lines could include how changing the AlGaN thickness affects
transport, improving the temperature dependent mobility degradation in Al1GaN/GaN 2DEGs, ex-
ploring transport at higher temperatures beyond 300°C, and exploring thermoelectric phenomena

in other ITI-V heterostructure families with 2DEGs using this experimental platform.

3.2 Geometry-Based Enhancement of Thermoelectric Prop-
erties

As previously discussed in Chapter 2, power density optimization is important for micro-thermoelectric
generators, as it leads to higher power output per unit area. Improvement in material properties
(such as the thermoelectric power factor) is one approach to increase power density. An alternate
approach, is to use 3D, folded surfaces to keep the footprint same but increase the power density.
Such folded surfaces are routinely used in the field of photonics [104, 105], for example, to improve
light collection efficiency from solar cells. However, such ideas have not be explored in the context
of thermoelectrics. In this section, we describe an enhancement of thermoelectric performance of
AlGaN/GaN films grown on inverted pyramidal silicon (Si) substrates as compared to films grown
on flat Si substrates. It must be noted that the films used in this section have non-negligible doping
in the buffer, unlike the previous section. We found that the magnitude of the Seebeck coefficient at
room temperature increased from ~297 pV-K=1! for flat film to ~849 pV-K~* for the film on inverted
pyramidal Si. In addition, we observed an increase in the “effective” electrical conductivity of the

AlGaN/GaN film on inverted pyramidal structure because of a unique combination of series and
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parallel resistances along the 2DEG path. These changes contributed to a significant improvement
in the thermoelectric properties of AlGaN/GaN multilayers on three-dimensional (3D) pyramidal

surfaces relative to the flat geometry. Portions of this section can also be found in our paper [106].
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Figure 3.16: (a) Schematic of pyramidal heterostructure, showing the different layers and geometry-
induced tapering of film thickness. (b) Optical images of long strip-type devices for current-voltage
and Seebeck coefficient measurement experiments. An array of pyramidal structures can be seen on
the surface of the pyramidal strip. (¢) SEM images of the multilayered AlGaN/GaN layers grown
using a MOCVD process on flat Si(111) substrate and (d) on inverted pyramidal Si substrate with
zoomed-in view at different locations along the (111) surface. ()2017 AIP.

3.2.1 Fabrication

The flat AlGaN/GaN films were grown on Si(111) substrate, while Si(100) substrate whose (111)
surfaces were exposed using potassium hydroxide (KOH) was used for the inverted pyramidal films
[107]. Figure 3.16a shows a schematic of the pyramidal film that was grown in this study. To provide
temperature gradient for the measurement of current-voltage response and Seebeck coefficient, we
fabricated long, strip-type samples of AlGaN/GaN on both flat and inverted pyramidal Si substrates,
as shown in Figure 3.16b. In both cases, the p-type Si substrates had similar resistivity of 0.1-1 Q-

cm. An in-house metal-organic chemical vapor deposition (MOCVD) process was used to deposit
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AlGaN/GaN on the buffer layers. To eliminate batch-to-batch process variation, the MOCVD
process was performed at the same time (in the same chamber) for both the flat and pyramidal
samples. Details of the microfabrication of the AlGaN/GaN on inverted pyramidal Si surface can
be found in our previous work [107]. In this study, the MOCVD recipe was carefully controlled to
deposit ~30 nm of Alyo5Gag. 75N barrier layer on the GaN layer. A thin GaN capping layer of ~3 nm
was grown on top of the AlGaN barrier layer, and a 1 nm thick AIN spacer layer was inserted between
the AlGaN and the GaN layers [83, 108]. Figures 3.16¢ and Figures 3.16d show a scanning electron
microscope (SEM) image of the multilayers grown on flat and inverted pyramidal Si substrates,
respectively. In comparison to the AlGaN/GaN multilayers on the flat substrate, each layer on the
inverted pyramidal Si substrate tapered from the upper to the lower part of the pyramidal geometry
[107] because of a reduction in mass transfer of the precursor gases in the cavities [109, 110, 111, 107].
Therefore, the AlGaN barrier layer tapered down from its initial value (~30 nm) towards the bottom
of the pyramidal structure. In this case, the 2DEG, which is formed at the AlGaN/GaN interface,
is present along the contours of the inverted pyramid, giving rise to a 3D electrical conduction path
[107]. Because the mass transfer rate for AIN is greater than that of GaN [Figure 3.16d], it should be
noted that the buffer layers at the bottom of the pyramidal geometry are AIN-rich, as are shown in
the inset of Figure 3.16d. This is also confirmed by performing energy-dispersive X-ray spectroscopy

(EDS) along the slope of the pyramidal surface, as seen in Figure 3.17.

3.2.2 Band Diagrams

Figure 3.18a shows a simulated energy band diagram of the multilayers used in our study (i.e.,
GaN capping/AlGaN barrier/AIN spacer/GaN layer), obtained using a Schrodinger-Poisson solver
(NextNano GmbH) [55]. The volumetric charge density, n,, throughout the thickness of the device
structure was also calculated. To calculate the 2DEG density, all the material layers were assumed
to be undoped, and the barrier height at the GaN capping surface was set to 1 eV because the
GaN surface was exposed to air [56]. Figure 3.18b shows that charge density, n,, is concentrated
in a thin ~5 to 10 nm region near the AlGaN/AIN/GaN interface because of built-in polarization
fields in these layers, creating the 2DEG [51, 112, 92]. The physical thickness of this region, tap,
can be defined as the region in which GaN is degenerate (i.e., the conduction band, E¢, is below
the Fermi energy, Ep, of the system) [79]. If the charge profile is assumed to be triangular, the
&= [79], where n, is the 2DEG sheet

average volumetric charge density can be defined as n, =

density. The 2DEG density, ns, at room temperature was estimated to be ~1.06 x10'® cm? from
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Figure 3.17: (a) SEM image of the multilayered Al1GaN/GaN films on inverted pyramidal Si substrate
with (1-4) zoomed-in view at different locations along the (111) surface. These locations and images
were used for energy dispersive X-ray spectroscopy (EDS) analysis (EDAX Inc.) to identify the
composition of the elements in films along the pyramidal surface. (b) Relative atomic ratio between
Ga and Al at different locations (1-4). The other elements detected are not considered in the
calculation. It should be noted that the heterostructure is Ga-rich in the upper portion, but gradually
transitions to Al-rich towards the bottom. (€)2017 AIP.

the Schrédinger-Poisson model. Using this, we obtained a n, of ~1.73 x 10" cm?, with top =~ 6.1

nm from the simulated band-structure for the flat sample.

3.2.3 Results and Discussion

To understand the thermoelectric enhancement, we first focus on the current increase in the 2DEG
of the pyramidal structure compared to the flat structure due to the geometrical effect. Simplified
analysis of the electrical resistance (R) between the devices on the flat and inverted pyramidal
surfaces assuming identical thickness of current conduction layers and electrical conductivities to

be o and oF, respectively, can be found in our former work [107]. It should be noted that the
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Figure 3.18: (a) Simulated energy band diagram for the flat device with AlGaN thickness set to
30 nm. The thickness of the 2DEG region, t2p, is shown in the region where GaN is degenerate.
(b) Volumetric charge density, n,, versus position, depicting the approximately triangular charge
profile. (©)2017 AIP.

network of resistances in the inverted pyramidal structure gives g—i = G X (g—i), where G is a
geometry-enhancement factor. We previously estimated G™%! ~ 0.52 analytically when of = o
[107], which means that the resistance of the pyramidal structure is predicted to be about half of
the flat structure resistance, assuming the electrical conductivities are identical. Note that the lower
resistance for the pyramidal sample arises due to the larger cross-sectional area of the pyramidal
surfaces in comparison to the flat sample. In order to verify whether the analytical prediction
(G™edel) is valid for the strip-type samples used in this study, we measured the resistance of the
flat and pyramidal devices. The measured resistances along with their current-voltage curves are
shown in Figure 3.20a, with RY ~ 1743 Q, R ~ 3018.9 Q, and thus G*?* ~ 0.58. While the

current is assumed to largely flow through the 2DEG thickness t2p, some contribution from the

buffer layers can be also expected. It should be noted that G®®P* value is slightly higher than the
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geometry-enhancement factor of 0.52 (G™°4¢!) obtained from the network resistance analysis [107].
This means that the pyramid device has slightly higher resistivity than the flat device in the region
where current flow occurs. The reason behind this follows from a simple, analytical model for the

2DEG sheet density ns as follows [112, 113, 114, 115]:

AE

ng = — —
q qtAaiGaN q

where o is the polarization charge density at the AlGaN/GaN interface, ¢ is the electron charge,
€AlGanN 1S the permittivity of the AlGaN layer, t 4;gon is the thickness of the AlGaN barrier layer,
¢p is the barrier height at the AlGaN surface, and AF¢ is the heterojunction band offset for
AlGaN/GaN. Because of the inverse, non-linear dependence on ta;gon in (3.9), it is found that
ns increases over a magnitude from ~10'2 cm? to ~10'3 cm? as the AlIGaN thickness varies from 5
to 10 nm [56, 116], and then asymptotes as the AlGaN thickness increases. In this study, because
the AlGaN thickness was found to taper towards the bottom of inverted pyramidal structure, the
2DEG sheet density varies locally within a pyramidal unit cell [107], with a lower 2DEG density
at the bottom of the pyramidal structure in comparison to the upper area of the structure. This
implies that the electrical conduction in the upper regions of the inverted pyramidal structure could
arise from the 2DEG and buffer layers, while the dominant conduction in the lower part could arise
from the buffer layers, which explains the slightly higher G¢*P* in comparison to G™°%!. We now
discuss the measurement of the Seebeck voltage in both structures. For the measurement of Seebeck
coefficient, each end of the sample was attached to a heater (S-1060, Signatone, Inc.) and heat
sink using thermal grease to ensure a good thermal contact. Along with the Seebeck voltage, the
temperature gradient was simultaneously measured using thermocouples on both the hot and cold
side. An image of the experimental setup is shown in Figure 3.19. Figure 3.20b shows the measured
Seebeck voltage for the AlGaN/GaN layers on the flat and inverted pyramidal substrate as a function
of the temperature gradient between the hot and cold side (AT'). The Seebeck voltage was observed
to be linearly increasing with AT, giving rise to Seebeck coefficients of -296.6 ;V-K~! for flat device
(SF) and -848.4 uV-K~! for inverted pyramidal device (ST). These coefficients are valid at room
temperature and are negative, consistent with the presence of a 2DEG in both the flat and pyramidal
devices. Since both the (111) and (100) substrate types were co-deposited in the MOCVD chamber,
similar doping (unintentionally) levels are expected. In addition, the expected temperature gradient,
AT, is the same for each device. Therefore, we attribute the ~2.86x enhancement to the geometry-

induced properties of the pyramid sample in comparison to the flat sample. To further investigate
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Figure 3.19: Experimental setup for Seebeck voltage measurement. The sample was firmly suspended
across a heater and heat sink. Thermal grease (Apiezon Inc.) was used to ensure good thermal
contact. The temperature at both ends was measured using a self-adhesive K-type thermocouple
(OMEGA Eng.). (©2017 AIP.

the geometry effect on enhanced Seebeck coefficient, a theoretical model based on the work of Sztein
et al [77]. for the Seebeck coeflicients of AIN and GaN with respect to carrier concentration was
implemented. The results from this model are plotted along with former experimental measurements
[79, 103, 102, 78] in Figure 3.21. The scattering time of electrons is calculated using contributions
from acoustic phonon, polar optical phonon, piezoelectric polarization, and charged dislocation
components [77]. For charged dislocation scattering, the dislocation density is set to 10° cm?, which
is typical for GaN films [98, 117]. Good agreement with experiments was observed for GaN. However,
previously measured values (~-1000 pV-K~=1) for metal-organic vapor phase epitaxy (MOVPE)
grown AIN samples are higher than the theoretically predicted values which might be due to hopping
conductance, as suggested by former researchers [78, 118]. The measured Seebeck coefficient of the

flat sample corresponds to the open circuit voltage in Figure 3.22a and can be expressed as [79]:

SQDEGRBuffeT + SBufferRQDEG

SF
RBuffer + RQDEG

(3.10)

which includes contributions of the 2DEG region and buffer layers, as shown in Figure 3.22a. Here,
RBuffer and R?PEC refer to the resistances of the buffer layers and the 2DEG region, respectively.
Using the 2DEG concentration from the Schrédinger-Poisson model, n,, of ~1.73 x10* cm? and

the Seebeck coefficient model for GaN (Figure 3.21), Sappe was estimated to be approximately
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Figure 3.20: Comparison of (a) current-voltage response and (b) Seebeck voltage of AlGaN/GaN

thin films on conventional flat silicon substrate and inverted pyramidal silicon substrate. Using a

linear fitting curve, approximate Seebeck coefficients of -296.6 VK and -848.4 VK" were obtained
for AlGaN/GaN on flat and inverted pyramidal surfaces, respectively. (©2017 AIP.

-150 uV-K~—!, which is about half the measured Seebeck coefficient value of -296.6 uV-K~! for the
flat sample. To estimate RP“/f¢" the 2DEG mesa was etched to a depth of ~100 nm using an
inductively coupled BCl3/Cly plasma for the flat sample. As a result, % ~ 1.66 was obtained
based on the current-voltage measurement, corresponding to SBu/fer ~ 540 V-K~! from (3.10).
This implies an average buffer carrier concentration of ~10'” ¢cm? in the flat sample from the model
for GaN as seen in Figure 3.21. For the AlGaN/GaN on inverted pyramidal surfaces, the measured
Seebeck coefficient of -848.4 1 V-K~! might arise from a combination of location-dependent circuits,
as depicted in Figure 3.22b. The Seebeck coefficient for the upper region of the inverted pyramidal
AlGaN/GaN film might be similar to that of flat AlGaN/GaN film. However, because the 2DEG
concentration decreases towards the bottom of the pyramidal shape (leading to R?PFG > RBuffer),
the overall Seebeck coefficient could be dominated by the AIN-rich buffer layer, as shown in Figure
3.22b, which could explain the higher Seebeck coefficient. For the pyramidal film, the charged

dislocation density in the lower, AIN-rich regions could be larger than the typical 10° ¢cm?, and



CHAPTER 3. THERMOELECTRIC PROPERTIES OF ALGAN/GAN 2DEGS 64

-1000 F GaN (Model)
, ——AIN (Model)

¥ AN
-800 .
€® AosssMoooN
GaN
-600 v -
540 |------------1

400 }

-200 |
RT:] e —

Seebeck Coefficient (VK ™)

S

0 At a2 aaaal A d il A saaaal R R ET)
Carrier Concentration (cm'3)

Figure 3.21: Experimentally observed [79, 103, 102, 78] and theoretically calculated (solid lines)
Seebeck coefficients as a function of carrier concentration in GaN, AIN and related III-V alloys. For
the data from Zhang et al. [78], carrier concentration was assumed to be ~10*® c¢m? based on the
other data in the paper. The Seebeck coefficients for GaN and AIN are calculated based on the
model proposed by Sztein et al [77]. (©)2017 AIP.
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Figure 3.22: Schematic of the electrical circuit equivalent to (a) the AlGaN/GaN on flat Si(111) sub-
strate and (b) AlGaN/GaN on inverted pyramidal Si(100) substrate indicating location-dependent
electrical circuits due to tapered thickness of AlGaN/GaN multilayers. Note that the 2DEG at the
bottom of the pyramid is expected to have a smaller charge concentration when compared to the
top of the pyramid. (€)2017 AIP.

thus partly responsible for the larger Seebeck coefficient observed. However, the increase from this

effect is estimated to be small, as seen in Figure 3.23 and comparison with former experiments
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[119]. In addition, it should be noted that the measured value (-848.4 uV-K—1) is in agreement with
the high Seebeck coefficient of ~-1000 uV-K—! for MOVPE grown AIN, as discussed earlier. The
full benefit of the 3D structure is captured by evaluating the improvement in thermoelectric power
factor. In doing so, we make the assumption that 2DEG and the buffer regions can be replaced by
equivalent uniformly doped materials, and that the electrical conductivity (o) improvement can be
attributed to the geometry effect. With this assumption, we can write o ~ G‘Zifm where o can
be thought of as the “effective” conductivity of the pyramidal AlGaN/GaN film. As noted earlier,
this is an approximation since the conducting buffer layers in the pyramid sample demonstrate
thickness taper. In this case, the power factor ratio can be estimated as (%)2 X ‘:TLF ~ 14. Tt
should be noted that the power factor increases by ~8 times even if the geometry enhancement
on the conductivity is not considered. This represents an improvement in the power factor by the
innovative use of 3D geometry. We emphasize that this power factor is only for a single 2DEG and
buffer region, and to take full advantage of this approach, we would need to nanostructure periodic

AlGaN/GaN/AIN/GaN superlattices to produce a continuous 2DEG along the normal direction to

surface utilizing the pyramid architecture [65].

3.2.4 Conclusion

In this section, we demonstrated a strategy to improve the thermoelectric characteristics by growing
AlGaN/GaN films on a folded pyramidal geometry. To further improve the thermoelectric charac-
teristics, detailed investigation of the thermal conductivities must be conducted, as well as designing
superlattice structures along the 3D geometry. This study motivates the use of the 2DEG as an in-
tegrated thermal sensing and harvesting element in III-V based power electronics platforms, and the
use of 3D, folded geometries compatible with current CMOS technology [via the Si(100) substrate]

to enhance thermoelectric performance for fixed device footprint.
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Figure 3.23: Magnitude of the Seebeck coefficient as a function of carrier concentration and disloca-
tion density in a GaN film, based on the model by Sztein et al [77]. We varied the charged dislocation
density parameter (Ng;s) from 102 em™2 (typical films [98, 117]) to 10! cm™2 (extremely defective
film [119]) within the model to estimate the Seebeck coefficient variation. It is seen, for example,
that the Seebeck coefficient increases by ~25% as the dislocation density varies from 10? to 10!
em~2. Similar results have been observed in InN films [119]. We note that the observed Seebeck
coefficient increase for the pyramidal film over the flat film was over 180%. Thus, while dislocation
density increase could be partly responsible for the higher Seebeck coefficient in the pyramidal film,
we attribute the major cause to composition variation arising from the difference in the mass transfer
rates of AIN and GaN. (©)2017 AIP.



Chapter 4

Low Temperature Thermoelectric

Transport

Apart from high temperature energy harvesting, another scenario where energy harvesting might
be required is at low (cryogenic) temperatures. Thermoelectrics are usually not good at low tem-
peratures because the Seebeck coefficient scales with temperature (and hence the power factor and
the figure-of-merit). However, under certain conditions, a large enhancement in the thermoelectric
performance can be obtained via electron-phonon interaction. In this chapter, we show experimen-
tal evidence of this effect in the AlGaN/GaN 2DEG, which can lead to promising low temperature

thermoelectric properties.

4.1 Introduction

In modern semiconductor devices, the scattering of charge carriers by lattice vibrations, known as
phonons, is an important bottleneck in the design of energy-efficient devices [120]. Yet, under a
thermal gradient, commonplace in thermoelectric devices, these phonons can generate usable energy
when they couple to charge carriers via an enhancement of the Seebeck coefficient (5) [121, 122, 123].
This momentum transfer to the charge carriers via non-equilibrium phonons, known as phonon drag
(Spr), supplements the thermal diffusion of charge carriers (Sg). Despite the potential gains in
thermoelectric efficiency, understanding the contribution of phonon drag to the overall Seebeck

coeflicient has not received much consideration, largely due to early work which suggested that:

67
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(1) Sy, is only significant at low temperatures (below T ~ 50 K), where the thermoelectric power
conversion efficiency (27") is low [124]; (2) S,y is small relative to S for degenerate semiconductors
[125, 126], which are common thermoelectric materials due to their large 2T’; and (3) an increase in
Spr coincides with a corresponding increase the thermal conductivity (k) [127, 128, 129], and thus
has little benefit for power generation, since z7T' %2

Contrary to these observations, recent experiments show that Sy, is almost 34% of the total S at
room temperature in degenerate, bulk Si (doping on the order of 10!? cm~2) [130]. Further, recent
first-principles calculations show that different portions of the phonon mean free path spectrum
(MFP, denoted by A) contribute to thermal conductivity and phonon drag. Remarkably, this de-
coupling makes it possible to reduce k while preserving S, [123]. Though a detailed understanding
of phonon drag can lead to advancements in solid-state thermoelectric power conversion, even at
room temperature, there remain significant gaps in the literature. In particular, experiments which
accurately quantify S, are yet lacking for low-dimensional systems. Degenerate 2D semiconduc-
tor quantum wells often have Seebeck coeffcients (S) and electronic conductivities (o) which are
enhanced relative to bulk [81, 131, 75, 65|, increasing zT'. Further improvements in thermoelectric
performance necessitate understanding the contribution of Spp,.

Previous measurements of Sy, have been done in 2D electron gas systems by measuring the
total Seebeck coefficient, theoretically estimating Sy, and calculating S, = S — Sy [132]. However,
estimating Sy is difficult to do because it needs precise knowledge of the scattering mechanisms for
the charge carriers, in addition to the subband energies of the 2D quantum well. In the simple model
by Herring [121], Spn &< Apn, where App, is the MFP of the “representative” phonon that participates
in drag. Thus, as shown in recent work on bulk Si [130], we can experimentally determine S and
Spr, separately by varying dimensions [133], since this allows us to directly control the phonon MFP
spectrum, and hence Sp;,. In particular, as the sample dimension is reduced below a critical value,
Sph disappears meaning that in these samples S ~ Sg [130]. Sy, in samples with a larger dimension
can thus be estimated by subtracting out the Seebeck coefficient of these smaller samples. Because
this method does not rely on the estimation of Sy from theory, it allows for a true extraction of Sy,.

In this chapter, we extend the concept of dimension scaling to extract Spp in the AlGaN/GaN
2DEG. A large Sy, could help in the design of where low-temperature thermoelectric power sources,
which would be ideal for the space environment [134]. We note here that the Sy, is due to the inter-
action of 3D phonons in the underlying GaN layer with the electrons at the AlGaN/GaN interface.
Both GaN and AIN have relatively high Debye temperatures (600 K and 1150 K) [77], suggesting
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that non-equilibrium phonons should be present in these materials below this temperature. This
suggests that phonon drag could be observed, even at room temperature in this material system.
Using a combination of experiments and analytical modelling across 50 to 300 K, we experi-
mentally separate out Sy, by comparing the thermoelectric properties of devices with various GaN
thicknesses (100 nm to ~1.2 pm). Further evidence for phonon drag is provided by examining the
gate voltage dependency of the Seebeck coefficient. Our findings show that while S,y is ~32% of
the total S at room temperature in a thick ~1.2 ym device, Spp, is almost completely suppressed
when tgen is reduced to ~100 nm. By measuring the thermal conductivity in these samples, we
show that the magnitude of the phonon drag can increase even when the thermal conductivity is
decreasing. This decoupling of k£ and Spp, could enable significant advancements in thermoelectric
power conversion. These first measurements of the thermoelectric properties of the AlGaN/GaN
2DEG in the low temperature range, are an important step toward understanding drag in such

low-dimensional systems.

4.2 Fabrication and Procedure to Extract Phonon Drag

Experimental samples were fabricated via metal organic chemical vapor deposition (MOCVD) on
an Si (111) wafer. In particular, the “thick” and the “thin*“ GaN samples previously discussed in
Chapter 3 are re-used for this study. As a reminder, we note that the 2DEG forms in GaN at the
AlGaN/GaN interface, has a nominal sheet density, nop ~ 101 cm~2 and a characteristic quantum
well width of ~5 nm [75].

The structures used to extract the thermoelectric properties of the 2DEG (S and kg,n) are the
same as previously described in Section 3.1.2. We recall that these are suspended AlGaN/GaN di-
aphragms, as depicted in Figures 4.1a and 4.1b. A 2DEG mesa was defined by etching the AIGaN on
top of the membrane, except in a rectangular strip across which we extracted the Seebeck coefficient.
Platinum (Pt) heater electrodes were deposited on top of a ~47 nm atomic layer deposited (ALD)
alumina layer to provide electrical isolation from the 2DEG and to create an in-plane temperature
gradient across the 2DEG mesa. The main difference from the structure in Section 3.1.2 is that
the mesa has a gate electrode (Au) on top of the alumina to modulate the charge density in the
2DEG, as seen in Figures 4.1a and 4.1c. This additional fabrication step is performed right before
the silicon backside etch, as visualized in the fabrication flow in Figure 4.2.

Upon application of a temperature gradient via the Pt heater, a Seebeck voltage is measured

across the mesa due to the thermal diffusion of the 2DEG electrons (V) and the drag imparted to
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Figure 4.1: Measurement platform to probe phonon drag. (a) Schematic of suspended device
to measure Seebeck coefficient, showing the heater metal, the AlIGaN/GaN mesa, and the gate. (b)
Cross-sectional SEM image of the suspended region, showing Si, the buffer and the GaN layer. This
image is for the thick GaN sample, with tgen &~ 1.2 pm. (c) 2D schematic of the suspended mesa
region, showing the drag and diffusive components of the Seebeck voltage. The phonon wave vector
is marked by the symbol Q. (d) Flowchart showing the numerical procedure to extract the phonon
drag component of the Seebeck coeflicient, Spp.
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Figure 4.2: Fabrication process to create the suspended AlGaN/GaN diaphragms for measurement
of thermoelectric properties.

them by phonons in the GaN layer (V,;,), as seen in Figure 4.2c. Using the heater as a thermometer,
we extracted the Seebeck coefficient from the voltage across the 2DEG mesa, after accounting for the

thermal losses in the alumina layer and the various interfaces. To extract the thermal conductivity



CHAPTER 4. LOW TEMPERATURE THERMOELECTRIC TRANSPORT 71

of the GaN and the underlying buffer layers, we used the same structure from Section 3.1.2. The
flowchart in Figure 4.1d summarizes our numerical procedure to extract Spj,. Measurements of the
2DEG sheet density, nop and mobility, p were taken and compared with an analytical model to
obtain the scattering times, 7(F) for the 2DEG as a function of energy. The obtained 7(E) is
used to calculate the diffusive component of the Seebeck coefficient, S;. The thermal conductivity
measurements are used to extract the MFP spectrum in the GaN layer, which is combined with
7(E) to calculate Sp,. This modeled Sy, along with the calculated Sy, can be compared with the
experimental values of the Seebeck coefficient for both the thick and thin GaN samples to shed light

on the relative contribution of Sy.

4.3 Measurement Notes

Although the calibration process for the various metal lines (heater and sensor) is identical to our
previous description (Section 3.1.2), there are some key differences in the measurement process to
extract the Seebeck coeflicient and the thermal conductivity, which need to be discussed.The main
distinction is that these experiments (from 50 to 300 K) were done in vaccum using a temperature
controlled cryostat, while in Section 3.1.2, the experiments (300 — 573 K) were done in air as the
ambient. Furthermore, since our Seebeck coefficient measurement now includes a gate, it is necessary
to understand the modulation of the 2DEG sheet density and mobility as function of gate voltage. To
obtain these gate and temperature dependent sheet densities and mobilities, we performed Hall effect
and van der Pauw measurements in a vaccum cryostat. The use of vaccum ensures that any errors in
the extraction of the thermal conductivity and Seebeck coefficient due to thermal convection effects
are eliminated. In our measurement structures, the metal lines are placed on top of an amorphous
alumina film of thickness ~47 nm (to avoid electrical conduction with the underlying 2DEG), which
needs to be properly accounted for to extract the thermal conductivity of the suspended film and the
Seebeck coefficient of the 2DEG. For clarity, we re-visit some of the assumptions made to properly
extract the thermal conductivity and the Seebeck coefficient.

We first focus on the thermal conductivity extraction procedure. As previously discussed in

section Section 3.1.2, the thermal resistance of the suspended film (Rp) can be written as:

20Ty — T, 2(Roox
RF: (H S)_2RAZ_ (R 0T+Roacg)

B T (4.1)

where Ty and Tg are the heater and sensor line temperatures, Py is the input power to the heater
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and R4; is the thermal resistance of the Al,Og3 layer, Ay is the area projected area of the heater
electrode (5 pm x 200 um), R0, is the thermal boundary resistance of the Heater/AloO3 interface
and Rogg is the thermal boundary resistance of the AlyO3/GaN interface. The thermal conductivity
of the film can be extracted from Rp and the known film dimensions. To calculate the thermal
resistances, we denote t4; and tp are the thicknesses of the alumina and AlGaN/GaN/buffer film,
respectively. We used a thermal boundary resistance of 2.8x1078 m2KW ™! for R,,,, [84]. Although
data for the thermal boundary resistance across the Al;O3/GaN film interface is not available,
we estimated Ropg =~ 1x107% m?KW~! based on measurements across amorphous dielectric/Si
interfaces [85], since GaN and Si have similar Debye temperatures [86, 77]. The thermal resistance

of the alumina layer can be estimated as Ry, = kleAH, where k4; is the temperature dependent

thermal conductivity of the alumina layer. The measurements for the thermal conductivity of
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Figure 4.3: (a) Microscope image of the gated Seebeck coefficient measurement structure. (b)
Temperature-dependent thermal conductivity for the amorphous alumina film.

amorphous alumina films have been published in the literature before. It is worth noting that
amorphous films are typically modeled by the differential effective-medium (DEM) approximation,
where k o n(%), with n denoting the atomic density of the film [135]. Thus, the variation in the
thermal conductivities between the different films is attributed to the different densities, which
depends strongly on the growth technique and deposition temperature. Our film is prepared via
atomic layer deposition (ALD) at a temperature of 200°C, whose thermal conductivity has been
previously measured by Gorham et al. under the same condition at room temperature [135]. The
temperature dependent thermal conductivities of alumina films prepared under different conditions

have been reported by a few other research groups [84, 135, 136, 137], as seen in Figure 4.3b. Since
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we can attribute the difference exclusively to density, we fit the thermal conductivity obtained by
Lee et al. for different temperatures [137], and scale it to match the value obtained by Gorham et
al. at room temperature [135] to obtain k4;, marked by a red line in Figure 4.3b. In conclusion,
since Rroz, Rozg and R4, are known from equation (4.1), we can calculate Ry which can be used

to obtain the thermal conductivity (kz) of the suspended film.

4.4 Measurements Under no Gate Bias

We first discuss the measurements of the thermoelectric properties under no gate bias. Figure 4.4a
shows measurements of nap for the thick and thin GaN sample, extracted via Hall effect and van
der Pauw measurements. The inset shows a schematic band diagram of the AlGaN/GaN quantum
well, with the 2DEG depicted as the triangular region at the interface below the Fermi level (Ef).
The thickness of the quantum well, t5p, is defined as the distance from the AlGaN/GaN interface
to the intersection of Er and the GaN conduction band. We obtain a roughly constant ngp = 10'3
ecm~2 from 50 K to 300 K, consistent with the weak dependence on temperature of the piezoelectric
constants of both AIN and GaN [52]. The thin and thick GaN samples have a similar charge density,
verified using a commercially available Schrodinger-Poisson solver [55] as seen in Figure 4.4a. We
also obtain top ~ 6.1 nm and top ~ 4.4 nm for the thick and thin GaN sample from the solver.
For simplicity, we set ngp = 10 ¢cm™2 for both the thin and thick GaN samples in the models for
the thermoelectric transport properties. Using the expression for the 2D density of states, assuming
that all the sheet density is from a single subband, gop = 7%;7 we get Ep — Fqp =~ 110 meV, where
FEr is the 2DEG Fermi level and F; denotes the energy at the bottom of the first subband. This
is consistent with the energies obtained from the solver (Figure 4.5a), and indicates that only the
bottom subband contributes significantly to charge density. For the rest of this work, only this
subband is considered in the calculation of the Seebeck coefficient, because the contribution to S
from each subband is weighted by the charge density in it [138]. Next, we turn to measurements
of the 2DEG mobility, plotted in Figure 4.4b and Figure 4.4c for the thick and thin GaN samples,
respectively. The dotted lines show the calculated contributions to the mobility from scattering
mechanisms that are dominant in AlGaN/GaN 2DEGs [59]. Other scattering mechanisms (e.g.
dislocation, ionized impurity and piezoelectric scattering) are neglected. Rigorous justification of
this approximation is found in Appendix A. For both thick and thin GaN, polar optical phonon
(POP) scattering is the dominant scattering mechanism at room temperature, due to the large optical

phonon energy (hwop = 91.2 meV) [139], and the polar nature [112] of the GaN wurtzite crystal. As
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Figure 4.4: Measurements for un-gated devices. (a) Temperature dependent sheet density
(nap) of the thick and thin GaN sample. The experimental markers (blue triangles and red circles)
are obtained from Hall-effect and van der Pauw measurements, while the dashed lines show the
simulated values obtained from a commercial solver. The inset shows a schematic of the Al1GaN/GaN
quantum well, with the Fermi level and the characteristic thickness of well, top, marked. (b,c)
Mobility for the thick and thin GaN sample, with the dashed lines showing the simulated components,
and the markers from Hall and van der Pauw measurements. (d) Measured Seebeck coefficient. The
dashed lines show the calculated diffusive components, which are similar for the thick and thin
GaN samples. (e) Measured (markers) and calculated (dashed lines) thermal conductivities for the
thick and thin GaN samples. (f) Simulated values of the phonon drag component of the Seebeck
coefficient obtained by sweeping the effective thickness of the GaN layer. The red markers show the
estimated drag component for the thick GaN sample extracted from the experimental data. A clear
suppression of phonon drag is observed for smaller GaN layer thickness.

the optical phonon population decreases exponentially at lower temperatures, electrons in the lower
subband scatter against the AlGaN/GaN interface (which we denote as roughness scattering). In
order to calculate the roughness scattering, we set the average displacement of the interface, A, to
be 1 and 2 nm for the thick and thin GaN sample respectively (an AFM image of the sample surface
can be found in Figure 4.5b). The good agreement between the model and experimental data allows
us to extract the scattering time, 7(F) for the electrons in the bottom subband of the 2DEG. Using

these scattering times, we can calculate the diffusive component of the Seebeck coefficient for the
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Figure 4.5: (a) Energies of the bottom 2 subbands in the AlGaN/GaN quantum well for the thick
and thin GaN samples. (b) AFM image of the surface of the thick GaN sample (with the alumina
layer on top). The RMS roughness is estimated to be ~1.4 nm. (c) Gating of the sheet density in
the thick GaN sample at a temperature of 50 K. (d) Electron-phonon momentum conservation in the
out-of-plane direction for 2DEG sheet densities varying from 1-10x10*2 cm~2. The corresponding
shape of the wave function, 1(z), for the bottom subband at the 2DEG at the AlGaN/GaN interface
is shown in the inset.

bottom subband, S, as [140]:

1 [EENE - Ep — E)r(E)dE
el [ B2 r(B)dE

Sq = , (4.2)
where fo(F) is the Fermi function, and e is the magnitude of the electronic charge. These are
plotted against the experimental data for the magnitude of the Seebeck coefficient (the actual sign
is negative) in Figure 4.4d. The theoretical curves deviate slightly from a linear dependence on

temperature, typical for a degenerate semiconductor with 7(E) o E%, where « is a scattering

exponent [138]. This deviation is due to POP scattering, which forbids electrons with energies
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smaller than hwepp from emitting optical phonons [140]. The slight difference in the calculated
values of Sy for the thick and thin GaN sample is attributed to differences in roughness scattering.
We observe that the Seebeck coefficient for the thin GaN sample agrees well with the calculated Sy,
however this model cannot describe the thick GaN sample (Figure 4.4d). In addition, the magnitude
of the Seebeck coefficient in the thick GaN sample exhibits a prominent upturn at low temperatures,
hinting at phonon drag [132].

In our device, 3D phonouns, represented by the wave vector Q = (q, ¢.), which represent the in-
plane (of the 2DEG) and out-of-plane component, scatter with 2D electrons in the bottom subband,
giving rise to Spy. To calculate this drag, we follow the approach introduced by Cantrell and Butcher
[122] and later modified by Smith [141, 142]. We additionally add a correction to include the phonon

scattering time (7,;,) as a function of the phonon wave vector explicitly:

N Qe | (a:) [ G(Q)rn(Q)
S =~k J, 4 e e

In equation (4.3), vq, is the average phonon velocity over the different modes, kp is the Boltzmann
constant, m* is the electron effective mass and p is the density of GaN. The values of the parameters
used for our calculations are in Table 4.1. The phonon frequency, wg is approximated as Vg, \/m
assuming a linear dispersion. The term I(g.) = [ ¢(z )2el9=% describes the electron-phonon momen-
tum conservation in the z direction, where 9 (z) is the wave function of the electrons in the bottom
subband. The term S(gq,T") is a screening function for the electrons in the 2DEG. Detailed ex-
planations for I(g,) and S(gq,T") are in Appendix A. =Z(Q) denotes the acoustic electron-phonon
scattering potential (for the longitudinal and 2 transverse modes). The explicit expression for Z(Q)

s [142]
8¢2¢% +¢*

— 12 2
Ep2=p? 4 LT T4
=] 2T )

(4.4)

where the first term represents the scattering via the deformation potential (with strength of the
interaction described by constant D) and the second term accounts for piezoelectric scattering. In

equation (4.3), G(Q) is the energy integral, which is written as:

G(Q) = 1_;; /:O gpf®) _éo(_E; hwa)) (4.5)

In equation (4.6), v = hwa_E with B,

In Figure 4.5d, we show the form I(g,) for a range

Qm* .

for nyp varying from 102 to 10'3 ecm =2, where we note that for small values of ¢., I(q.) ~ 1, but
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Table 4.1: Definitions of Selected Parameters for Phonon Drag Calculations.

Parameters Symbol(Units) Value Reference

Effective electron mass m* 0.22m, [59]
GaN dielectric constant e (F-m™1) 10.4€0 [59]

GaN sheet density nep (cm™2) ~1x10* em™2  Our measurements
GaN deformation potential D (eV) 8.5 [77]
Optical phonon energy fiwop (meV) 91.2 [77]
Density of GaN, AIN p (kgm=3) 6150, 3266 [77]
Griineisen parameter ole 0.5 [77]
Atomic mass of GaN, AIN M (amu) 83.7, 40.99 [77]
Average phonon velocity in GaN, AIN Vay (mMs™1) 5070.5, 7183.5 [77]
GaN, AIN Debye temperature 0p (K) 600, 1150 [77]
GaN Umklapp scattering constants P (eV), Cy (K) 1.1375 eV, 132 K [143]
AIN Umklapp scattering constants P (eV), Cy (K) 2.0625 ¢V, 382 K [144]

around ¢, corresponding to the Debye wavelength (about 1.55x101% m~! in GaN), I(q.) ~ 0. The
physical interpretation is that for thinner quantum wells (smaller Az), larger values of ¢, are allowed
to interact with the 2D electrons because the momentum conservation in the out-of-plane direction
is less stringent [132]. Finally, we also note that because of the specific shape of I(g,), we can set
the limits of the integration in equation (4.3) to the Debye wave vector (instead of oo).

Of particular interest to us is 7,,(Q) which appears in equation (4.3), the term representing
the relaxation time of the phonons. This term describes the scaling dependence of S, on sample
thickness, because 7,,(Q) x tgen due to boundary scattering. In particular, it is necessary to
calculate the phonon scattering time, 7,,(Q) in the GaN layer. This can be estimated accurately
from the in-plane thermal conductivity measurements of the suspended AlGaN/GaN film. Since
we do not have thermal conductivity measurements of the GaN layer exclusively, we follow a more
involved approach. In particular, we first model the thermal conductivity of the composite film and
compare with experimental data. Then, we use the model for the GaN film to estimate the 7,,(Q)
needed to calculate Spp.

The approach for calculating k is similar to the procedure described in Section 3.1.8. The overall

thermal conductivity (k) can be estimated as %ktf, where k; and ¢; refer to the thermal conduc-

tivities and thicknesses of individual layers. For each multilayer, we used a Boltzmann Transport
Equation (BTE) model to quantify k; with layer thickness (¢;). Using a simple Debye approxima-

tion for the phonon dispersion with an average velocity over the acoustic phonon modes (vg4.), the
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in-plane thermal conductivity for each layer can be written as [145]:

b — kpT3 /QTD rte®r(x) (4.6)
Coomhug, Jooo (€7 — 1) .

where 6p is the Debye temperature for the multilayer, and z = Z‘;—%. The total scattering time

is calculated by Mathiessen’s rule with contributions from Umklapp (7y), alloy (74), boundary
(tB) and defect scattering (7p), respectively. Phonon-phonon scattering is evaluated using via the

relaxation term for Umklapp processes [99]

_ PkBT3x26_CTU

2 , (4.7)

()

where the constants P and Cy for GaN and AIN are listed in Table 4.1. To evaluate the boundary

ti

Vav

in Section 3.1.8. The dotted lines in Figure 4.4e show the modeled %k for the entire stack, taking

scattering term, we used 75 &~ 2.38 [95]. The remaining scattering terms are modeled as described
into account all the described scattering mechanisms. The alloy and dislocation scattering terms
are challenging to estimate analytically [97, 98], which could explain the disagreement between the
model and the data at the lower temperatures. Yet, this model will suffice to explain the observed
trends in the phonon drag behavior. Assuming that only the phonons in the GaN layer contribute
to drag, the modelled 7, for this layer is combined with equation (4.3) to calculate Spp,.

The modeled Sy, is plotted in Figure 4.4f for a range of t g, n values. It is seen that Sy, for the thin
GaN is between 4 and 8 uV-K~! across all T, significantly less than the measured 40 to 80 pV-K~1
(Figure 4.4d), supporting the conclusion that S ~ S;. The nearly constant S,, can be attributed
to kgen being limited by boundary scattering across the entire temperature range. Sy in the thick
GaN film was estimated by subtracting a linear fit (including the origin) of the measured Seebeck
coefficient in the thin GaN sample from the measured Seebeck coefficient of the thick GaN sample.
We have used a linear fit to the origin of the thin GaN Seebeck coefficient to avoid overestimating
the diffusive component of the Seebeck coefficient. This is because the measured Seebeck coefficient
values of the thin GaN sample still includes a small phonon drag component, which is visible as a
slight upturn at the lower temperatures (blue triangles in Figure 4.4d). The estimate of S, for the
thick GaN sample after subtraction from the linear fit is plotted in Figure 4.4f (red markers). The
shaded region shows the calculated Sy, for various effective GaN thicknesses (tgon) from 1 to 3 pm
using equation (4.3). We have swept the GaN thickness in the model since it under-predicts Sy, if we

use the actual thickness (1.2 pm). This inaccuracy may arise from the simple model for the thermal
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conductivity and phonon drag used here, in addition the 2DEG quantum well thickness, which is
challenging to obtain experimentally. The data and model agree within the swept thickness range,
and shows that ~32% of the total S at room temperature can be attributed to drag, increasing to
almost 88% of S at 50 K. The inverse temperature dependence of Sy, is reflective of phonon-phonon
scattering, from which the phonon MFP scales as T,

The measurements of the Seebeck coefficient and the thermal conductivity in Figures 2e and 2f
also suggest that the phonon drag continues to increase even when the thermal conductivity starts
decreasing (below ~90 K), providing experimental demonstration that these two parameters can be
decoupled. This is in agreement with previous theoretical work suggesting that these two parameters

can be decoupled to increase zT' [146, 61].

4.5 Measurements Under Gate Bias

The application of a gate voltage, Vg, can tune the thermoelectric power factor (S%0) without
changing k, which can further optimize 27" [147, 101]. While the effect of Vi on Sy is well known,
only a few studies have attempted to quantify its effect on drag [132, 148, 149]. In particular,
application of Vi tunes the quantum well width and 2DEG charge density (n2p), simultaneously.
Spn, is inversely proportional to nop giving it a strong dependency on this parameter, as seen in
equation (4.3). Quantum well width affects S, through I(g.) which is strongly dependent on wave
function shape %(z). A more tightly confined wave function in real space (which corresponds to
larger nop) is broader in Fourier space, increasing I(g.). These two effects compete against each
other resulting in a complex gate voltage dependency.

Hall-effect measurements of the 2DEG sheet density as a function of gate voltage are presented
in Figure 4.6a. The data at 300 K shows a depletion of the 2DEG sheet density by up to a factor of
~3x from its ungated value as Vi is lowered to -12 V. The gating is similar at lower temperatures
(data for the thick GaN sample at 50 K are plotted with black circles in Figure 4.6a) and for the
thin GaN sample. The inset of Figure 4.6a shows how depletion widens the quantum well at the
AlGaN/GaN interface. Depletion also reduces the 2DEG mobility as seen in Figure 4.6b, similar to
former work [150, 81]. To study the effect of gating on S, we need to first estimate Sy as a function
of gate voltage. This can be done by studying the effect of Viz on the thin GaN sample, presented
in Figure 3c. For a degenerate 2D quantum well, we can roughly approximate the magnitude of the
diffusive Seebeck coefficient as Sg o< (L [138]. Since nap x (EF — Ej), the magnitude of the

Er—E1)

diffusive Seebeck coefficient should increase with negative Vi as it depletes the 2DEG and decrease
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Figure 4.6: Measurements with a gate bias. (a) Modulation of the sheet density in the 2DEG
(nep) with applied gate bias at 300 K and 50 K for the thick GaN sample. The markers are
obtained from Hall-effect measurements. The inset shows the simulated wave function in the bottom
subband of the 2DEG for three different sheet densities. The coordinate z = 0 corresponds to
the AlGaN/GaN interface, as seen in the band diagram (black lines). Positive z represents the
GaN layer. (b) Experimental measurements of field-effect mobility at 300 K. (c¢,d) Gated Seebeck
coefficient measurements for the thin and thick GaN sample. The solid lines are a guide for the eye,
while the makers are the experimental measurements. (e) Estimated drag component for the thick
GaN sample from the experimental data, at 50 K. (f) Simulated phonon drag component for the
thick GaN sample (using tgen = 1.2 pm) for 2DEG sheet densities that correspond to our applied
voltage range, at 50 K. (g) Estimated temperature-dependent power factors for the thin and the
thick GaN samples from 50 to 300 K from the experimental data, with the gate grounded. The
dashed red and blue lines are guidelines for the eye. We have also included power factor data from
other material systems for comparison with the thick GaN 2DEG.

linearly with T'. Both features are visible in Figure 4.6c.

Figure 4.6d shows the effect of Viz on the magnitude of the Seebeck coefficient in the thick GaN
sample, where the upturn below ~150 K is apparent even after depletion. As in Figure 4.4f, we
subtracted a linear fit of the thin GaN Seebeck coefficients (in Figure 4.6¢) from the values for the
thick GaN to estimate Sy for different V. Because we know the relation between nop and Vg

(Figure 4.6a), we can thus estimate Sy, as a function of nop. We have plotted the gate-voltage
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dependence of S, at a fixed temperature of 50 K, for different nap values in Figure 4.6e. It is
seen that the magnitude of S, increases by a factor of ~1.5x as nop decreases from 10'* cm™2
to 3x10'2 cm™2. To confirm the trend of these values, we also simulated Sph over this ngp range
(4.3) (with the actual GaN thickness of 1.2 nm), taking into account the shape of the quantum well.
These simulations are plotted in Figure 4.6f at a temperature of 50 K, for ease of comparison to the
data in Figure 4.6e. The simulated data shows the same trend (i.e., magnitude of S, increasing
as ngp decreases), but the increase is much larger (~3x). Although the reason for the mismatch
needs further study, these trends of S, vs. Vi suggest that the Seebeck coefficient behavior in the
thick GaN sample is indeed due to PD. Further, they show that depleting the AlGaN/GaN 2DEG
increases the magnitudes of both the diffusive and drag components of the Seebeck coefficient.
Finally, it is worthwhile to examine the TE power factor (S%¢) of the 2DEG in both the thick
and the thin GaN sample. These values are plotted in Figure 4.6g, where the gate is grounded.
In order to calculate the conductivity of the 2DEG, o, we use the mobility values in Figure 4.4b
and Figure 4.4c, along with an estimate for the average volumetric charge density, n, = ’t’j—g The
nap values are taken from the experimental values in Figure 4.4a. While the power factor for the
thin GaN sample is quite insensitive to temperature, the value for the thick GaN sample shows a
pronounced enhancement at low temperatures, as seen in Figure 3g, reaching ~40 mW-m~1K—2
at 50 K. This high power factor, which originates from the upturn of the Seebeck coefficient at
low temperatures via phonon drag, is state-of-the-art when compared with other TE materials also
plotted in Figure 4.6g (Big.s5Sbo.15 [151], CsBisTeg [152], CePds [153], YbAls [154], MoSs [155]).
We have also plotted the power factors for other 2DEG systems where measurements are available,
such as gated ZnO [101] and gated SrTiO3 [148] for comparison in Figure 4.6g. The enhancement of
the Seebeck coefficient in our thick GaN sample is in contrast with typical TE materials, where the
power factor scales directly with temperature because the Seebeck coefficient is diffusive [152]. The
high power factor values in the thick GaN sample, although only for a single 2DEG, are promising
for planar applications such as Peltier coolers. Further, they could make promising low-temperature

energy harvesting elements when structured as a superlattice [65].

4.6 Conclusion

In conclusion, we have experimentally shown that phonon drag can be a significant portion of the
total Seebeck coefficient in a 2DEG, even at room temperature. By using thickness as a “knob”

to control sample dimensions, we show that S, is suppressed in the AlGaN/GaN 2DEG at a film
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dimension of ~100 nm. From a thermoelectric power conversion perspective, we shed light on two
important phenomena: First, the magnitude of the phonon drag can increase even when the thermal
conductivity is decreasing, which means that these could be tuned separately. Second, depleting a
2DEG can lead to an increase in both the phonon drag and diffusive contributions of the Seebeck
coefficient. These findings enable a better understanding of the phonon drag effect, and can lead to

advancements in thermoelectric power conversion across a wide range of temperatures.



Chapter 5

Unconventional Sensing

Applications in A1GaN/GaN
2DEGs

In Chapter 2, we introduced the concept of using the AlGaN/GaN 2DEG as an extreme environ-
ment IoT platform. Specifically, this requires the maturation of sensing, logic and power delivery
technologies under these harsh environment conditions. In this chapter, we discuss novel sensors
that can be made using the innate polarization fields in the Al1GaN/GaN 2DEG. In the first part
of this chapter, the combined effect of applied strain and temperature on the device characteristics
of AlGaN/GaN high electron mobility transistors (HEMTSs) is discussed. The developed model is a
useful tool for predicting the response of HEMTs used in sensing and under the influence of pack-
aging in extreme environments, especially when temperature fluctuation and strain coupling is of
concern. The second part of this chapter discusses a novel photodetector that uses the Al1GaN/GaN

2DEG for its electrodes, which leads to record signal-to-noise performance.
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5.1 Strain Sensing Using the Al1GaN/GaN 2DEG

5.1.1 Introduction

We recall that A1GaN/GaN HEMTs leverage a two-dimensional electron gas (2DEG), which is cre-
ated by the spontaneous and piezoelectric polarization in these heterostructured materials [112].
The amount of charge in the 2DEG is altered by external strains and temperature swings, which
ultimately leads to a shift in the current-voltage characteristic of the HEMT device. This strain-
temperature sensitivity can impact electronic device stability under packaging and thermal stresses.
In addition, strain sensitive transistor elements can be exploited to create sensors used for the mea-
surement of pressure, force, acceleration and torque. However, temperature compensation techniques
are required if they are to be operated under temperature excursions in a reliable fashion.
Recently, AlIGaN/GaN heterostructures have been used to create a variety of sensors (physical,
chemical and biological) [156] and micromechanical resonators [157, 158, 159] demonstrating the
flexibility of this electronic material system. Strain sensors using the AlGaN/GaN 2DEG as a
piezoresistor have shown measured gauge factors (at room temperature) with a wide range of values,
from —2.8 to —40, 000, while simulated gauge factors are only in the range of —7.9 +5.2 [160]. The
simulated gauge factors for AlGaN/GaN 2DEGs are low in comparison to piezoresistors made of
Si [161]. The discrepencies between simulation and experiment calls for a better understanding of
the fundamental physics that govern the strain response of these devices. In addition, Al1GaN/GaN
piezoresistors suffer from temperature cross-sensitivity which is significant at high-temperatures and
interferes with the strain measurement. However, there are no experimental reports of the strain
response of AlGaN/GaN HEMT devices at temperatures above 100°C [162] and few reports of
simulation models which capture this operating condition [163]. Recent experimental results have
demonstrated a large increase in the strain sensitivity of AlGaN/GaN HEMTs (transistor based)
[164, 165, 115]. In these reports, it has been shown by experiment that the current-voltage response
of the HEMT and the strain configuration (biaxial versus uniaxial) play a key role in achieving
large sensitivity. Specifically, the biaxial configuration is recommended to enhance strain sensitivity.
Further, recent results also show that the effect of strain on the 2DEG charge varies strongly due
to the interface state density at the Schottky contact [115], however, this has not been explored
in detail. Thus, in order to achieve the full potential of AlGaN/GaN HEMTs for strain sensing
in extreme environments, there is a need for a comprehensive theoretical model which predicts the

strain sensitivity over a wide range of temperatures and to develop methods to decouple the strain
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response from temperature, and vice-versa.

In this section, a comprehensive, physics-based model is developed to determine the strain-
temperature behaviour of commonly microfabricated AlGaN/GaN HEMT devices. Many of the
physical parameters that dictate the electrical characteristics of AlGaN/GaN HEMTs are strain-
and temperature-dependent. As a result, our physical model includes the effect of temperature and
strain on parameters such as the elastic coefficients, piezoelectric coefficients, band-structure, atomic
lattice constants, and carrier concentration, which is critical to realizing practical approximations.
Our model was applied to predict the current-voltage response of an AlGaN/GaN HEMT under
a range of temperatures and strain loading conditions for a variety of interface state densities at
the Schottky contact. The temperature range is restricted to 300-500 K due to significant strain
relaxation and degradation in HEMT devices above this limit [166]. The applied biaxial strain is
limited to £1% based on observations of the tensile strength in AlGaN and GaN to be ~10 GPa at
temperatures below 400°C [20]. Sensitivity analysis of this model identified device operation regimes
for enhancing strain sensitivity and mitigating temperature effects. In addition, the validity of the
model is tested through comparisons to recent data on microfabricated AlGaN/GaN HEMTs under
controlled temperature and strain variations. Analysis of our model confirmed that AlGaN/GaN
HEMTSs can be effectively used for strain sensing in high-temperature environments under certain

operating conditions.

5.1.2 Modeling the strain at the 2DEG interface

In this subsection, the total strain, composed of lattice mismatch, thermal and applied strains, at
the 2DEG interface is modeled using temperature-dependent physical parameters. Figure 5.1 is
an image of a commonly used AlGaN/GaN heterostructure under biaxial loading, which may be
present due to device packaging or during sensor operation. As shown in Figure 5.1a, a typical Ga-
face AlGaN/GaN HEMT is composed of an epitaxially-grown GaN thin film, thin AlGaN layer (20
to 30 nm thick) and a thin GaN capping layer (few nm) [167]. For modeling purposes, the substrate
(e.g., Si, SiC) and buffer layers are not introduced and the thin GaN cap layer is ignored. The
shorthand 1, 2, and 3 corresponds to (1120), (1010), and (0001) directions in the Wurtzite AlGaN
and GaN crystals, respectively. Strains generated during operation typically dominate in the basal
plane (1- and 2-directions). Shown graphically in Figure 5.1b, the applied biaxial strain is in the
1- and 2-directions. Both GaN and AlGaN are naturally poled, and thus exhibit a spontaneous

polarization when a heterostructure is created [51]. In addition, the application of an external strain
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Figure 5.1: (a) Cross-sectional image of a typical Ga-face AlGaN/GaN heterostructure used in
HEMT device microfabrication. (b) Top-view of the AlGaN/GaN HEMT under biaxial applied
strain in the 1- and 2-directions (basal plane). (€©)2016 IOP.

leads to additional piezoelectric polarization charge [51]. The dipole vectors due to these two effects,
represented by Ps, and P,,, are depicted in Figure 5.1 with the dipole pointing from negative to

positive charge.

Lattice mismatch strain

Due to the growth of two distinct AlGaN and GaN layers, a lattice mismatch strain (¢;) is developed

in the heterostructure. The stress-strain (o-€) constitutive relationship is:
o;=> Cie i,j=1,..6 (5.1)
J

where Cj; is the form of the elastic coefficient matrix specific to the Wurtzite crystal [52], €; is the
strain, and 4, 5, and 6 are shorthand for the shear stress components in the 23, 13, and 12 directions,
respectively. The variation in the elastic coefficients is less than 5% for temperatures (T') between
300 K and 500 K [168], thus they can be treated as constants within this temperature range. It can
be assumed that AlGaN grows as an epitaxial layer such that GaN is fully relaxed at the 2DEG
interface, while AlGaN develops a biaxial lattice mismatch stress state (denoted with superscript [),
such that o! = o}, while ¢4 = 0. Since ¢} = 0, using (5.1), it is possible to relate €5 to €}. Thus, as

shown in (5.2), the strains developed in the AlGaN layer due to lattice mismatch are

lLa _ la Gy — Qg la C’13 Lo
e =€ = , € = 720’"‘ € (5.2)
Ao 33
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where a, and a, are the basal plane (1- and 2-directions) lattice constants for GaN and AlGaN,

respectively. Here, Qg—%‘ is the Poisson’s ratio. It should be noted that the superscript symbols «
33

and v are used to denote AlGaN and GaN, respectively. The effect of temperature on the epitaxial

lattice mismatch strain is accounted for in the residual thermal strain, as discussed below.

Residual thermal strain

Growth of AlGaN and GaN thin films at elevated temperatures (approximately 1000°C) by metal
organic chemical vapor deposition (MOCVD) causes residual strain due to differences in the thermal
expansion coefficients [169]. The strains in the GaN and AlGaN layers due to thermal expansion (e!7
and ) are assumed to be independent from lattice mismatch strain and applied strain. However,
they are temperature-dependent. In-plane thermal expansion causes the wafer to curve such that
both materials have the same length at the interface as it is cooled from the growth temperature 7,
to the operation temperature T'. Assuming a growth temperature, Ty, and following the approach
developed by Steude et al., [169], the temperature-dependent strains at the 2DEG due to biaxial,

in-plane thermal expansion are given by

(aa” — af) — (" — af)

ol Cis t
1+ (al? — al)

—€ 5.3
033 1,a ( )

) 615’),0,(1-‘) = -2

T

where the lattice constants at different temperatures (a”, a”¢) can be approximated using the

experimental data in [170]. Since the lattice constant of AlGaN is smaller than that of GaN at all
temperatures, the in-plane strain is tensile for GaN (positive) and compressive for AlGaN (negative).
Assuming the reference temperature T, at 0 K, out-of-plane (3-direction) residual thermal strain

is approximated as

T Tret
. ¢ —c
= —— (5.4)

where ¢! and c¢’rf are the temperature-dependent lattice constants of AlIGaN (or GaN) in the 3-
direction. The total residual thermal strain is the sum of the in-plane and out-of-plane components
in each material for each direction, represented by €*(T), €27 (T) (i = 1 — 3) for AlGaN and GaN,

K2

respectively.
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Applied strain

The state of the HEMT under an applied biaxial strain is shown in Figure 5.1b. Using the superscript
s to denote applied strain, the biaxial applied strain state for AlGaN or GaN is defined as

C
= =R, §=-2-¢ (5.5)
Cs3
While R = +1% as stated earlier, fracture in suspended GaN-on-Si devices occurs for applied strains

as small as 0.2% due to stress concentrations limiting the failure strength [171], thus the output from

our model should be used with caution in such scenarios.

Total strain

Depending on whether the applied strain is uniaxial or biaxial, the total strain can be calculated by
summing the components of the lattice mismatch, thermal and applied strain for each material in
each direction. This represents the strain state at the 2DEG, given by the directional components
e, €] (i =1—3) for AlGaN and GaN, respectively.

K2

5.1.3 Strain-and temperature-dependence of the 2DEG sheet conductiv-
ity
The mechanism of the formation of the 2DEG has been discussed previously in several references
[172, 54, 173]. We present an explanation of the AlGaN-GaN interface and derive the expression
for the 2DEG charge in the context of strain and temperature effects. Figure 5.2 shows the energy
band diagram of an undoped AlGaN-GaN heterostructure. Both AlGaN and GaN have polarized
charges at their surfaces due to the dipole vectors shown in Figure 5.1a. These charge densities are
collectively represented by the symbol g,. Since these charges are equal and opposite and present
only on the surfaces, both the AlGaN and GaN layers behave like parallel plate capacitors with a
constant internal electric field whose magnitude is given by qf, where « is the absolute permittivity.
From Figure 5.2, the electric field due to g, is from the interface to the AlGaN surface for AlGaN,
while it is from the interface to the surface in GaN. These polarization charges are immobile dipoles
which implies that they are not the source of mobile 2DEG electrons. First, consider independent,
isolated AlGaN and GaN layers, not in contact with each other. The presence of polarized charges
alludes to a bent band with a constant electric field in equilibrium in these layers, as implied in

the previous discussion. However, these bent bands lead to production of interface state generated
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Figure 5.2: Schematic illustration of energy bands in an undoped AlGaN-GaN heterostructure. The
black lines and the thick grey lines represent the bands with no strain and after the application
of a tensile external strain, respectively. gs, q, represent surface and polarization charge densities,
respectively. In the Figure, ns represents the electron sheet density at the 2DEG. Further, it should
be noted that the AlGaN and GalN surface charges arise from the net difference of the donor and
acceptor states (whose density is constant in this model) on their surfaces. For large strain values,
the change in the positions of the the conduction and valence band edge is significant (not shown in
the Figure).(©)2016 IOP.

surface charges which tend cancel out the electric field created by the polarized charges, as depicted
in Figure 5.2, leading to an overall minimization of the potential energy within the AlGaN and
GaN layers. For simplicity in the analysis, it is assumed that the interface state density Dj; of
both acceptor and donor-type states is constant across the band-gap. The 2DEG is the result of
these donor and acceptor states on the exposed AlGaN and GaN surfaces. A donor state behaves in
equivalent fashion to a n-type donor, i.e., it is neutral if it is occupied by an electron and positively
charged if it is not occupied by an electron. An acceptor state is negatively charged if it is occupied,
while it is neutral if unoccupied. The Fermi and conduction levels are defined by Er and Eg,
respectively. The donor states below Er are occupied and thus neutral. However, the donor states
above Ef are not occupied and hence positively charged, leading to a net positive charge ¢& on the
exposed AlGaN surface. The electrons generated by the effective number donors n% are swept by

the electric field towards the 2DEG. Note that the units of ¢, and ny are that of charge density
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and the number of charges per unit area, respectively. The GaN layer is unconstrained by a barrier
height, thus, the occupied acceptor states below Er on its exposed surface lead to a net negative
charge —q? that approximately cancels out the polarized charge. Since the structure is neutral on
the whole, this leads to a reduction in the amount of 2DEG electrons due to GaN, represented by
the symbol —n). This implies that the net 2DEG sheet density n is equal to n& —n?. Further, it is
worth noticing that when the thickness of the AlGaN layer is very small, very few donor states are
unoccupied because Er is close to the top of the conduction band of AlGaN, which implies that the
2DEG sheet density is lower for smaller AlGaN thicknesses. The potential drop across the AlGaN

layer AV is simply calculated as the drop across a capacitor:

AVE Gy _ens (5.6)
ta K-/Oé KJO(

where e and t® refer to the magnitude of the electronic charge and the thickness of the AlGaN layer,
respectively. Also, notice from Figure 5.2 that the potential drop can be equivalently written in

terms of energy as

eAVY = ey, — [AEc — (Ep — E))] (5.7)

where ¢, is the barrier height at the AlGaN surface due to the gate contact. Both AE¢ and Er — E/,
are calculated at the 2DEG interface, as represented in Figure 5.2. From (5.6) and (5.7), the electron
sheet density in the 2DEG from AlGaN is

ne qp K

=2 _ ety — AEc + Ep — EL|. (5.8)

s e et

Based on the assumption that the acceptor states on the GaN surface approximately cancel out the
—a”
3’) . In summary, for undoped pseudomorphic

polarized charge, it is possible to approximate —n] as
HEMTsS, the total 2DEG charge density ng taking into account temperature and strain effects is

[172]
ap(e) —ay(e) k™

ns(e,T) = . ~2a epp(e,T)—AEc(e,T)+ (Ep — EL)(e,T) |. (5.9)
‘—f—’ 2 3 4

The different terms in this equation are labelled 1-4 for compact referencing. To calculate term 1 in
(5.9), the polarization charge needs to be obtained. Let Py, and P,, represent the spontaneous and

strain-dependent piezoelectric polarization components. Term 1 can then be written at the 2DEG
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Figure 5.3: Transition energies from the HH/LH and the CH valence bands to the conduction band
in AIN and GaN, based on [174] for a large applied strain range of +3%. These values are calculated
at a temperature of 0 K assuming no initial strain. (©)2016 IOP.

interface using the difference in these polarization components at the 2DEG interface as [52]

4y (€) — gy () = (P, — Pg)) + (B).(€) — P.(e))  where, (5.10)
Pyp(z) = —prz — p2(1 — z) + p3z(l — ), (5.11)
Pp.(€) = e1e31 + e2e31 + €3€33, (5.12)

PAN(e) = —1.808€; +5.6246; €1 <0, (5.13)
PAN(e) = —1.808¢; — 7.888¢; €1 >0, (5.14)
PJ.(€) = —0.918¢; + 9.541¢7. (5.15)

Equations (5.11) — (5.12) are valid for both AlGaN and GaN. In (5.11), « is the mole fraction of
Al in AlGaN and is usually around 20-30% [167]. The spontaneous and piezoelectric polarization
coefficients are represented by p; and e;;, respectively. The linear relation in (5.12) is accurate for
small strain levels, typically less than ~0.2%. For the large strain range in this work, especially
for the biaxial case, the piezoelectric charge is non-linear with applied strain, thus the relations

(5.13) — (5.15) are used [52] instead of (5.12). The band offset in term 3 of (5.9) is related to the
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difference in the band-gap energies (Eg) of AlGaN and GaN [175]:

AFEc(e,T) =0.7(Eg(e,T) — EL(e,T))  where, (5.16)

vT?
TH+w '

Ec(e,T) = Eg(e,T=0K) — (5.17)
Here, Eg(e, T = 0 K) is the band-gap at 0 K for biaxial strain e. The change in the band-gap with
temperature is less than 0.1 eV from 300-500 K, however, this is accounted for using the standard
Varshni band-gap parameters [176] v and w for GaN and AIN. In order to calculate the change in
positions of the valence and conduction band of AlGaN and GaN due to strain, we use the relations
derived in the k.p method from Yan et al. [177, 174]. With no strain in AIN or GaN, the top three
valence bands (VB) include a pair of degenerate heavy (HH) and light (LH) hole bands, as well as a
slightly lower crystal-field split-off (CH) band. Biaxial strain preserves the symmetry of the wurtzite
system, thus it does not split the HH/LH valence band at the I" point. The HH/LH hole band is
the upper-most valence band when the biaxial strain is negative or not present. When the biaxial
strain in the system in the system is positive, the CH band rises above the HH and LH bands and
becomes the upper-most valence band, which makes it necessary to consider in this analysis. The
change in the positions of the conduction and valence band edge (AEcg, AESE /LH AEGH) due to

strain are [174]:

AEcp = ac.€3 + aei(€1 + €2) + bies + ba(er + €2)7, (5.18)
AE\IEE/LH = (D1 + D3)63 + (Dg + D4)(61 + 62) — bgeg — b4(€1 + 62)2, (519)
AEYE = Dies + Da(e1 + €2). (5.20)

Here, a.., o, D1 — Dy represent conduction and valence band deformation potentials, while by, ba, b3
and by represent bowing parameters to account for second-order nonlinearities. The recommended
values of these parameters were obtained from [174]. With the relations (5.18) — (5.20) and (5.16) —
(5.17), the band offset AFE¢(e, T) in term 3 of (5.9) can be calculated. The calculated change in the
band-gap of GaN and AIN based on these relations due to strain is shown in Figure 5.3.

In order to calculate the temperature-and strain-dependent barrier height ¢y (e, T') which is needed
in (5.9), a Ni gate contact is assumed for simplicity. The effect of applied strain on ¢, with the
temperature held constant is apparent from the band-diagram in Figure 5.2, which indicates an

increase in the ¢, due to positive (tensile) strain, and vice-versa. This is expected since a positive
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strain leads to additional negative piezoelectric charge at the gate-AlGaN surface, which is compen-
sated by the creation of more positive surface donor charges as discussed previously, thus increasing
¢p. This effect has been recently verified experimentally by Yao et al. using suspended GaN-on-Si
structures [115] for small applied strains up-to ~ 1.5 x 10~4. For the large strain range in this
work, the position of the conduction band edge at the Schottky contact itself changes in addition to
the previous affect (as discussed in (5.18)), which affects the electron affinity x* that is needed to
determine ¢,. Following [115], the barrier height is estimated using a simple Schottky model [178§]

as:
o q; (€s)
du(e,T) = dni (300 K) + (i T — x“(es) + 2D where, (5.21)
it
x*(€) = X500 k(€5 = 0%) + AEcs, (5.22)

In the preceding equations, ¢n; and (n; represent the gate metal work function and the temperature
coefficient, respectively. Dj; is the constant density of interface states on the AlGaN surface, as
discussed previously. Note from (5.21) that the change in ¢ is small for large D;; since only a small
number of states need to be ionized to compensate the 2DEG charge, and vice-versa. If Dj; is not
constant for the specific Schottky-AlGaN interface, (5.21) might need to be adjusted as a function
of energy accordingly. It should also be noted that the amount of interface charge generated from
Dy could change from temperature due to the Fermi distribution of the traps along the band-gap
(especially in the deep levels), however, this effect is ignored in this analysis to keep the model
simple [179]. The electron affinity of AlGaN x? is a weak function of temperature [180], thus only
its strain-dependence is accounted for. The value of x* at 300 K in (5.22) for no applied strain is
interpolated from known values of x for GaN and AIN [181].

Since Ep is below E¢ at the 2DEG, Ep — E/,, which is term 4 of (5.9), is calculated using
degenerate Fermi-Dirac semiconductor statistics. Let the thickness of the 2DEG in the 3-direction
to be taprg. Then, assuming the charge is linearly distributed along this thickness [175], it is possible

to relate the volume charge density n, to ns:

2n4(e, T)

nu(e T) = taDEG

(5.23)

In order to relate Ep — EJ, to n,, the reduced chemical potential  and the reduced carrier concen-

tration r are defined:
Er — Eg

e ) = —p=

(5.24)
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(5.25)
3/2
where N (¢,T) =2 %@““(6)

Here, N is the conduction band density-of-states in GaN. In order to calculate the electron
effective mass, an average over the 1 and 2 directions is used. Thus meg(€) = y/m1(e)ma(€), where
my and msq are the effective masses in the 1 and 2 directions. The values of these effective masses
are 0.198mg and 0.197mg without strain by Chu et al. [182], where mg is the electron rest mass.
The average in-plane (1- and 2-directions) effective mass change per 0.1% biaxial strain is calculated
to be ~ —2.7% from [182], making it possible to determine N) (e, T) in (5.25). n and r are related
by the Nilsson approximation [183] of the Fermi-Dirac integral:

nr <3ﬁr>§+8\/7?7" (5.26)

e =1 4 3(4+ /)2

Using (5.26) and (5.23) —(5.25), it is possible to relate Ep — E/, at the 2DEG interface to n,, making
(5.9) an implicit equation that can be solved for it in terms of temperature and strain.
Fundamentally, the 2DEG channel mobility p is dependent on the collision time 7, and the mqg
of the 2DEG electrons. The effect of temperature is to predominantly change 7., while the effect of
strain is to change meg, which was discussed previously. Room temperature mobility of the 2DEG
is dependent on the quality of the material sample. For the purposes of modeling, it is assumed
that the 2DEG has a low concentration of ionized impurities (< 107 em™2) [184], under which the

idealized temperature-dependence of the mobility is given by [185]

T

() = o 355 ) . (5.27)

where pg is the mobility at 300 K and 67 is the temperature coefficient of mobility. A standard
value of pp = 1600 cm?-V~=!s™! and 67 = 1.5 is used [185], which arises from the increase in
the 2DEG electron-optical phonon scattering rate with elevated temperature. Thus, the strain-and

temperature-dependence of the 2DEG sheet conductivity can be analytically calculated.

Analysis

Using the constants from Table 5.1, Figure 5.4 depicts plots of ns and ¢, for a typical AlGaN/GaN
on Si wafer with x = 0.25 and the thickness of AlGaN set to 30 nm. Note that these results are
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for a biaxial strain, which makes the gauge factors obtained here larger than uniaxial gauge factors
reported in literature. The properties of AlGaN are assumed to be linear interpolations between
AIN and GaN. The change in the charge density and the barrier height, Ang and Ag, for two cases
of Dy, within a small strain range of +0.1% is illustrated in (a) and (b) at 300 K. A¢, is small with
larger Dy, as discussed earlier. When Agy is small, the difference in the piezoelectric polarization
charge largely determines the strain response of the 2DEG, leading to a positive Ang with increase
in strain as can be seen in (a), which is in accordance for most values reported in literature [160].
However, when A¢, is large, a negative Ang with increase in strain is predicted, as can be seen
in (a), which agrees with recently reported results [115]. Even from this simple model where Dj;
is assumed to be constant, it is observed that its value can lead to large variability in the gauge
factor, which might explain the ~4 orders of variation in existing literature in addition to possible
measurement inaccuracy [160]. For this small biaxial strain range, using a linear approximation and
accounting for the mobility dependence on strain via the effective mass change described previously,
a biaxial gauge factor of ~-20 to -30 is calculated for the smaller and larger Dj, respectively. These
values are comparable to former simulation results [160]. The negative gauge factor for the larger
Dy case is expected, however, even for the smaller D, a negative value was obtained because of
the increase in mobility with positive €5. Figure 5.4c shows the temperature response of ng from
300-500 K at a Dj, of 5x10'3 cm~2-eV ™! for a small strain range (+0.1%). For a given strain level,
increase in temperature lowers ¢y, thus increasing n, marginally. Finally, panel (d) of Figure 5.4
depicts Ang for the larger Dy case at 300 K over the full applied strain range of +1%, accounting
for all the nonlinearities discussed previously. For negative €5, almost no change in n is predicted
because the applied strain acts in opposition to the existing lattice mismatch strain of ~0.6% in
AlGaN. Finally, for this particular Dj;, a quadratic response with a negative gauge factor is seen for
positive €, predominantly arising due to the relations (5.13) — (5.15). The analysis thus suggests
that Ang is heavily dependent on Dj, and that specific interface state engineering strategies could

be adopted from other device architectures [186] to precisely manipulate the gauge factor.

5.1.4 Electrical model

In this subsection, the Ip — Vg characteristics of the HEMT are discussed as functions of temperature
and applied strain. The major temperature-and strain-dependencies are manifested via the threshold
voltage, the channel saturation velocity, and the 2DEG mobility, which was discussed previously.

Since the charge in the 2DEG is known, the strain-and temperature-dependent threshold voltage
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Table 5.1: Model constants.

Property Value Property Value
GaN AIN
C11 (GPa) [52] 367 396 t (nm) 30
C12 (GPa) [52] 135 137 ¢ni (300 K, eV) [175] 5.15
C13 (GPa) [52] 103 108 (i (eV-K™1) [175) -5.6x107*
Cs3 (GPa) [52] 405 373 Dy (em™2.eV™1) 4 x 102 — 5 x 10
a (300 K, nm) [52]  0.3189  0.3112 pp (cm®V—1s1) [185] 1600
¢ (300 K, nm) [52] 0.5185 0.4982 O [185] 1.5
k(x10711, F-m~1) [52] 8.4075 7.965 tapec (nm) [175] 3
es1 (C-m~2) [52] 034 -0.53 Rs,Rp () 10
es3 (C-m—2) [52] 0.67 15 L, W (pm) 10, 100
Ec(0) (eV) [175] 351 6.312  pi,p2,ps (Cm~2) [52]  -0.090, -0.034, 0.021
v (meV-K~1) [175] 0.909  1.799  xCaN AN (eV) [181] 4.2, 2.05
w (K) [175] 830 1462 T, (K) 1400
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Figure 5.4: Strain-and temperature-dependence of the 2DEG sheet density ns and Schottky barrier
height ¢, as a function of the interface state density Dj at the Schottky-AlGaN interface. (©)2016
10P.
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Vin defined as the voltage required to turn off the HEMT is easily determined since the capacitance

of the AlGaN layer is known:
ns(e, T)et®

KO(

Vin(e, T) = — (5.28)

From (5.28), Vin(e, T) is calculated to be a range of values ~-5 V for our model case.
Assuming that the optical phonon energies in the 2DEG are not affected by strain, vg. (e, T) is
(approximately) evaluated as [175, 187, 188]:

ns(es = 0%) 1.4 x 107 -1
Vsat (€, 1) ~ —— cm-s . 5.29
sat( ) ns(es) 0.85 + 031050T ( )

The drain and source contact resistances, Rg and Rp are assumed to be equal to 10 €2, while
the drain voltage Vp is assumed to 1 V for our model case. It is assumed that the Vp has no effect
on Vin. The gate length Ls and width W are taken to be 10 pym and 100 pm, respectively. For
simplicity, the channel length is taken to be L. These values are arbitrary (but realistic) constants
and do not affect the response trends of the HEMT. Although in practice a small decrease in contact
resistance is expected with increase in temperature, it is reasonable to assume it to be constant as it
is ohmic [175]. Given these parameters, a simple drift-diffusion model that is accurate for moderate
temperatures up-to ~500 K is used to evaluate the small-signal characteristics of the HEMT. Details
of this model can be found elsewhere [189, 175]. It is noted that the results from this model are not
accurate for devices with smaller gate sizes (sub-half micron devices), in which scenario a different
model should be used [190]. Further, the model does not account for quantum corrections due to
tunneling normal to the AlGaN/GaN interface, which could be important for thinner AlGaN layers
and high enough temperatures [191].

The calculated strain response of the HEMT for biaxial strain is depicted in the I'p — Vi response
plots in Figure 5.5a-c for decreasing Dj;. Distinct lines are obtained for each €5, quantified by a
Alp for a given Vi which is a measure of the strain sensitivity of the 2DEG. Due to large decrease
in channel mobility, ~60% drop in Ip is observed in (a) from 300 to 500 K. Due to the reversal of
the trend of Ang with strain that was discussed earlier, a flip in the strain response characteristic
is observed as we shift from higher to lower Dj;. The different strain response lines in (b) and (c)
intersect each other because of the opposing trends of the y and V4, with €. As we shift towards
even lower Dj; values, the flip in the strain response characteristic occurs at progressively higher Vi,
as seen by comparing (b) and (c). While the trend in (a) is traditionally associated with HEMT
strain behaviour [160], behaviour of type (b) has been observed in recent literature [164, 115].
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Figure 5.5: (a)-(c) Current-Voltage characteristics of the HEMT channel as a function of strain,
temperature and Dj; at Vp = 1. The zoomed in regions are only to show the order of the lines
when they are close. A flip in the strain response characteristic is observed in (b) at a gate voltage
of ~-3 V. (d) Plot of numerically modeled AIp(%) for 0.1% e, with a temperature fluctuation from
300-325 K. (©2016 IOP.

Finally, there have been discussions of operation near V;}, to enhance strain sensitivity in recent
literature [165, 164]. This effect is depicted in Figure 5.5d, which show shows not only an increase
in the strain sensitivity (red line), but a decrease in the temperature sensitivity (black line) as
we approach Vi, which is ~-5 V for the chosen HEMT parameters. In (d), the strain sensitivity
at 300 K (red line) is defined as the percent change in Ip for e, = 0.1% relative to the value
at no strain. In order to define the temperature sensitivity (black line), €5, was held at 0 % and
the percent change in current from 300 to 325 K was calculated at each V. The choice of 300
to 325 K was arbitrary, but represents a realistic value of the temperature fluctuation that could
be expected in environment where the HEMT might be used to sense strain. For this particular
choice of parameters, an operation point ~-4.8 V enables temperature compensation and boosts

strain sensitivity to ~13% change in current for 0.1% €. Recently published experimental results
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for AlGaN/GaN HEMT pressure sensors and cantilevers at room temperature confirm the strain
response observed in Figure 5.5d [165, 164]. For example, Boulbar et al. demonstrate up-to 40%
change in Alp for Vg near V4, for a HEMT under biaxial strain on a circular membrane subjected
to a differential pressure [164]. While the exact change in AIp depends on the HEMT and the Dj;

distribution, this technique is broadly applicable for strain sensing using HEMTs.

5.1.5 Conclusion and Future Work

In this section, a comprehensive, semi-empirical model (using first-principles) of the effects of temper-
ature, strain and the interface state density on the device characteristics of AlGaN/GaN HEMT's was
presented for the first time. The quantitative variation in the current-voltage response of the HEMT
due to the combined effect of strain and temperature was discussed. The results from the model
are useful for deciding the optimal HEMT parameters for sensing applications. Significant amplifi-
cation of the strain sensitivity is predicted by operating the 2DEG as a HEMT instead of a resistor,
confirming that AlGaN/GaN HEMTSs can be effectively used for strain sensing in high-temperature
environments. For devices where strain sensing with minimal cross talk due to temperature effects
is the objective (such as pressure sensors based on AlGaN/GaN) it is useful to operate in a biaxial
strain configuration in the temperature-compensated region. For devices where external strain ef-
fects are not desirable (such as those arising out of packaging) or applications where temperature
sensing is the objective, it is recommended to operate the HEMT with Vi > Vi, to avoid device
shift. It is noted that the value of the interface state density has a profound impact on the strain
response characteristics of HEMTs, and that its value could be optimally tuned to control sensi-
tivity. Future work involves experimentally testing the these response curves across the modeled
temperature range with different interface state densities to verify the model. Neglected aspects of
the model, such as self-heating of the HEMT and accounting for temperature and geometry depen-
dent strain relaxation could be incorporated to extend the scope of our work. In addition, future
research involves developing predictions of strain sensing using other ITI-V material combinations,
such as AlInN and InGaN, as well as other heterostructured material families with large differences

in piezoelectric constants by extending the current model.
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5.2 A High Responsivity, Low Dark Current Ultraviolet Pho-
todetector using the AlGalN/GaN 2DEG

In this section, we discuss the fabrication and operation of a high-performance photodetector that

uses the polarization fields in AlGaN/GaN to obtain high sensitivity.

5.2.1 Introduction

UV photodetectors have applications in diverse fields, including combustion flame detection, UV
astronomy and satellite positioning [192, 193]. GaN is an appealing materials platform for manu-
facturing UV photodetectors due to the maturity of GaN high electron mobility transistor (HEMT)
fabrication technology, in addition to its ability to operate in high-temperature and radiation-rich en-
vironments [194]. In most applications, the ideal photodetector would exhibit a high responsivity to
maximize the signal, in addition to a low dark current to minimize quiescent power. A performance
metric which simultaneously captures these two values is the normalized photocurrent-to-dark cur-
rent ratio (NPDR), defined as the ratio of responsivity to dark current, with units of W=1[195, 196].
Numerous photodetector architectures [193, 197, 198, 199, 200, 201, 202, 203, 204, 205] have been
demonstrated in GaN, with a broad range of reported responsivities and NPDRs, as summarized
in Table 5.2. Table 5.2 additionally reports the UV-visible rejection-ratio, another important per-
formance metric which determines the cross-sensitivity of the photodetector to visible light. A
distinction can be drawn between devices with a responsivity that corresponds to less than 100%
quantum efficiency [198, 199] (0.29 A-W~! for 365 nm illumination), and those with a responsivity
that exceeds this value [197, 200, 201, 202, 203]. In the latter category of photodetectors, which
includes photoconductors [201], phototransistors [200, 206] and some metal-semiconductor-metal
(MSM) photodetectors [197, 207], an internal gain mechanism must exist where each incident pho-
ton induces more than one electron in the conduction band. The gain (G) is defined as the ratio of

charge carriers to the photon flux [9]:
he I

=5 (5.30)
where I is the photocurrent, A is the wavelength of incident radiation and P is the incident power.
One particularly high gain photodetector architecture is the phototransistor; AlGaN/GaN photo-
transistors have been shown to achieve gains as high as 170,000 [200]. Though these devices have

a high gain, their fabrication requires the use of both n-and p-doped GaN [200]. Due to the high
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Table 5.2: Performance of Various Photodetector Architectures Demonstrated in GaN.

Type Responsivity (A-W~1) NPDR (W~!) UV/Vis Bias (V) References
MSM 3.1 3x1012 10° 10 [197]
p-i-n diode 0.15 2x10° 103 10 [198]
Avalanche 0.13 2x1010 10* 20 [199]
Phototransistor 50000 5x 1014 108 3 [200]
Photoconductor 13000 4x108 102 1 [201]
HEMT 3000 2x106 103 10 [202]
Meander 10000 8x1012 10 5 203]
Sliced HEMT 33 1x10'2 103 5 [204]

2DEG IDT 7800 6x10' 106 5 This work

activation energies of all known acceptor-type dopants in GaN [208], it is desirable to fabricate pho-
todetectors which do not require doping. It is further desirable to fabricate devices compatible with
HEMT fabrication, in order to leverage mature GaN technology and enable monolithic integration.
Previous HEMT photodetectors [202, 209], which leverage the modulation of the AlGaN/GaN 2DEG
sheet density under UV illumination, have been shown to have a high gain, however such devices
also have high dark current, leading to some of the lowest NPDRs among reported devices (~10°).
Recent work [203, 204] has shown that by introducing an intrinsic GaN channel between two 2DEG
electrodes, a high NPDR can be achieved. Understanding the gain mechanism of such photodetec-
tors is important for maturing this promising class of devices. In this section, we present such a
device with a record high NPDR (6x10'%). In addition, the device has a responsivity (7,800 A-W~1),
and UV-visible rejection-ratio (10°) that are among the highest reported values. We propose that
our device has a similar gain mechanism to that of a phototransistor, in a device architecture that
is significantly simpler to fabricate, requiring two masks, and no doping. Evidence for this gain

mechanism is provided by investigating the scaling of gain with channel length and incident power.

5.2.2 Fabrication

Devices were fabricated on an AlGaN/GaN-on-Si wafer (DOWA, Inc.) grown by metal-organic
chemical vapor deposition (MOCVD). The IlI-nitride stack, illustrated schematically in Figure 5.6a,
consists of a 1.5 -pm-thick strain management buffer structure and an active 1.2-pm-thick GalN
layer grown on top of Si (111). Subsequent to the growth of the GaN layer, formation of the 2DEG
was accomplished by growing an epitaxial stack consisting of a 1-nm-thick AIN spacer, 30-nm-thick
Alp.o5Gag 75N barrier layer and 1-nm-thick GaN capping layer. This wafer has a manufacturer spec-

ified 2DEG mobility of 1,400 cm?-V~!'s~! and sheet density of 1x10'® cm~2 at room temperature.
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Figure 5.6: (a) Schematic illustration of material stack. (b) Optical image of fabricated device.

©2016 ACS.

As shown in Figure 5.6b, an array of 2DEG interdigitated transducers (2DEG-IDT) was fabricated
by etching AlGaN 2DEG mesa electrodes. The mesa etch was performed using an inductive coupled
plasma with BCl3/Cly gases to a depth of 60 nm. These 5-pm-wide 2DEG electrodes were sepa-
rated by 5-pm-wide intrinsic (un-intentionally doped below 1016 cm=2) GaN buffer channels. Post
mesa isolation, a standard Ti/Al/Pt/Au Ohmic metal stack was deposited, and activated with a 35
second, 850°C anneal [67]. After this two-step process, the fabrication of the 2DEG IDT photode-
tectors was completed, however it should be noted that the wafer received subsequent processing
for co-fabricated devices. In particular, standard MSM photodetectors were fabricated on the GaN
buffer, using the same geometry as the 2DEG-IDT photodetectors. These devices (Pd-MSM) had

Pd/Au (40 nm/10 nm) metal fingers in place of the AlGaN mesa electrodes for comparison studies.

5.2.3 Measurements and Gain Mechanism

Responsivity measurements were taken using a 365 nm UV lamp and semiconductor parameter ana-
lyzer (henceforth Setup I). All presented measurements were taken at room temperature. The results
of these measurements for a characteristic 2DEG-IDT and Pd-MSM device under 1.5 mW-cm™?2 op-
tical power are shown in Figure 5.7a. While both devices have a comparable, low dark current of ~10
pA, the 2DEG-IDT device has significantly higher photocurrent, corresponding to a responsivity of
2,500 A-W~! at 5 V, in contrast to the 0.78 A-W~! responsivity observed in the MSM photodetector
at the same bias voltage. Though the 2DEG-IDT device has significantly higher responsivity, both
devices have a responsivity which exceeds the 100% quantum efficiency limit (0.29 A-W~1 for 365

nm illumination), indicating the presence of a gain mechanism in both devices.
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To further probe the gain mechanism in the 2DEG-IDT device, we measured responsivity while
varying the UV intensity across four orders of magnitude. These measurements are presented in

2 were DC measurements

Figure 5.7b. Measurements with incident power above 0.010 mW-cm™
performed with Setup I, and those with power below 0.010 mW-cm ™2 were AC measurements, per-
formed using a lock-in amplifier and a monochromated optical beam chopped at 200 Hz (henceforth
Setup II). These data show that as power increases from 0.15 pW-cm~2 to 110 pW-cm ™2, the re-
sponsivity increases dramatically by greater than 4 orders of magnitude, peaking at 7,800 A-W~1!,
Above 110 pW-cm ™2, the responsivity decreases slightly to 2,500 A-W~! at 1.5 mW-cm~2 This
increase in responsivity with increasing incident power, and subsequent saturation is consistent with

previous reports of high gain GaN MSM photodetectors [207], however opposite of the trend seen

in phototransistors [200]. Measurements of the transient response of the 2DEG-IDT device were
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Figure 5.7: a) UV photoresponse of characteristic 2DEG-IDT and MSM devices exposed to 1.5
mW-cm~2 UV power. (b) Responsivity as a function of incident power, with the responsivity
corresponding to 100% Q.E. labelled. Measurements below 0.010 mW-cm ™2 were performed using
Setup II, those above 0.010 mW-cm~2 were performed with Setup I. (c) Transient measurement of
2DEG-IDT response to 0.17 mW-cm~2 365 nm illumination chopped at 5 Hz, measured in Setup
I. (d) Responsivity vs. wavelength, measured in Setup II. Measurements in (b,c,d) were at a bias
voltage of 5 V. (©)2016 ACS.

conducted using Setup I with an optical chopper operating at 5 Hz. These measurements, presented
in Figure 5.7c, demonstrate rise and fall times of 32 ms and 76 ms, respectively, here defined as the

time it takes the photocurrent to go from 10% to 90% of its final value. It is also observed that
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within a 200 ms window the photocurrent does not recover to its ~10 pA dark state value, indicating
the presence of persistent photoconductivity [210], common to AlGaN/GaN 2DEG photodetector
devices. These rise and fall times are long relative to MSM photodetectors with no internal gain
[193], however they present a significant improvement on the 20 s rise and 60 s fall time observed in
a photoconductor with comparable gain to our 2DEG-IDT device [201].

Measurements of responsivity as a function of wavelength were also performed using Setup II.
These data, shown in Figure 5.7d, demonstrate a high UV-visible rejection ratio of 4x10°, with
a peak responsivity at ~362 nm. The broadband light source used in this measurement had a
roughly constant intensity between 1 and 3 pW-cm ™2 below the peak responsivity at 362 nm, and
an increasing intensity between 3 and 28 pW-cm™2 as the wavelength increased from 362 to 430
nm. Because the responsivity of the 2DEG-IDT photodetector increases with incident power (as
seen in Figure 5.7), this measurement underestimates the true UV-visible rejection ratio. The band-
pass nature of the spectral responsivity of this photodetector, where the responsivity decreases at
wavelengths both below and above the GaN band gap (~365 nm), is consistent with previous reports
of phototransistors [200, 206], indicating a similar gain mechanism in both devices.

We seek to explain the gain observed in both device architectures, in particular the extraordinarily
high gain of 26,000 observed in the 2DEG-IDT. In order to understand the scaling laws of the gain
mechanisms in MSM and 2DEG-IDT photodetectors, devices were fabricated where the intrinsic
GaN channel length between the Pd and 2DEG electrodes was varied from 4 to 20 pm. Optical
microscope images of the MSM and 2DEG-IDT structures are shown in the inserts of Figure 5.8a
and 5.8(b) respectively. Figures 5.8 and 5.8b show the gain vs. 1/L? where L is the spacing between
the Pd and 2DEG electrodes respectively. These data show that while there is a clear linear relation,
with zero y-intercept, between gain and % for the 2DEG-IDT photodetectors (Figure 5.8b), the
same relation does not describe the gain vs. % relation in the MSM photodetectors (Figure 5.8a).
This difference in length scaling, in addition to the vastly different response magnitudes, implies that
different gain mechanisms are present in these two types of devices. In the standard model of gain in
photoconductors, which has been used by Kumar et al. [204] to describe the gain of an InAIN/GaN
device with a similar architecture to this work, gain is due to carrier accumulation that is limited by
recombination, leading to the following scaling law: G = “"LTigv , Where p. is the electron mobility,
T is the recombination time and V is the applied voltage. Though this model reproduces the
14-1

appropriate % dependency, using a bulk mobility of 900 cm?-V~ , which is appropriate for our

unintentional doping concentration [211], a recombination time of ~3 ps is required to fit our data.
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Figure 5.8: Comparison of internal gain vs. length for (a) Pd-MSM and (b) 2DEG-IDT photodetec-
tors. Error bars represent response biasing photodetector at +5 V. Inserts show microscope images
of fabricated devices with spacing of 4-20 pm, scale bars represent 100 pm. It is observed that there
is a linear proportionality between gain and % for the 2DEG-IDT device (black dashed line), but
not for the Pd-MSM device. Band structures for the Pd-MSM and 2DEG-IDT photodetectors under
applied bias are found in (c¢) and (d) respectively. Dashed lines in GaN conduction band represent
electrostatic barrier lowering due to photon-induced hole accumulation. (€)2016 ACS.

This value is three orders of magnitude larger than the previously reported ~6 ns minority carrier
lifetimes in GaN [212]. Because the ~3 pus recombination time required to fit the standard model
is unreasonable, a different gain mechanism is needed to describe the behavior of our 2DEG-IDT
devices.

The proposed gain mechanism is schematically illustrated in the band diagram for a 2DEG-IDT
photodetector presented in Figure 5.8d. In the 2DEG-IDT device, an AlGaN/GaN valence band
offset creates an energetic barrier which leads to hole accumulation at this interface. This hole
accumulation leads to an electrostatic lowering of the energetic barrier for electrons in the 2DEG to
escape the quantum well and enter the conduction band (dashed line in Figure 5.8d). Using only
the lowermost sub-band, the number of carriers per unit volume with sufficient energy to escape the

2DEG quantum well can be approximately written as:

kBTm* —a(dp—Adyp)
e kT

ne(dp) ~ h2

(5.31)



CHAPTER 5. UNCONVENTIONAL SENSING APPLICATIONS IN ALGAN/GAN 2DEGS 106

where m™* is the effective mass, ¢} is the energy separation between the Fermi level in the 2DEG
and the top of the GaN conduction band in the dark state, and Ag¢y is the barrier lowering due to
photon-induced hole accumulation (Figure 5.8d). Assuming that all electrons with sufficient energy
enter the conduction band, and that electron conduction between the 2DEG electrodes is due to

drift, the gain is found to be:
ne(¢n) peV

G =
Nph,tot L

(5.32)

where npp 10 is the total number of photons incident on the device. Evidence for a drift model
comes from the fact that the photocurrent shown in Figure 5.7a is approximately linear with applied
voltage. This drift model can further explain the % dependency of gain if n.(¢) x Fpp, where
F, is photon flux per unit area, because npp 1ot = FpnL. Using a mobility of 900 cm?-V~1s™1 the
barrier height required to explain the observed photocurrents is 150 meV. This order of magnitude is
consistent with theoretical values for ¢, calculated to be ~100 meV using a commercial Schrodinger-
Poisson solver [55]. The exponential nature of the model in (5.32) further explains the observation
in Figure 5.7b, where increasing incident power increases responsivity, up to a point of saturation.
At low incident powers, when ¢, — A¢p ~ ¢p, small changes in A¢;, lead to small changes in the
number of conduction electrons. However, when ¢, — A¢y is lowered at high incident powers, the
same small change in A¢g;, will lead to an exponentially larger change in the number of conduction
electrons. This continues until reaching a point of saturation where non-idealities, such as increased
recombination in the channel and the AlGaN/GaN interface, lead to a divergence from this model.
This gain mechanism is similar to that of a phototransistor, where minority carrier accumulation
in the base lowers the base-emitter energetic barrier, allowing more majority carriers to be injected
from the emitter.

The band structure of an MSM photodetector, schematically illustrated in Figure 5.8c has no
barrier to hole conduction into the metal, in contrast to the 2DEG-IDT device. Thus, in order for
spatial hole accumulation to occur, which is necessary to achieve a gain greater than unity, a trap
state must exist at the metal contact. The gain due to such a trap state would be limited by the
density of trap states and the de-trapping time, thus the assumption n.(¢p) o< Fp, is unlikely to
hold. This explains the fact that gain in the Pd-MSM photodetector is not linearly proportional to
%. Though trap states could exist at the AlGaN/GaN interface, the difference in the scaling of the
gain with length in these devices indicates that trap states do not play the same role in determining

the gain of the 2DEG-IDT device as they do in the Pd-MSM device.
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5.2.4 Conclusion

In this section, we demonstrated a 2DEG-IDT photodetector with a record high NPDR, (6x104),
in addition to a high responsivity (7,800 A-W~!) and UV-visible rejection-ratio (10°) using the
polarization fields at the AlGaN/GaN interface. The observed 32/76 ms rise/fall times present
significant improvements on the 20/60 s rise/fall times seen in a photoconductor with comparable
gain. We argue that the gain mechanism in this device is similar to that of a phototransistor,
where spatial hole accumulation leads to a lowering of the energy barrier for electrons entering
the conduction band. This mechanism is consistent with the scaling of gain with incident power
and device channel length. The simple, two-mask fabrication process further allows for monolithic
integration of our device with AlGaN/GaN HEMTSs, enabling on-chip integration of optical sensing

systems using this material platform.



Chapter 6

Concluding Remarks and Future
Work

6.1 Conclusions

In this thesis, we discussed the merits of the AlGaN/GaN 2DEG for energy harvesting and sensing
applications, outside its traditional use case scenario (RF and power electronics). The results which
we have discussed suggest a monolithically integrated AlGaN/GaN-on-Si system, with sufficient
maturation of logic, sensing, and power delivery, as an enabling technology for extreme environment
IoT applications. In this, thesis, we primarily focussed on a wide temperature range (~77 K to
~300°C) as our definition of extreme environment. Although this is limited in scope, the mechanical
strength and radiation hardness of GaN suggest that the platforms fabricated in this thesis should
be operational in other harsh environments too.

In the first segment of this thesis (Chapter 3 and Chapter 4), we attempted to understand the
merits of the AlGaN/GaN 2DEG for thermoelectric energy harvesting (a first study of its kind).
This is in contrast with traditional research on III-nitride thermoelectrics, which largely focuses
on cross-plane transport in doped layers. We argued in Chapter 2 that the small thickness of
such layers will not lead to good thermoelectric performance, and we should focus on in-plane
transport, specifically trying to maximize the thermoelectric power factor. The AlGaN/GaN 2DEG
satisfies both these requirements. As shown in Chapter 3, the thermoelectric power factor of the

AlGaN/GaN 2DEG reaches state-of-the-art values (4-7x1073 W-m~1K~2 at room temperature)
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with little degradation as the temperature increased to 300°C. We also attempted to optimize the
thermoelectric performance by reducing the thickness of the buffer layers, in the hope that it would
reduce the thermal conductivity without disturbing the power factor. The thermal conductivity was
reduced (up to a factor of 2.5x at room temeperature), keeping the electrical properties similar. On
the whole, the thermoelectric figure of merit (27", for a single 2DEG was found to be about ~4x
the best reported value for III-nitride materials to date (InGaN) [43].

While improvement in material properties (such as the thermoelectric power factor) is one ap-
proach to increase power density, an alternate approach, is to use 3D, folded surfaces to keep the
footprint same but increase the power density, which is important for pfTEGs. We explored such
an idea in Chapter 3 by measuring the thermoelectric properties of AlGaN/GaN films grown on an
inverted pyramidal geometry. Although the buffer layers had a high level of unintenional doping
that contributed to the thermoelectric properties, we found a large, ~14x improvement in the ther-
moelectric power factor. This increase was partly due to the boost in the effective conductivity of
the film (because of the larger cross-sectional area). However, perhaps surprisingly, we also found a
large increase in the Seebeck coefficient (from ~297 pV-K—! for flat film to ~849 pV-K—1) due to
a gradual composition change (from GaN rich to AIN rich) along the walls of the pyramid. While
this study only explored room temeprature thermoelectric properties, the idea of using geometry
optimization for thermoelectric energy harvesting needs to be further explored.

In Chapter 4, we looked at the low temeperature thermoelectric properties of the 2DEG, where
we measured the properties for 2DEGs with “thick” and “thin“ buffers. Our findings showed that
while Spp, is ~32% of the total S at room temperature in a thick ~1.2 pm device, Spy, is almost
completely suppressed when tg, N is reduced to ~100 nm. Phonon drag also lead to state-of-the-art
thermoelectric power factor in the thick GaN sample. By measuring the thermal conductivity in
these samples, we showed that the magnitude of the phonon drag can increase even when the thermal
conductivity is decreasing. This decoupling of k£ and S,;, could enable significant advancements in
thermoelectric power conversion. These first measurements of the thermoelectric properties of the
AlGaN/GaN 2DEG in the low temperature range, are an important step toward understanding drag
in such low-dimensional systems.

In the second segment of this thesis (Chapter 5), we explored some novel sensing mechanisms
enabled by the AlGaN/GaN 2DEG. We first explored electron transport in the AlGaN/GaN 2DEG
under the combined influence of applied strain and temperature via a model. The results from the

model are useful for deciding the optimal HEMT parameters for sensing applications (e.g., strain and
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pressure). Significant amplification of the strain sensitivity is predicted by operating the 2DEG as a
HEMT instead of a resistor, confirming that AlGaN/GaN HEMTSs can be effectively used for strain
sensing in high-temperature environments. We specifically found that operating in a biaxial strain
configuration near the threshold voltage is useful for enhancing the strain sensitivity. After looking
at strain sensing, we switched gears to photodetectors. Our photodetector used the AlGaN/GaN
2DEG for its electrodes, in contrast to metal that typically used. In the presence of UV light, the
large band offset at the AlGaN/GaN interface lead to holes being trapped at the GaN valence band-
edge, lowering the conduction band and releasing additional 2DEG electrons. This led to record high
NPDR (6x10'%), in addition to a high responsivity (7,800 A-W~!) and UV-visible rejection-ratio
(10%). These experiments were only done at room temperature, but futher high-and-low temperature
experiments, as well as radiation exposure, are required to study extreme environment operation.
In terms of an overall summary, we learned that manipulation of the polarization fields intrinsic
to GaN devices can lead to unusual, but promising applications in energy harvesting and sensing.
GaN devices may not able to compete with Si-based devices for low-voltage, room-temperature
applications. However, they may become the building blocks for electronic and sensing systems
that are essential for hostile environments, which need to be probed, for example, to improve the
energy-efficiency of our infrastructure (e.g. combustion engines) as well as space exploration.
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Figure 6.1: (a) Band diagram of a AlGaN/GaN heterostructure with a thick GaN cap, showing the
2DHG at the GaN cap/AlGaN interface. (b) A 2DEG-2DHG thermocouple.

6.2 Future Work

Some recommendations for further work are as follows:
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e A single 2DEG is too resistive for practical thermoelectric applications. A superlattice, where
alternating layers of AlGaN and GaN, with a thickness of a few microns, needs to be inves-
tigated as the n-type thermoelectric element. As discussed earlier in this thesis, such super-
lattices have been made on sapphire substrate, and their thermoelectric properties have been
measured at room temperature [65]. Thus, a guideline for future work is to study the thermo-
electric properties of suspended superlattices on optimized buffer structures, such as those in

Chapter 3.

e We have only focused on n-type 2DEGs as thermoelectric elements in this thesis. Practical
thermoelectric devices need both n-and-p-type elements. Although we could simply use a
metal instead of the p-type element, that would heavily compromise thermoelectric perfor-
mance. Thus, further research is needed into making p-type elements within the AlGaN/GaN
2DEG. With the polarization fields, it is currently possible to make two-dimensional hole gases
(2DHGs), but such elements have low mobilties (below ~30 cm?-V~1s~! at room temperature
[30, 31]) today. These can be made by simply extending the thickness of the capping layer
in the GaN/AlGaN/AIN/GaN buffer system. An example is shown in Figure 6.1a, where the
thickness of the capping layer is set to 20 nm. A 2DHG is seen at the GaN cap/AlGaN in-
terface. The low hole mobilites suggest that further innovations are required to improve the

performance of such a p-type element in GaN or other compatible material platforms.

e Once a 2DEG and a 2DHG are placed next to each other, an innovative thermoelectric archi-
tecture that connects these can be thought of. An example is shown in Figure 6.1b, where the
temperature gradient runs along the 2DEG and the 2DHG, thus we expect the output voltage
to add up. In this Figure, it is assumed that the 2DEG and the 2DHG are not interacting with
each other. However, very recent theoretical research shows that if these electron-hole layers
can be brought sufficiently close, an exciton (bound state of an electron and hole) thermoelec-
tric could be produced, with potential vast improvements in efficiency [213]. An experimental
realization of this, perhaps on the GaN/AlGaN/GaN system could be very exciting. Fur-
ther, investigation of low resistivity contact schemes for such coupled 2DEG/2DHG systems

is necessary.

e The pyramidal architecture we investiaged in this thesis contained a buffer with a high doping
concentration. In future studies, this should ideally be done with an undoped buffer. Further,

investigation of the growth of superlattice structures with a pyramidal geometry is necessary.
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e Although phonon drag was investiaged with only a single 2DEG in this thesis, further work
is necessary to understand what its effect on a superlattice (which is required for making a

practical thermoelectric device) might be.

e Further extreme environment testing across a wider range of temperatures, and radiation

exposure are promising avenues for all the devices described in this thesis.

Finally, GaN-based sensors, although promising in standalone, may not become commercially
viable unless the supporting verticals (circuitry for information processing, memory elements, and
packaging) are also developed concurrently. Careful thought into the development of these verticals

constitute an important avenue for future work.



Appendix A

Mobility Model

To model the mobility in the AlGaN/GaN 2D electron gas, we need to understand the scattering
rates for the electrons in the 2DEG quantum well with phonons (acoustic and optical), as well as
the 2DEG interface. The electronic state for a 2D quantum well can be described by wave vector
k = (kg,ky) in the plane of the AlGaN/GaN interface, and subband index n to describe the wave
function along the confinement direction (z). Under this assumption, we can write the wave function

and electron energy for the electrons in the bottom subband as:

U = ()€™ (A1)
h2k2?
E,(k)=E, + ey (A.2)

where r = (x,y) denotes the spatial coordinate in-the-plane of the 2DEG and E,, is the energy at
the bottom of the subband corresponding to index n [214]. Figure 4.4a shows E,, as a function of
temperature (50 to 300 K) with respect to the Fermi level for the bottom two subbands for the
thin and thick GaN sample. Since the majority of conduction electrons (> 90%) are present in the
lowermost subband, we only consider the bottom subband (n = 1) for evaluating all the electronic
transport properties (thus neglecting inter-subband scattering). To model the wave function along

_ bz

the confinement direction, we can use the Fang-Howard expression, where ¢(z) = /%2 e~% [59).

* 52 e\ L . . .
12’”&#)3, where neg ~ %m p [59], assuming that the barrier layer is

un-doped and all the 2DEG electrons are a result of built-in polarization fields at the AlGaN/GaN

Here, the parameter b = (

interface.

The scattering rates for electrons can be evaluated using Fermi’s golden rule, for which we need
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to calculate the matrix elements with the correct scattering potentials for the different mechanisms.
For the sake of brevity, we will skip the details, which can be found elsewhere [59]. In our scattering
picture, the 3D phonon can be represented by the wave vector Q = (q, ¢.), where q and ¢, represent
the in-plane and out-of-plane component. When an electron with initial wave vector k = (kg, ky)
scatters with Q, its final state can be written as k' = k+4q from conservation of momentum in-plane.
If the collision is elastic, we can write | q | = ¢ = 2ksin(4), where 6 is the angle between k and
k’. The in-plane scattering matrix elements (M) are identical to the ones used for scattering with

3D electrons. However, in this case, because we need to account for the out-of-plane phonon wave

vector ¢, the 2D matrix scattering element is modified as

MZ = / M? | I(g.) 2 da.. (A3)

where I(q.) = [¢(z)?e!%*. Using the Fang-Howard form for ¢(z), | I(g.) |* can be simplified as
% [59]. For the purposes of calculating the AlGaN/GaN mobility, the mechanisms we consider
here are scattering from acoustic phonons, optical phonons, and roughness at the AlGaN/GaN
quantum well interface. In particular, scattering by ionized impurities is neglected since the AlGaN
barrier layer is assumed to be un-doped. Further, only acoustic scattering via the deformation
potential is considered and piezoelectric scattering is neglected as it is found to be negligible [59].
Screening of the electron-phonon interaction by the carriers themselves is important to consider
for the elastic processes (in our case, for acoustic phonon scattering and roughness scattering). This

is often done by scaling the matrix scattering element Msp by the screening function, defined as

[59]
e’F(q)ll(q,T)

T =1
S, T)=1+ 2eq

(A4)

where ¢ = | q |, F(¢) and II(¢, T) are the form factor and the polarizability function whose definitions
are well known in the literature [214]. Once S(q) is known, we can calculate the scattering times
7(E) for the 2DEG electrons as functions of electron kinetic energy (E). The integrated expressions
for 7(E) over the limits of the scattering angle 6 (from 0 to 27) for acoustic deformation potential
scattering, 7,.(E) and optical phonon scattering, 7o, (E) can be found in former work [59]. For
roughness scattering, we correct the expression found in former work [59] (missing a factor of ),

and is correctly written as

* 2\2,4,,2 27 —q2 2 _
1 m"A*X%e nQD/ el (1 cosH)da’ (A.5)
0

Tir(E)  8rhie? S(q,T)?
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where A is the average displacement of the interface and A is a parameter defined as the auto-
correlation length [59]. In our calculations, we have set A = 7.5 nm. In order to accurately fit the
mobility data over temperature, we set values of A corresponding to 1 nm and 2 nm for the thick
GaN and thin GaN sample discussed in Chapter 4, respectively. An AFM image of the sample
surface is shown in Figure 4.4b. Once the values for the different scattering times are obtained, the
total scattering time 7(F) can be calculated by adding up the different scattering rates. Finally, we

calculate the energy averaged scattering time as a function of temperature as

[ 7(B) 57 dE

Tav(T) = fEafgéE)dE

: (A.6)

where fo(F) is the Fermi function and the limits of integration are from the subband bottom E;

m* (Er—E1)

3 when using only the bottom subband, we obtain

to oo (referenced to Fr). Since nap ~
E; ~ —108 meV, which is consistent with the Schrédinger—Poisson model (Figure 4.4). Once 74, (T)

is calculated, the 2DEG mobility can be obtained.



Appendix B

Fabrication process for

thermoelectrics

A seven-mask process to fabricate the fully-suspended AlGaN/GaN platform for thermal measure-
ments described in Chapter 3. The AlGaN/GaN /buffer heterostructure for the thin and bulk GaN
samples was grown using an in-house metal organic chemical vapor deposition (MOCVD) chamber
on a Si (111) substrate. In order to define the 2DEG mesa, we etched the AlGaN/GaN layers to
a depth of ~100 nm using an inductive coupled plasma technique with BCl3/Cly gases as shown
in Figure B.1la. This was followed by the deposition of ~4 pym PECVD oxide on the backside and
selectively patterned to define the Si removal region, as depicted in Figure B.1b. The Ohmic contacts
to the 2DEG were patterned by depositing Ti/Al/Pt/Au (20/100/40/80 nm) followed by a rapid
thermal anneal (RTA) in Ny ambient at 850°C for 35 seconds (Figure B.1c). Next, we deposited
~47 nm of atomic-layer deposited (ALD) Al;O3 followed by patterning Ti/Pt (10/100 nm) heater
and sensor metal lines, as shown in Figure B.1d. To deposit Ti/Au (20/200 nm) bondpad metal, we
opened vias in the ALD film using a 20:1 buffered oxide etch for ~2 min (Figure B.1le). In order to
release the AlGaN/GaN /buffer heterostructure, Si was finally etched from the backside using a deep
reactive ion etching (DRIE) technique, stopping at the buffer/Si interface. X-Ray diffraction data
for the AlGaN/GaN /buffer layers in available in our former work [50]. After suspension, the total
thickness of the heterostructure layers was obtained as ~1.695 pm for the thin GaN heterostructure

and ~2.85 pm for the thick GaN heterostructure from the SEM cross-section images.
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Figure B.1: Fabrication process for the thermoelectric property measurement platforms described
in Chapter 3.



Appendix C

Codes

C.1 Band Diagrams

The codes to reproduce than band diagrams for the thick and the thin GaN films described in
Chapter 3 and Chapter 4 are available in a GitHub repository [215].

C.2 Phonon drag simulations

The codes to model the thermal conductivity and Seebeck coefficients (diffusive and drag compo-

nents) discussed in Chapter 4 are available in a GitHub repository [216].
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