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Abstract

GaN-based microwave power amplifiers have been identified as critical components in
Sandia's next generation micro-Synthetic-Aperture-Radar (SAR) operating at X-band and
Ku-band (10-18 GHz). To miniaturize SAR, GaN-based amplifiers are necessary to replace
bulky traveling wave tubes. Specifically, for micro-SAR development, highly reliable GaN
high electron mobility transistors (HEMTs), which have delivered a factor of 10 times
improvement in power performance compared to GaAs, need to be developed. Despite the
great promise of GaN HEMTs, problems associated with nitride materials growth currently
limit gain, linearity, power-added-efficiency, reproducibility, and reliability. These material
quality issues are primarily due to heteroepitaxial growth of GaN on lattice mismatched
substrates. Because SiC provides the best lattice match and thermal conductivity, SiC is
currently the substrate of choice for GaN-based microwave amplifiers. Obviously for GaN-
based HEMTs to fully realize their tremendous promise, several challenges related to GaN
heteroepitaxy on SiC must be solved.

For this LDRD, we conducted a concerted effort to resolve materials issues through in-depth
research on GaN/AlGaN growth on SiC. Repeatable growth processes were developed
which enabled basic studies of these device layers as well as full fabrication of microwave
amplifiers. Detailed studies of the GaN and AlGaN growth of SiC were conducted and
techniques to measure the structural and electrical properties of the layers were developed.
Problems that limit device performance were investigated, including electron traps,
dislocations, the quality of semi-insulating GaN, the GaN/AlGaN interface roughness, and
surface pinning of the AlGaN gate. Surface charge was reduced by developing silicon
nitride passivation. Constant feedback between material properties, physical understanding,
and device performance enabled rapid progress which eventually led to the successful
fabrication of state of the art HEMT transistors and amplifiers.
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1. Introduction

1.1 Technical Problem

It is widely acknowledged that GaN-based amplifiers have the greatest potential to
replace bulkier traveling wave tubes (TWTs) to miniaturize synthetic aperture radar (SAR).
This replacement is possible due to the higher breakdown field, electron velocity, and
thermal conductivity of GaN compared to other semiconductors. GaN-based high electron
mobility transistors (HEMTs) have exhibited greater than 10 times the power density of
GaAs-based HEMTs. The higher breakdown field in GaN also allows more compact
transistor placement and efficient power combining between different transistors. These
advantages of GaN-based HEMTs should revolutionize the miniaturization of X- and Ku-
band amplifiers, enabling new types of miniature RF systems of immense importance to
numerous critical NS and NW applications.

Despite the great potential observed in prototype devices, GaN HEMTs typically contain
large numbers of defects that adversely affect device performance. These defects are a
consequence of growing GaN on lattice-mismatched substrates such as sapphire and SiC.
The use of sapphire and SiC are necessary because bulk GaN substrates are not currently
available. Even when GaN substrates become available, they will not provide as much heat
removal capability as SiC substrates. This suggests that the most efficiently cooled GaN
HEMTs will be those grown on SiC and that the defects, which arise from the heteroepitaxy
of GaN on SiC, must be reduced or their influence nullified.

In this LDRD, we developed a stable nitride-based HEMT growth and device fabrication
capability to produce state-of-the-art electrical properties. Using the work of the LDRD as a
base we were able to produce 20 Watt 3 GHz GaN-based microwave amplifiers. In this final
report we describe many of the research steps used to achieve this milestone. We worked to
identify defects and materials issues that limit GaN HEMT performance and where possible
we found solutions to either remove the defects from the HEMT structure or nullify their
influence on device performance. Because SiC provides the best heat removal of any
substrate, research in this LDRD was primarily focused on materials growth, physical
understanding and device fabrication of GaN HEMTs on SiC. In what follows we present
some of the technical issues, technical approach, and expected results before this LDRD
began. We also comment on the creativity and innovation of the approach and the impact
and ties to DOE that this program will have made.
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1.2 Technical Issues

The major technical issues associated with GaN HEMT technology are the presence of
defects including traps and dislocations, thermal management of the operating devices,
dislocations near the active regions, and growth and device fabrication reproducibility.

Defects are introduced into the HEMT structure (see Fig. 1.1) during the growth. The
most common defects that occur in GaN are dislocations, impurities, and point defects.
Dislocations originate in GaN at the hetero-interface partly due to the lattice mismatch
between SiC and GaN and partly due to the discrete GaN grains, which form and ultimately
coalesce on the SiC to form the film. Dislocations in GaN typically range from 10° to 10"
cm™ and this density is independent of growth technique. Impurities and point defects on the
other hand are more strongly influenced by the reactor growth conditions. Each of these
defects can adversely affect device
performance by creating charge trapping
centers and leakage pathways, which can
ultimately lead to device failure and
reliability issues.

source gate drain

AlGaN (20 nm)

—

Trapping type defects can dramatically

limit frequency performance, especially in 2DEG GaN (1-2 um)

the GaN or AlGaN layers near the two

dimensional electron gas (2-DEG). For a AIN (100 nm)

HEMT to work properly the GaN must be

insulating enough such that current flows 6H-SiC substrate

only through the 2-DEG and not in parallel

through the bulk GaN. If on the other hand, Fig. 1.1 Diagram of an AIGaN/GaN

the semi-insulating (SI) GaN is too resis- HEMT structure grown on SiC.

tive electron traps may be present in the

GaN. Traps can also produce current collapse in HEMT devices, which is caused when hot
electrons are injected into the insulating GaN region. Once trapped, the electrons cannot be
thermally emitted because of the large bandgap. As a result the electrons effectively back
gate the device, leading to reduced current flow in the 2-DEG. In addition to hot electron
injection, cycling either the gate or drain voltage can cause transient reductions in the drain
current. Traps are also likely present in the AlIGaN and at surface of HEMTs. Traps may
result from impurity, vacancy, or dislocation structures. Ultimately, these traps limit gain,
linearity, power-added-efficiency, reproducibility, and reliability in GaN-based HEMT
devices. To date, not been much progress has been made in solving these trap related issues
that influence rf-dispersion.

Ideally, bulk GaN substrates could reduce or eliminate the influence of trapping type
defects on HEMT performance, especially traps associated with dislocations. However,
during operation junction temperatures of HEMTs are greater than 200 °C, which can lead to
device breakdown and loss of linearity. This suggests that active cooling of the devices is
potentially as important as reducing the influence of traps. Because SiC has a high thermal
conductivity and is closely lattice matched GaN (3.5% difference) and AIN (< 1%
difference), SiC is the best substrate for GaN HEMTs. To date the GaN HEMTs with the
best power performance have been grown on SiC.
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The main issue with GaN heteroepitaxy on SiC is that threading dislocations are formed
in the GaN. As shown in Fig. 1, 100 nm of AIN is first grown on the SiC to provide
nucleation sites and enhance two dimensional growth of the GaN. Growth of the AIN layer
generates primarily edge type dislocations resulting from the discrete granularity of the AIN
film. These edge dislocations can then propagate through the GaN and AlGaN films. While
these dislocations are benign to transport in the 2-DEG they can limit the maximum source-
drain voltage and provide shorting pathways within the device. Additional misfit
dislocations can be generated at the AlGaN/GaN interface, especially when the Al
concentration exceeds 30%. Techniques to reduce dislocations, such as epitaxial lateral
overgrowth (ELOG), have not been extensively studied for improving HEMT performance.

Finally, there are many issues associated with the growth and characterization GaN
HEMTs on SiC that have not yet been identified or addressed. In general, the growth and
theory of how semi-insulating (SI) GaN is produced on SiC is not well controlled or
understood. Surprisingly, some researches in the field have suggested that the GaN grain
structure may play a pivotal role in achieving SI GaN. If this is the case, then reproducible
nucleation of the GaN to replicate the same grain structure is absolutely necessary.
Understanding of the physics behind the operation of GaN HEMTs is also lacking. This is
primarily because physics measurements of the HEMT material properties are difficult and
models of HEMTs with traps, dislocations, and surface charge have not been developed.

1.3 Technical Approach

Fundamental experiments and
AlGaN/GaN HEMT Electroreflectance calculations 'Wlll be performed in
parallel ~ with  HEMT  growth,
fabrication, testing, and equivalent

300 K AlGaN (250 A) 1 circuit and thermal modeling. This
Franz-Keldysh Osc. J

310°

2107 L : approach will lead to a basic
] understanding of the mechanisms
limiting HEMT performance, and
identify “trouble spots” that need to be
addressed through material
improvement and device design. To
ensure that our discoveries feedback to
improve HEMT performance, we have
1 assembled a team of senior solid-state
] material scientists, device physicists,
and microelectronic engineers.
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Initial experiments will investigate
the influence of growth conditions on
the GaN and AlGaN quality on SiC.
Fig. 1.2 First HEMT in-situ measurement of AlGaN  Tphe rapid feedback techniques of Hall
electric field (0.41 MV/cm) and composition (16% Al) .1 . .
from Franz-Keldysh oscillations. moblhty’ X-ray diffraction (XRD)’

capicatance-voltage measurements (C-
V), photoluminescence, and AFM will
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be used to characterize GaN, AlGaN, and HEMT films. In addition, innovative photoreflect-
ance and gated electroreflectance techniques are being developed to provide depth profiling
of HEMT material quality and carrier densities. As shown in Fig. 1.2, we have recently
demonstrated the usefulness of novel gated electroreflectance measurements to provide the
first in-situ profiles of HEMT material composition, quality, and internal electric fields.
HEMT device fabrication and testing will provide the most critical input toward optimizing
the materials growth.

After establishing baseline materials growth and characterization, sources and locations
of trapping type defects will be identified. Defect spectroscopies, which include
photocapacitance, photoconductivity, deep level transient spectroscopy, e-beam injection,
and H-passivation techniques will be used to identify and locate potential sources of traps.
Density functional calculations will be correlated with DLTS and photocapacitance
techniques in an effort to study electron trapping at dislocations and point defects to pos-
sibly identify the sources of these traps. Once identified, growth experiments will be con-
ducted to remove these traps from the active regions of the devices. If the traps cannot be
removed, their influence on the device will be mitigated, for example by dielectric pas-
sivation of the surface charge states, or by device design changes such as the use of recessed
gates, which will require the development of non-damaging etch chemistries.

To reduce the influence of dislocations on the HEMT properties, GaN will be grown on
cantilever patterned SiC. Recently, using cantilever epitaxy (CE) on patterned sapphire, we
have achieved GaN with a dislocation density of 1x10" cm™, which is 2-3 orders of
magnitude lower than our standard GaN grown on planar sapphire. GaN growth on CE SiC
will be optimized to both reduce dislocations and to maximize the thermal conductivity
between the CE GaN and the SiC substrate. AFM and cathodoluminescence will be used to
measure the reductions in dislocation density and TEM will be used to study the dislocation
reduction mechanism. By producing HEMTs on CE GaN on SiC, the HEMT device physics
can be studied for the first time with and without the influence of dislocations. Separate
growth conditions, which minimize misfit dislocations at the AlGaN/GaN interface, will
also be developed.

Growth reproducibility will be aided by unique in-situ diagnostics developed at Sandia.
These in-situ diagnostics include optical reflectance, emissivity correcting pyrometry and
the multi-beam optical stress sensor (MOSS). The use of optical reflectance to control the
cantilever growth was instrumental in achieving GaN films with low dislocation densities.
Correlation between the in-situ diagnostic signatures and the device and materials properties
will ensure replication of HEMT growth structures. Since the quality of the SI GaN is
critical to device pinchoff and frequency performance, experimental and theoretical studies
will be conducted in order to identify how particular defects influence energy levels and
contribute to the SI nature of GaN and AlGaN films.
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In this LDRD, experimental and theoretical solid state studies along with device fab-
rication and testing will provide quality control and direct material growth activities to
improve overall GaN HEMT performance. Our in-house materials program will be sup-
plemented by device structures obtained through outside collaborations. By examining
devices grown by alternative techniques (textured substrates or MBE for example) or with
alternative substrates, we can test our hypotheses regarding connections between material
growth, solid state properties and HEMT performance, providing additional direction to our
overall Sandia effort.

1.4 Expected results

Specifically, we plan to identify and understand the material-based issues which are
limiting GaN HEMT performance, and we will pursue material growth and device design-
based solutions to solve these problems. These innovations will become the foundation of
high performance, GaN-based microwave electronic technology at Sandia. The solutions
that we acquire through research will guide both device development within Sandia and the
choice of Sandia’s collaborators from the greater GaN electronics community. We fully
expect to solve many of the materials related issues that currently limit GaN HEMT device
performance.

1.5 Creativity and Innovation

Our approach will combine Sandia’s unique materials growth, modeling, and meas-
urement capabilities to develop GaN HEMT devices on SiC. Over the years, several in-situ
diagnostics have been developed at Sandia to measure compound semiconductor growth,
including spectroscopic optical reflectance, emissivity correcting pyrometry and the multi-
beam optical stress sensor (MOSS). The development of CE GaN on SiC substrates offers a
unique solution to reducing dislocation densities in GaN keeping the excellent heat removal
benefit of the SiC substrate. Novel characterization techniques, such as photoreflectance and
gated electroreflectance, are being developed to provide depth profiling of HEMT material
quality and carrier densities and to determine the location (AlGaN versus GaN, bulk versus
surface), density, and origin of space charge and scattering in HEMTs. Along with dielectric
passivation techniques, damage-free etches that currently do not exist for the nitrides will be
developed for recessed gate technology, to minimize the influence of surface charge on
HEMT performance.
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1.6 Impact

Successful GaN microwave electronics is a disruptive technology that will have a huge
impact in electronic sensors and communications in the 8-30 GHz frequency range by
replacing vacuum electronics technology with solid-state electronics. The benefits of solid-
state power are miniaturization, reduced cost, increased reliability, and reduced complexity.
For example, miniaturization and weight reduction of synthetic aperture radars will allow
radical new implementations based on conformal phased arrays that will open up the
customer base for Sandia.

This LDRD is critical for many future programs at Sandia. Knowledge gained in this
work will benefit the NW, ET, and MC SBUs in advancing GaN technology for remote
electronic sensors such as SAR. Communications applications of GaN electronics are also
important for the ET and MC SBUs. Sandia will also gain opportunities to impact critical
DOD initiatives such as phased array radar upgrades associated with reconnaissance
missions and national missile defense. By enabling 7-fold increases in power levels per
aperture in the 8-12 GHz frequency bands, increased range and discrimination of phased
array radars can be implemented without increasing aperture size and cost.

1.7 Tie to DOE

GaN-based solid-state microwave electronic devices are potential replacements for
vacuum electronics technology in the 8 to 30 GHz frequency range. Using GaN-based
microwave devices will allow weight and size reduction of synthetic aperture radars (SAR),
RF MEMS, and communications applications of interest to NW, DS&A, and HS SMUs.
This research will also impact DoD initiatives such as phased array radar associated with
reconnaissance missions and national missile defense.
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2. MOCVD growth of AlIGaN/GaN HEMT Structures

2.1. Growth and characterization of MOCVD films

Films were grown using metalorganic chemical vapor deposition (MOCVD). For the
research and HEMT structure growth two reactors were used as shown in Fig. 2.1. Nitride
films were grown on c-plane sapphire or SiC using a custom designed, high speed rotating
disk reactor (RDR) as shown in Fig. 2.1(a) or a commercial EMCORE short jar RDR
reactor as shown in Fig. 2.1(b). Material growth was performed using metal-organic vapor-
phase epitaxy in an EMCORE D-125 reactor with a short, jar geometry. In the short jar
geometry, the wafer surface in located 3inches away from the surface of the injection flange.

For both reactors the
sapphire or SiC wafers
were placed on a SiC
coated graphite susceptor
and the growth
temperature was measured
using optical pyrometry.
Because both the
substrates and the GaN
films are transparent
throughout the
temperature range used,
the optical pyrometer

measures _the temperature Fig. 2.1 Two MOCVD reactors were used for the studies and

of the SiC coating the  HEMT structure shown in this report. In (a) a custom RDR reactor
wafer rests on. This pre-  developed at Sandia is shown and in (b) a EMCORE reactor (now
sents problems for  Veeco) short jar RDR reactor used for the growth of the HEMT
obtaining absolute  structures.

temperature measurement of the wafer. The growth conditions were monitored in-situ using
an emissivity correcting pyrometer at 550 nm and a thermocouple [2.1]. The optical
reflectance unit is a near-normal probe using a tungsten-halogen lamp [2.1]. The light from
the tungsten-halogen lamp was delivered to the growth chamber via an optical fiber and
focused onto the wafer surface. Similarly, the reflected light was focused onto an optical
fiber and its intensity was measured using a Si photodiode detector equipped with a 10 nm
bandwidth filter [2.1]. By modulating the tungsten-halogen light source, the light emission
from the susceptor could be measured independently from the reflected light, allowing for
emissivity corrected pyrometry [2.1].
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The typical growth conditions would involve loading the wafers as received into the
growth chamber, followed by heating in H, (and N,) up to high temperature (>1050 °C) to
remove advantageous hydrocarbon material and oxides in the case of SiC. For the growth of
the nitride material s trimethylgallium (TMGa), trimethylaluminum (TMALI), and ammonia
(NH3) were used in H, and N, carrier gas. The growth pressure, temperature, and reactant
flow rates were varied during the course of the growth run, so specifics

AlGaN Composition by PL Typical PL Spectrum
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Fig 2.2. AlIGaN composition measured using PL. In (a) the Al content is increased by decreasing the TMGa
flow rates. In (b) a typical AlGaN PL scan is shown for an Al1GaN film with 27.8% Al.

of the growth conditions are not given here but are presented with the reported results
below. Sapphire wafers were used from two different vendors (Honeywell and Kyocera)
with no discernable difference the the material quality. Silicon carbon wafers were used
from three different vendors (Sterling, CREE, and II-VI) and the growth conditions had to
be modified to produce the same HEMT structures and properties.

Table 2.1. Routine and Advanced Measurements Developed in the LDRD.

Routine Measurements Advance Measurements
sHall Measurements (300K) eX-ray Diffraction
— Electron concentration and mobility — Dislocation density, type

— Now can do full wafer measurements
e Electro-Reflectance

eCapacitance-Voltage (C-V) — Study 2DEG and electric fields
— Pinch-off Voltage — AlGaN composition

— Buffer resistivity
— AlGaN thickness/composition e Gated Hall Measurements (77-300K)
— Investigate transport

°¥%T;;fﬁ;:§dnglf£g?§8fy (BEN) e Transmission Electron Microscopy

— Dislocation density
sContactless Sheet Resistance maps

: S e Deep Level Spectroscopies
— Indicate variations across wafer P P P

— Electron traps in material
ePhotoluminescence
— AlGaN composition
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Composition measurements were routinely made using optical reflectance. Resulting
composition measurements have been confirmed by x-ray diffraction and room temperature
photoluminescence in selected samples and found to be within 3 mole percent. X-ray
diffraction (XRD) measurements with (0004) and (10-11) reflections have been used to
determine the dislocation density of dislocations with either a screw component or an edge
component. Details of the XRD evalution of the materials are covered in Section 5.
Transmission electron microscopy in both cross-section and plane view has been used to
confirm dislocation density determined from XRD in selected films. The Al content in the
AlGaN material was determined using both XRD and photoluminescence (PL). PL derived
AlGaN composition measurements are shown in Fig. 2.2(a) for increases in the TMGa flow
rate. An example PL spectrum is shown in Fig. 2.2(b) for a 27.8% Al content AlGaN layer.
Electrical characterization included Hall effect to measure electron mobility and carrier
concentration, Leheighton resistivity mapping to determine the resistivity of the GaN films
and 2DEG, and capacitance-voltage (C-V) measurements to determine the carrier
concentration in the 2DEG and pinch-off voltage. Examples of these techniques and more
advanced characterization techniques developed in this LDRD are listed in Table 2.1.

2.2. Baseline GaN-based HEMT growth.

To improve GaN-based HEMT performance, “baseline” processes for both the material
growth and device processing were first developed. Individual AIN, GaN, and AlGaN
layers were grown on sapphire and SiC to confirm composition, growth rate and background
impurity levels prior to the growth of full HEMT structures on SiC wafers. The nucleation
of AIN on SiC and subsequent growth of the AIN epitaxial layer replicated similar processes
that had been developed on sapphire. Ultimately, GaN-based HEMT processes with electron
mobilities > 1300 cm?/Vs, sheet charge > 1x10" ¢cm™, and sheet resistivity < 400 Q/[1, were
developed. Fig. 2.2 shows the
mobility and sheet charge for a
series of growths, where minor
changes in growth conditions 1700 T

GaM HEMT Mobility and Sheet Concentration
1800 16

were made to access the §1ﬁnﬂ_ Lo
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gated  to improve ~ HEMT Fig. 2.3 Electron mobility of HEMT layers typically
performance. Assuming that the  exceeded 1300 cm’/Vs with a sheet charge > 1x10" cm™.

initial microstructure is estab-
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lished during the initial GaN growth on the AIN nucleation layer, variations in AIN
thickness, growth temperature, and starting sequence of the nucleation and V/III ratio were
studied, however little improvement over our starting baseline process was observed.
Additional experiments found that the initial dislocation density is correlated to the GaN
growth pressure, with high pressures producing GaN with fewer dislocations. For GaN
growth at higher pressure the time spent in the 3D growth mode increases and this change in
the morphology can be directly monitor using the in-situ optical reflectance measurements.
By spending an increased time in a 3D growth mode at higher pressure the dislocation
density was reduced as measured by x-ray diffraction. Though achieving a lower dislocation
density is desirable, the semi-insulating (SI) quality of the GaN may be lost, resulting in
inadequate device pinch-off.

Based on device results
from our baseline material,
it was determined that a

Comparison of Vp in baseline HEMTs and recent structures.

Pinch-off Voltage of HEMT Material by CV
1 5

| Baseline HEMTs

more negative pinch-off

STV ogpg g WS Recent HEMTs voltage was required to
._fE”'S i i A i gy ("(I;afg\f;;Vp compensate for the high
: 7 AP Ve W, temperature anneal of the
£, ohmic contacts. By
& : increasing the Al com-

“ A position of the AlGaN top

layer, pinch-off voltages

& & & & & & & §

P T T I P T T T T S A A o .
SIS G e O S G B S s G e o6 exceeding -5V were
achieved regularly. While
Fig. 2.4 Plot of the pinch-off voltage vs. the growth run number for the  maintaining the desired
baseline HEMT structures and for films with a larger Al composition pinch-off voltage,
in the AlGaN. improvements  in  the
growth during the

transition between GaN and AlGaN layers resulted in sheet resistances < 300 Q/cm?. A GaN
capping layer has been shown in some cases to reduce gate leakage current. SiC substrates
from several vendors have been tested over the past year, and significant differences in the
surface polish between these vendors has been observed, especially for on SI SiC. Despite
differences in the surface polish, HEMTs with similar pinch-off voltage and sheet resistance
can be obtained. The key to achieving similar electrical properties in the HEMT layers will
be modifying the AIN nucleation process to compensate for differences in surface polish
and other surface morphology changes.

The baseline process for GaN HEMTs has been established. GaN active area mesas are
patterned and etched by an inductively coupled plasma (ICP) system using a photoresist
mask. The ICP power is kept to a minimum to inhibit buffer leakage currents. Next, ohmic
contacts are patterned and deposited. Ti/Al/Mo/Au metal stack is used and alloyed at 850°C
for 30 seconds. The gate metal (Ni/Au) is next patterned and deposited. This brief
sequence is used for quick HEMT feedback of GaN material. Optional steps to the baseline
process include a transparent gate deposition for electroreflectance measurements, dielectric
deposition for surface passivation, and airbridge metallization for multiple source and drain
contacts, if characterization of multiple devices is desired.
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2.3. Improving AlGaN growth

It is well known that the background concentration of carbon in GaN decreases with
increasing growth pressure [2.2]. We have observed the same trend in 20-25% AlGaN films.

Analysis by secondary ion mass
spectroscopy (SIMS) showed a
background carbon
concentration of 6x10'®¢cm™ for
films grown at 75 torr. The
concentration fell rapidly to
2x10"7cm™? for growth at 300
torr and then more slowly to
1x10"7em™ for films grown at
400 and 500 torr. Generally, it
is desirable to minimize
impurity  concentrations S0
growth at 300torr was selected.
However, we have observed that
both Al composition and growth
rate decreased from 26%
(2.1um/hr) to 16% (0.25um/hr)
when the chamber pressure was
increased from 75torr to 500torr
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Fig 2.5. Al composition vs. growth pressure of AlGaN

alloys grown with a fixed Al/group-III ratio of 0.42.

respectively. The strong drop in Al incorporation and growth rate with increasing growth
pressure is characteristic of parasitic, gas-phase pre-reactions that have been shown to
generate nanoparticles above the wafer [2.3, 2.4].
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Fig. 2.6 (a.) Al mole fraction in the film vs. Al/group-III ratio in the gas phase. (b.) Growth rate vs. total
group-III flux. Using lower group-III and (or) ammonia fluxes Al incorporation can be enhanced and a
linear relationship between growth rate and group-III flux can be achieved. All lines are drawn as an aid to

the eve.

Experiments to minimize parasitic, gas-phase reactions associated with increasing
reactor pressure have been carried out to improve the Al incorporation efficiency and to
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develop a linear relationship between growth rate and group-III flux. Such improvements
should lead to better control of composition and thickness even if no improvement in
material quality were obtained. In Fig. 2.5, the Al composition decreases with increasing
growth pressure for a total group-III molar flux of 224 pmoles/min and a V/III ratio of 400.
However, an increase in Al incorporation at all pressures while maintaining the same Al/III
ratio can be achieved by simply reducing the total group-III flux in half as shown in Fig. 2.5.
Hence, reducing group-III flux is a way to reduce parasitic, gas-phase reactions.

By using a lower group-III and/or ammonia flux, Al incorporation can be enhanced over
the whole alloy range as shown in Fig 2.6. Under these conditions, the Al incorporation is
linear with TMAI or TMGa flux, unlike the case shown in Fig. 2.6 where, at 300 torr and an
ammonia flow of 6 slpm, the Al incorporation is sub linear with group-III flux. Even at 500
torr, Al compositions equal to the gas phase Al/IIl ratio can be achieved by using lower
group-III fluxes. Growing films at 75 torr also result in efficient Al incorporation at higher
group-III fluxes and incorporation that is independent of ammonia flow. The data points at
75 torr in Fig. 2.6 represent growth with ammonia flows of 2, 4 and 8 slpm and show no
shift in Al composition. However, growth at 75 torr is also expected to result in a
significant increase in carbon incorporation. The reduction in group-III flux can result in
growth rates that could be unrealistically slow for growing thick buffers frequently used in
LED structures (Fig. 2.6). However, useful growth rates can be achieved by increasing the
group-III flux while still maintaining a linear relationship with group-III flux, even if Al
incorporation is somewhat less efficient.

Fig. 2.7 shows a linear relationship between Al composition and growth rate as a
function of total group-III flux at 400 torr and 970°C. This linearity holds for alloys from
30% to 80% even though the Al incorporation is not as efficient at 400 torr (Fig. 2.7). The
previous discussion has been for films grown under conditions where the V/III ratio is typi-
cally less than 700 or at low pressures. However, efficient Al incorporation at 300 torr can
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0.9 0.9
(a) 400torr, 970C (®) P
0.8 Orr, + 0.8 o
A 8 Wil B0 B 05 ] 300tom, 1050°C P f

. N . los o v/l 30006000 ’
B 4—\ : E £ ] 24plloles min 4 Py
5 061 N 106 2 5 06 - / u ,’ .P
' N s &
L 0.5 | N 105 8 =
s b < o 0.4
= 041 \&. T04 % =
= 2 =
R L 3 losg = ( 400tor, 9m°

o — 0.2 - # T5torr, 1050 C VI 500600
0.2 - ¥ T0.2 / VIl 100200 150-175umoles/min
63 1-IlJ|runoIes-m|n
0.1 ; ; ; 0.1 0.0 .
140 150 160 170 180 0.0 0.2 0.4 0.6 0.8 1.0
Total Group-lll Flow (pmolesimin.) Al/lll Ratio

Fig. 2.7. (a.) Al mole fraction and growth rate vs. total group-III flux. (b.) Al mole fraction vs. AVIII
ratio. All lines are drawn as an aid to the eye.

also be achieved at V/III ratios more typically used in the growth of GaN. By reducing the

group-III flux to even lower levels, < 30umoles/min for example, Al compositions can be
similar to the gas-phase Al/III ratio for V/III ratios between 3000-6000 as shown in Fig. 2.7.
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Growth conditions and the morphology of the nucleation layer influence the surface mor-
phology of AlGaN films. Growth AIGAN on GaN films, which provide a relatively smooth
template, can isolate the effect of growth conditions on surface morphology. Keller et al.
[2.5] have reported that increasing ammonia flow increases the surface roughness of AlGaN
films grown on GaN for high electron mobility transistor (HEMT) devices. We show a
similar trend in surface morphology with increasing ammonia flow. Fig. 2.8 shows atomic
force microscopy tapping mode images of Aly33Gage/N films (200-250A) grown on GaN
HEMT structures with different ammonia flows. All AlGaN films were grown at 300torr
and 1050°C. In order to maintain a constant film composition while increasing the
ammonia flow, the AI/IIl ratio was increased to compensate the reduction in Al
incorporation due to parasitic gas-phase chemistry. As the ammonia flow was decreased
from 6 slpm to 0.3 slpm, the rms roughness decreased from 0.91 nm to 0.26 nm and the
terrace steps that were short and not well resolved with 6 slpm of ammonia become well
defined with 0.3 slpm of ammonia. This improvement has been speculated to be the result
of increased surface migration of Al adatom [2.5, 2.6] presumably due to the lower
concentration of ammonia. However, similar well-formed terrace morphologies can be
achieved under V/III ratios exceeding 5000 by using low group-III fluxes. Fig. 2.9 shows
atomic force microscopy amplitude images of AlGaN films (200-250A) grown on GaN with
different ammonia and total group-III flows. Similar morphologies are observed for both
the low ammonia, high group-III flux (NH3=0.3 slpm, G-11I=106 umoles/min., specimen in
Fig 2.9(a)) and the high ammonia, low group-III flux (NH3=2 slpm, G-III=17 umoles/min.,
specimen in Fig. 2.9(b)). Consequently, a lower ammonia concentration cannot solely be
responsible for the observed improvement of surface morphology. However, improvements
in surface morphology result from growth conditions that reduce parasitic gas phase
reactions. While we initially expected improvements in controlling composition and

NH, = 0.3 slpm NH, = 2.0 slpm NH, = 6.0 slpm
.: f‘f: e \ 6~ 5 st
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Fig. 2.8. Atomic force microscopy tapping mode images of 33% AlGaN films (200-250A) grown on GaN
with different ammonia flows. (a.) NH;=0.3slpm, Al/Il1=0.44, V/I1I=124. (b.) NH;=2slpm, Al/111=0.49,
V/1=925. (c.) NH;=6slpm, Al/I11=0.49, V/I1I=3100. In order to maintain a constant film composition, the
AI/II ratio was changed to overcome the parasitic gas-phase reactions which reduced Al incorporation with
higher ammonia flow.

GHE e

thickness by reducing parasitic reactions, it’s possible that material quality, as reflected by
improvements in terrace steps, is also improved. Further investigation between material
properties and the presence of gas-phase parasitic reactions would be useful.
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Fig. 2.9 Atomic force microscopy amplitude impages of AlGaN films (200-250 A) grown on GaN
with ammonia and total group-III flows (a) Aly33GageN, NH; = 0.3 slpm, AI/II = 0.44, V/III = 124,
group-1II = 106 umoles/min. (b) Aly0Gag 71N, NH; = 2.0 slpm, AI/III = 0.19, V/III = 5180, group-111
=17 pmoles/min.

The parasitic gas-phase reactions and nanoparticle formation identified by Creighton et al.
[2.3, 2.4] could interact with the growth surface through some interaction with chemical
byproducts from the nanoparticle generation or possibly by clusters of atoms small enough
to reach the surface by diffusive transport. Since it is unlikely that byproducts of
nanoparticle formation would be significantly different from reactions during epitaxial
growth, we suggest the possibility that small clusters of atoms reach the growth surface and
degrade surface morphology. Under conditions that yield a high rate of parasitic reactions
(a combination of high pressure, group-IIl and ammonia flux) a higher concentration of
clusters would be expected to reach the growth surface, resulting in reduced terrace widths
and rougher morphology. Further investigations of the evolution of the growth surface and
any interactions with parasitic gas-phase reactions are required to establish any active
mechanisms.

2.4. Is smoother AIN on SiC better for HEMTs

HEMT structures grown on SiC typically use an AIN nucleation layer before growing
the GaN and AlGaN devices layers. The electrical performance of HEMT devices can be
influenced by the properties of the AIN nucleation layer. While transport properties of the
initial baseline material achieved target goals, we sought to apply new knowledge of the
growth of AIN that had been gained in developing deep UV LEDs. We investigated the
growth of AIN films on SiC using significantly lower V/III ratios (i.e. N to Al ratio) around
10-100, ratios that resulted in much higher quality AIN films on sapphire substrates, while
typical AIN nucleation layer used for HEMTs on SiC were grown with a V/III ratio of 1880
as shown in Fig. 2.10(a). In this AFM image the AIN terraces are pinned and rather narrow.
This type of growth structure is believed to be a result of a high partial pressure of NH3
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(high V/III ratio) that limits
mobility of Al atoms on the
growth surface. By lowering the
NH; partial pressure (lower
V/III ratio), increases in terrace
width and reduced step pinning
can be achieved as shown in Fig.
2.10(b). For this film the V/III
h 1 ratio was 11, and cracks in the
Fig. 2.10. Atomic force microscopy images of AIN films grown ~ AIN are observed in the image.
on SiC using a NH; to TMAL ratios of (i.e. V/III ratio) of (a) ~ Cracking occurs for AIN films
1800 and (b) 11. The size of each image is 3 x 3 um. just 1000 A thick, which is
thinner than the typical 1000-
1600A  used in  HEMT
structures. We concluded that while AIN films with lower V/III ratios result in better step
structures and alignment to the underling SiC substrate, but they can not be used for HEMT
development due to the tensile strain which increases during growth, leading to cracking.
We are currently investigating AIN films initiated at high V/III ratios to relieve tensile
stress, followed by AIN growth at a lower V/III to improve the AIN structure.

2.5. Evaluating SiC vendors and growth condition changes

During this LDRD project, SiC substrates from various vendors have been tested. The
growth of SiC boules (especially semi-insulating) is very challenging and is still under
development, however progress made in the last several years has been promising. In
addition, more companies now produce sufficient quality SiC that the price for semi-

Table 2.2. Growth and structural changes in HEMT device material tested.

Growth and structure variables

Impact on device operation

AlGaN thickness ohmic contact formation, pinch-off
voltage
AIN growth temperature electron mobility
GaN growth pressure dislocation density

NHj; flow used in AlGaN

growth mode and step structure

Growth transition between GaN and
AlGaN layers

mobility, pinch-off voltage, current
collapse




AFM .

_ sterling
3x3pm

Sterling (N+) Cree (N+) Cree (semi-insulating)
Polish: Single Side Single Side Double Side (DSP)
Thickness: 254um 270pm 400pm
Polytype: 6H 4H 4H
Price $/wafer: 165.00 300.00 3850.00

Fig. 2.11. Information on the Sterling and Cree wafers used for the growth of GaN-based HEMTs. Pricing
information is of 2002.

insulating wafers is beginning to drop. In addition, several companies have achieved 3” SiC
wafers with 4” wafers in the near future. As a result of the price decrease, material

Atomic Force Microscopy images of as received wafers

Cree
20%x20pm

RMS: 1.5nm

Pricing for SI-SiC wafers

CREE (4H, 430pm) : $3200-4500 / wafer

1I-¥]l Corp (6H, 270pum) : $1000-1500 / wafer (Development)
$2000-2500 / wafer (Prime)

1I-Vl Corp. (Reclaim): $150 / wafer (samples to test at SNL)
Novasic (Reclaim): Epi-growth was substandard.

Fig. 2.12. Atomic Force Microscopy images of SiC wafers received from (a) CREE and (b) 1I-VI

Corporation. The RMS roughness is 1.5nm for (a) and 0.46nm for (b). Also shown is a price
comparison of semi-insulating SiC wafers that were available in 2004.
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from three vendors was evaluated by growing and testing HEMT structures on these dif-
ferent susbstrates.

As shown in the AFM images in
Fig. 2.11 the wafer surface polish can EREERr s Sieing SIS ERSEL o g IS0

2500 1.22+13
uTop mTop

vary substantially, and even vary A o
between wafers from the same vendor. ™ L
SiC wafers from Sterling appear to
have a smoother surface polish when
compared to CREE wafers. (Since
these wafers were purchased from

Sterling, Sterling has been purchased T s [ —
by Dow-Corning). Even though CREE — e

is the largest supplier SiC wafers, the  Fig. 2.13 Comparison of the electrical properties on
surface shows scratches from their  Sterling 6H SiC wafers to Cree 4H SiC wafers

polishing process and a relatively rough

rms of 1.5nm which is possibly a

concern for the growth of AIN and GaN films. In contrast, the material from both Sterling
and II-VI Corporation are much smoother and scratch free, with the I1I-VI wafer having an
RMS roughness of 0.46 nm as shown in Fig. 2.12.

The first AlGaN/GaN HEMTs were grown on Sterling 6H SiC wafers which were n-
type. After developing the growth process, we transitioned to Cree 4H SiC wafers because
Cree had both n-type and SI wafers, which are needed for device isolation and rf testing of
the final transistors. In transitioning from Sterling to Cree SiC wafers the AIN growth
process needed to be changed. After optimization of the GaN material on the Cree SiC
wafers the mobility increased 20-40 % and 2DEG carrier concentration decreasing slightly
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RMS: 0.59nm

Fig. 2.14. AFM images of the surface morphology for AIGaN/GaN based HEMTs on SiC wafers from
CREE and II-VI Corporation.
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as shown in Fig. 2.13. The transconductance was also found to be 20-60 % larger on the
Cree wafers compared to the Sterling wavers. These results suggest that the MOCVD
growth process can be tuned to give greater flexibility in the choice of SiC vendor. Later SI
SiC wafers from II-VI were used because of their lower cost compared to CREE. The
surface morphology results of AlGaN/GaN HEMT structure grown simultaneously on
CREE and II-VI wafers are shown in Fig. 2.13. Even though the surface polish is rougher on
the CREE wafer compared to the II-VI wafer as shown in Fig. 2.12, the surface morphology
of HEMT material grown on SiC from CREE is slightly smoother than material grown on
SiC from II-VI Corporation as shown in the AFMs in Fig. 2.14. Even with the slight
difference in the surface morphology the pinch-off voltage from CV and the sheet resistance
showed no significant difference between the two wafers. The modifications of the AIN
nucleation process that were developed in changing from the Sterling wafers to the CREE
wafers can also be modified to improve the surface morphology of material grown on
wafers from II-VI Corporation.

o HEMT Mobility and 2DEG C oncentration (300K)
Addition of AIN layer between GaN and AlGaN 2100
= Higher Mobility
1900 —
2
| 2104 - AlGaN (27 %) = ' .
P NS
€| 104 - AIN | = 1800 " -
5
1um - GaN 2 1500 -
g "
AN =
£ 1300 = %
SiC #With AIN,
1100 3 2108-27% AlGaN
B \Aithout AIN.
1808274 AlGaN
200 : :
EO 2.0 0.0 12.0 14.0
2DEG Sheet Concentration (x1e12 cme2)
Pinch-off Voltage fromCV Measurements She et Resistance of HEMT Structures
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25 210A.27% AlGaN — = 2108.27% AlGaN
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HEMT Structure: GaN-AlG aN Interface w2 HEMT Structure: GaN-AlG aN Inte iface

Fig. 2.15 Changes in the electrical properties are shown when a thin AIN layer is inserted between the GaN
and AlGaN layers. The insertion of the AIN layer increases the electron mobility, decreases the pinch-off
voltage and decreases the sheet resistance.
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2.6. Insertion of AIN between the AlGaN and GaN layers

Following previous work by Smorchkova et al., thin AIN layers were inserted between
the AlGaN and GaN layers [2.7]. The thin AIN layer has two effects on the electrical
properties. The first is to increase the electron mobility by reducing the alloy scattering from
having the AlGaN placed directly on top of the GaN. The second is to increase the over all
strain field on the GaN which increases the carrier density in the 2DEG layer. Both of these
effects are seen in Fig. 2.15, where the higher mobilities, lower sheet resistivity and high
pinch-off voltages are shown. Because of the increased strain near the GaN/AIN/AlGaN
interfaces there is a greater risk of cracks forming unless the combined strain from these
layers is kept below the critical thickness, which should be thinner for the combined
AIN/AlGaN layer than for only AlGaN.

2.7. Summary of HEMT growth progress and electrical properties.

During this LDRD both the growth technology and the characterization technology were
developed to routinely manufacture high quality HEMT wafers. The growth platform has
some flexability especially
when the SiC wafer polish

2100 HEMT Mobility and Ns

changes. The routine use of n ® [
XRD, C-V, Hall, and other 1900 +—m -
characterization techniques * .

listed in Table 2.1 allowed the 317':'0 .'
optimization of AlGaN/GaN > 1500 o
(']
E

HEMT layers. Comparison of

the electrical properties of the §1300 A Y =4

HEMT layers funded during £ 100 - " 4"

this LDRD proposal and other 2 u

workers in the field is shown in = 900 +— @ Sandia

Fig. 2.16. As shown in Fig. 2.16 m MOCVD-SiC .

the HEMT results from Sandia 700 1— 4 mMBESIC

co}llnpare very favlgrably Wi}'ih 500 . .

other groups working In the 20 pEG sheek Roncentration {xTe12 cm-2) 110

field. The data shown in Fig.
2.16 also show that the growth
technology for these device Fig. 2.16. The electron mobility is plotted vs. the 2DEG sheet
carrier concentration. Improvments in the growth conditions
led to the improved electrical properties.

structures is also maturing at a
rapid rate, which should
facilitate the fabrication of
GaN-based microwave
amplifiers in the near future.

Critical to the goals achieved in this LDRD were the quick and rapid evaluation
techniques that were developed. However, these techniques applied on a routine basis also
allow consistance checks on the material quality. As shown in Fig. 2.17 the dislocation
densities measured using XRD are shown for 25 consecutive growth runs. Note that the
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GaN Dislocation Density by XRD

Dislocation Density in GaN HEMTs by XRD
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Fig. 2.17. The XRD measured dislocation is plotted for

25 consecutive growth runs.
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dislocation density varies from 1.0x10°
to 2.5x10° ecm™. Fewer dislocations in
the material might lead to the GaN not
being insulating enough, while a greater
number of the dislocation and the GaN
material might be too resistive and
contain too many trapping type defects.
These consistant quality checks were
critical to achieving the success
demonstrated in this LDRD program.
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3. Cantilever Epitaxy of GaN on SiC substrates

To reduce the influence of the abundant threading dislocations on the HEMT proper-
ties, GaN cantilever epitaxy (CE) was developed on SiC substrates. This follows the success
of GaN CE on sapphire [3.1] for which Research Magazine R&D 100 award was given in
2004. In the CE work we achieved dislocation densities of 2x10” em™ which is a factor of
10 lower than can be typically achieved for GaN growth on sapphire. These low dislocation
densities were also achieved over large enough areas to place | mm?® LED die on top of the
CE wafers.

The advantages of using SiC substrates over sapphire are well documented. SiC has
better thermal heat conduction than sapphire and is a better lattice match to AIN and GaN
than sapphire. GaN films grown on sapphire tend to be under compression after cool down
from the MOCVD growth, however on SiC the GaN films are under tension. This implies
several consequences for the GaN CE growth on SiC as discussed below.

In Fig. 3.1 results are shown for the GaN CE on SiC substrates. In Fig. 3.1(a) the ICP etched
SiC posts. To etch the posts the SiC is masked with sputtered Al and photoresist. The
photoresist is patterned and developed. The lithographic pattern is etched using Cl-based
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Fig. 3.1. SEM images of four stages of the GaN CE etching and growth on SiC. An SEM
image of the (a) etched cantilever posts is shown, while in (b) growth of the pyramidal ridge is
shown. Next (c¢) the initial cantilever wing is shown and finally (d) a nearly coalesced film is
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chemistry to etch the Al and F- based
chemistry to etch the SiC. Unlike sap-
phire, SiC is easier to etch and etch
depths approaching 6 um have been
achieved. Micro masking caused by trace
Al left on the surface before the F-based
etch of the SiC occasionally occurs but is
currently being addressed.

The GaN growth on the SiC is
usually initiated using an AIN nucleation
layer grown at high temperature. The
pyramidal  ridge and  cantilever
coalescence growth steps are directly
transferable from what is currently done
on sapphire [3.1] and images of the
growth progression are shown in Fig.
3.1(b-d). Initially, the growth conditions
are chosen to form a hexagonal ridge on
top of the CE posts as shown in Fig.
3.1(b). Next the growth temperature is
increased to 1100 °C to increase the
lateral growth rate so that the CE film can

Fig. 3.2. Cross-section, bright-field TEM image
showing mesas etched into SiC substrate and
cantilever-epitaxial GaN grown at top.

coalesce as shown in Fig. 3.1(c) and (d). One problem with the CE growth are the cracks

Fig. 3.3. Cross-section, weak-beam TEM image showing
AIN nucleation layer over the mesa and threading
dislocations in the GaN over the mesa. Approximately 2/3 of
them are turned to horizontal. while 1/3 provagate verticallv
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.. that emerge in the GaN grown on the

SiC, due to the tensile stress
characteristic of the GaN films on
SiC. Decreasing the cracking in the
fully coalesced films would require
stress management with the use of
AIN interlayers [3.2]. While this
would prevent the GaN film from
cracking on the SiC, the subsequent
growth of GaN on the AIN interlayer
will create additional dislocations,
thereby nullifying the advantage of
using CE to reduce the GaN
dislocation density. This was the

¥ main reason we did not pursue GaN

CE growth on SiC further in this
LDRD.

Cross-section TEM was used to

— assess the GaN CE growth on SiC

substrate. As seen in Fig. 2.2, deep
trenches were easily etched into the
SiC up to 6.0 um deep. This is a
huge advantage during GaN CE



growth since it allows greater flexibility in how the GaN growth parameters are varied
during the growth and minimizes the interference from GaN that grows in the trenches. The
mesas were found to be uniform in cross-section, 1.26 um across. The GaN layer over the
posts was grown to 2.6 um thickness. There was also a thick, unwanted undergrowth of
GaN laterally from the sides of the posts that contained many lateral dislocations, but it
appears not to have caused serious detrimental effects in the GaN overlayer.

The GaN layer that grows on top of the AIN layers contains numerous vertical
threading dislocations (VTDs) over the mesas, as seen in the higher magnification images in
Fig. 2.3. Several such images showed that 2/3 of the VTDs over the mesa were turned to
horizontal, with the remaining 1/3 propagating toward the surface. The bright layer
immediately over the SiC
mesa is the 0.16 pm-thick
AIN nucleation layer. The
vertical lines within it indicate
very  high  density of
dislocations, which fortu-
nately do not all propagate
into the GaN grown upon it.
AIN also nucleates on the
sides of the mesas, apparently
leading to  the lateral
undergrowth.

Many of the coalescences
between adjacent cantilevers
are defective, as seen in Fig.
3.4. In some cases, a crack
was found between

cantilevers that were not Fig. 3.4 Defects seen at the coalescence between two
cgmple‘gely coalesced. Laj[eral cantilevers. An array of lateral dislocations surrounds the
dislocations are seen on either  coalescence, which is expected to produce a dark-block defect
side of the  defective that would not emit light.

coalescence seam. These

arrays appear like those found at defected coalescences in CE-GaN grown on sapphire, and
thus we expect they are non-radiative similar to the “Dark-Block Defects” that we have
observed on GaN CE on sapphire [3.3]. Because of the large density of defective coa-
lescences and the propensity of the GaN CE to crack on SiC substrates, we decided not to
further investigate using GaN CE to reduce the dislocation density in operations HEMT
devices.
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4. Impurity incorporation into the group lll-nitrides

4.1 Density functional theory
calculations of oxygen impurities in
GaN

Density-functional theory [4.1] and the
generalized-gradient approximatiom [4.2] for
exchange and correlation were used to compute
energy-minimum configurations and formation
energies of substitutional and interstitial oxygen (O)
in wurtzite GaN. The results indicate that O
substituted at an N site (Oy) acts as a single donor
with the ionized state (O}) being the most stable O
state in p-type GaN. In n-type GaN, interstitial O
(O,) is predicted to be a double acceptor and O
substituted at a Ga site (Og,) is predicted to be a
triple acceptor. The formation energies of these two
species are comparable to that of O in n-type GaN
and, as such, they should form and compensate the
O donors.

The extent of O, compensation by O, and O,
was estimated for a total O concentration of
10”cm” and both Ga- and N-rich conditions. Ga-
rich conditions yielded negligible compensation
with an Oy concentration in excess of
9.9x10'°cm™. N-rich conditions yielded a 25%
lower O, concentration, due to the increased
stability of O, and O, relative to Oy, with a

N»
moderate amount of compensation. The dependence
of the Oy concentration on the total amount of O
was also examined. For a total O concentration of
10¥cm® and Ga-rich conditions, the Oy

concentration was estimated to be 8.7x10"cm™,
indicating increased compensation relative to that
arising with an O concentration of 10”cm™.
Overall, the theoretical results are consistent with
experiments indicating that O acts as a donor in
GaN(O) [4.3, 4.4, 4.5]. The prediction of an O
acceptor state supports the findings of Chung and
Gershenzon [4.4] who detected such a state in their
samples.
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Complexes of Oy with the Mg acceptor and O, with the Si donor were examined.

Binding energies for charge-conserving reactions were > 0.5 eV, indicating that these
complexes can exist in equilibrium at room temperature. Complexes of O, with the Ga
vacancy (V,,) in n-type GaN were also examined and their binding energies were 1.2 and
1.4 eV, indicating that appreciable concentrations can exist in equilibrium at elevated
temperatures. This conclusion is consistent with results from positron annihilation studies
which indicate that O contamination enhances the formation of V, [4.6, 4.7].

4.2 Density functional theory calculations of carbon impurities in
GaN

Density-functional theory has been used to identify atomic configurations for carbon
(C), and to determine formation energies for these configurations as a function of Fermi
level and growth stoichiometry. Both substitutional and interstitial configurations were
identified, with all of these states displaying electrical activity and associated defect energy
levels in the gap. The energetically favored state for each species was found to depend
strongly on Fermi level. The lowest energy state of C, for example, was found to be a
substitutional N site in n-type material and either a substitutional Ga site or an interstitial
site in p-type material, depending on the growth stoichiometry. Carbon was found to assume
a variety of interstitial configurations and to produce defect energy levels deep within the
gap. These defect levels can act as electron traps and may be detrimental to HEMTs.

4.3 SIMS investigation of impurity incorporation in GaN films

Carbon is related to one of the deep electron traps in bulk GaN and may be responsible
for compensating the n-type background in GaN. Carbon has been shown to produce
electron traps in GaN and may be responsible for producing the desired insulating character
[6.8]. Carbon incorporation into GaN thin films typically comes from incomplete removal of
the methyl groups from the Ga precursor.

For GaN films grown on sapphire the carbon incorporation may depend on whether it
incorporates into the bulk or at dislocation cores. Evidence for these two different
incorporation schemes is shown in Fig. 6.1(a). For this data the same growth run was
repeated on one high (~5x10° cm™) and two low (~8x10® cm™) dislocation density
substrates. The growth pressure was changed for each value shown followed by SIMS meas-
urements to obtain the C concentration [4.9]. At low pressure the carbon incorporation
increases as the growth pressure is decreased for both levels of dislocation density. As the
growth pressure is increased the low dislocation substrates produce a carbon level of
1.5x10"® cm™ while the higher dislocation density substrate produce a larger carbon level of
5x10'® em™. At higher growth pressures etching mechanisms exist for the removal of carbon
from the surface [4.9, 4.10]. This work suggests that C favors incorporation near
dislocations at high growth pressures and can incorporate at both bulk and dislocations sites
at lower growth pressures or possibly C solubility enhancement at dislocations. This work
demonstrate the ability to tune the carbon level in the GaN film and thus either increase or
decrease the carbon level to produce the desired electronic properties.

41



The silicon and hydrogen levels are also shown in Figs. 4.1(b) and (c) as a function of
the growth pressure. Note that for light silane doping flows, the Si level increases as the
pressure increases. This increase in the Si level coincides with a pressure induced increase
in the growth rate. Also note that substrate with the higher dislocation density appears to
have a slightly larger Si concentration than the lower dislocation density substrates,
suggesting that Si incorporation might be more favorable around dislocation cores. The
overall trend in the increase in the Si level as the growth rate increases was previously
observed [4.9]. The hydrogen incorporation, on the other hand, appears to be constant as a
function of pressure. While carbon is a deep acceptor or n-type compensator and silicon is
an n-type dopant, the role of hydrogen in GaN electrical properties is somewhat unclear.

4.4 Electrical properties of GaN with different Si and C
concentrations.

Prior research at Sandia National Laboratories on the effects of carbon impurities has
been used to further understand the possible role of this impurity in HEMT devices grown
on GaN. These devices typically employ a GaN layer grown under conditions which
promote semi-insulating behavior. But these same growth conditions have been also shown
to result in enhanced incorporation of carbon. In recent Sandia research on such layers,
capacitance-voltage measurements showed different electrical behavior for high and low C
concentration [4.11]. At low concentrations, the material was partly compensated while at
high carbon concentration the material was semi-insulating. Density Functional Theory
(DFT) calculations were able to explain these observations. At low concentrations, carbon
substitutes for nitrogen and acts as an acceptor that compensates the Si donors. At
concentrations exceeding the Si dopant level, carbon incorporates as an acceptor at nitrogen
sites and as a donor at gallium sites, thereby rendering the material semi-insulating. The
source of a blue luminescence peak in high C concentration material is then attributed to a
transition between the C donor and the C acceptor states; and the temperature dependence of
this peak is consistent with the donor to acceptor transition. Our work in the past year on
these same samples has revealed the existence of metastable changes in this blue
luminescence, and in the commonly observed yellow luminescence band which also appears
to be strongly linked to the presence of carbon in GaN. Since the current collapse in GaN
HEMTs is also a result of metastable changes in the electronic properties of the GaN active
layer, understanding the role of carbon in this metastability could shed light on the this
feature of HEMT performance.
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Fig. 4.2 Comparison of (a) oxygen and (b) carbon impurity levels in HEMT layers from SNL
and HEMT wafers purchased from SETI

4.5 Comparison of impurities in HEMTs grown at SNL and SETI.

The oxygen and carbon levels were measured in GaN HEMT layers grown at SNL and
at Sensor Electronic Technology, Inc. (SETI) located in Columbia, South Carolina. SIMS
profiles are shown for (a) oxygen and (b) carbon in Fig. 4.2. Oxygen is known as an n- type
dopant [4.12] in GaN while carbon is a deep acceptor or an electron trapping type defect
which may contribute to compensation of the residual n-type background donors [4.11].
Note that the oxygen level is lower in the SNL material reach a level near 2x10'® cm™, while
the material from SETI has oxygen levels that are 8x10'® cm™. The carbon levels are also
lower in the SNL material shown in Fig. 4.2(b) compared to the SETI material. The higher
carbon in the SETI material may be needed to compensate the higher levels of oxygen in
order to achieve insulating GaN. Over time both the n-type and compensating carbon levels
should be lowered to achieve more intrinsic, insulating material. As shown in Fig. 4.1(a) this
will require lower dislocation density substrates as well as higher growth pressures to reduce
the carbon levels and reduced oxygen ammonia and metalorganic precursors.

4.6 Dislocation Density and Carbon Content

The level of background carbon incorporated during the growth of GaN films is a key
parameter for growth of successful HEMTs. An excessive amount of carbon (>5¢17cm™)
can result in excessive electronic trapping and too little will result in devices that do not
pinch-off. The lower level of carbon is dependent on the background impurity level and is
highly dependent on the starting purity of the source material and reactor integrity. It is well
known that increases in growth pressure can result in lower levels of carbon incorporation
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and lower threading dislocation. While lower dislocation densities are desirable, an upper
limit in growth pressure is determined by the minimal level of carbon necessary to achieve
device pinch-off. Recently, we have investigated the level of carbon in undoped GaN films
as a function of growth rate as well as
pressure. The intent was to decouple Carbon vs GaN Growth Rate (TMGa Flux)
the relationship between dislocation LE
density and growth pressure with
carbon concentration and growth
pressure. Fig. 4.3 shows the
concentration of carbon in GaN
grown at different pressure and
TMGa flux. As expected, the level of
carbon is inversely related to growth o
pressure.  However, the level of - - ®m 150torr 7
carbon incorporated at a given rs ® 200torr |
pressure can be independently ¢ 300torr |
adjusted by varying the TMGa flux. 1'E+161_0 i PA P &5 i
Currently, we are in the process of Growth Rate (um/hr)
growing HEMT devices with a
sufficiently large enough carbon level Fig. 4.3 Carbon concentration is plotted vs. the GaN  {or
device pinch-off, while keeping the growth rate. The data points represent different

. growth pressures.
growth pressure higher for lower
dislocation content. As expected, the level of carbon is inversely related to growth pressure.
However, the level of carbon incorporated at a given pressure can be independently adjusted
by varying the TMGa flux as shown in Fig. 4.3. Thus, we are in the process of growing
HEMT devices with a sufficiently high carbon level that leads to device pinch-off, while
growing at higher pressures that lowers the dislocation density.
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5. XRD measurement of dislocation density

The growth of GaN on sapphire or SiC results a high density (10° to 10" ¢cm™) of
vertical threading dislocations. These dislocations are typically detrimental to the electronic
and optical properties of GaN films, however in HEMT type layers screening of the
dislocation’s electric field apparently reduces some of the electron scattering in a 2DEG
[5.1]. However, higher electron mobility is typically observed in films that have a lower
overall dislocation density [5.1].

During the course of this LDRD a reciprocal-space model was developed that describes
the (hkl) dependence of the broadened Bragg peakwidths produced by x-ray diffraction from
a dislocated epilayer. The model was compared the model to experiments and find that it
accurately describes the peakwidths of 16 different Bragg reflections in the [010] zone of
both GaN and AIN heterolayers. By using the lattice-distortion parameters determined by
fitting the model to selected reflections, we can now estimate threading-dislocation densities
for GaN, AlGaN, and AIN samples. The dislocation density estimates from XRD were
compared to TEM measurements and good agreement was observed between these two
techniques. Using this XRD technique allows for rapid feedback for improving the growth
conditions in as little as 1 hour.

5.1 Description of the XRD method for dislocation determination.

One promising option is nondestructive measurement of the dislocation density by x-ray
diffraction (XRD), a technique first used to measure dislocation densities in plastically
deformed metals in the 1950s [5.2 — 5.5]. In the mid-1990s, the technique was extended with
limited success to zinc-blende and diamond-structure epitaxial semiconductors, such as
GaAs/Si and SiGe/Si [5.6-5.7]. More recently, the high defect densities in GaN and AIN
have spurred renewed interest, and as a result, several approaches now exist for measuring
threading-dislocation density in [lI-nitrides by XRD [5.8 — 5.15]. The physical basis for all
of these works is measurement of the Bragg peakwidth, which varies with dislocation
density.

Here we develop and test a reciprocal-space model of the Bragg peakwidth that describes its
dependence on the coherence length, the tilt variance, and the twist variance of a dislocated
epitaxial layer. We then analyze the functional form of the model in an effort to unify
previous formulations. We conclude with experiments comparing threading-dislocation
densities determined by XRD to those determined by transmission electron microscopy
(TEM).

We examine GaN, AlGaN, and AIN heterostructures grown on the basal plane of
sapphire or SiC by metal-organic chemical-vapor deposition. XRD was performed using a
four-circle goniometer coupled to a four-fold (220) Ge monochromator delivering Cu Kex;
x-rays. Scattered x-rays were detected by a Xe-filled proportional counter collimated with a
three-fold (220) Ge analyzer. TEM was performed using a Philips CM20 microscope. Cross-
sectional and plan-view specimens were prepared using Ga focused-ion-beam milling or
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Tilted domains

Twisted domains

Fig. 5.1. Shows the GaN
granularity and how the grains are
tilted and twisted with respect to
the normal c-axis.

appear in reciprocal space as
broadened reciprocal-lattice
points (dark-grey ellipses) of
inverse size 2n/Lx2m/h.
Inhomogeneous rotation of the
lattice causes further broadening
(light-grey ellipses) in directions
transverse to the reciprocal-lattice
vector K;y. Each local rotation
consists of three components,
which we define as rotations
about the Cartesian components
K with the origin of reciprocal
space conceptually attached to the
surface of the crystal as in Fig.
5.2(a). Rotations about K are the
familiar rwist, while rotations
about either K, or K, are the
familiar tilt. Finally,
inhomogeneous dilatation of the
interplanar spacing further
broadens these spots, but now
along the direction of Ky (not
shown).

We measure the transverse

mechanical thinning followed by Ar-ion milling. The
thickness of cross-sectional specimens was determined
to £20% using convergent-beam electron diffraction
[5.16].

XRD measurements of threading-dislocation density
rest on the fact that the strain fields produced by
dislocations cause both a partial loss of long-range
coherence of the crystal lattice, and inhomogeneous
rotation and dilatation of the crystal planes. The domain
tilts and twists are shown in Fig. 5.1 and are defined
with respect to the c-axis. In Fig. 5.2(a) the distortions
of the real-space Ilattice lead to corresponding
broadening of the reciprocal-lattice points [5.14]. For
example, reduced coherence produces finite-sized real-
space domains of lateral width L and thickness /4 that
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Fig. 5.2. Schematic diagram showing the real-space
microstructure of a dislocated sample, the resulting
reciprocal-space structure, and the skew diffraction
geometry used to probe the reciprocal space: (a) Cross-
sectional view of the sample and the diffraction plane, and
(b) plan view of same.
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width I, of a broadened reciprocal-lattice point using the skew sample geometry also
shown in Fig. 5.2. This geometry provides a pivotal advantage when applied to an
asymmetric reflection: It is sensitive to broadening due to both tilt and twist [5.9, 5.10, 5.12-
5.16]. To set up this geometry, the reflection of interest is brought into the diffraction
condition by rotating the crystal's surface normal out the diffraction plane by an angle  as in
Fig. 5.2(a), with the rocking angle o set to the Bragg angle 0 as in Fig. 5.2(b). Here y is the
angle between Ky and the (001)-surface normal. The resulting geometry enables small-
angle rocking curves (m-scans) that move the tip of Ky, parallel to rotations about both K.
and K, which is why both tilt and twist are probed. In contrast, traditional coplanar scans of
asymmetric reflections, where the surface normal remains in the diffraction plane, see only
tilt. [5.14].

Figure 5.2(b) shows a plan view of the quasi-symmetric diffractometer configuration and
Ewald-sphere construction created by the skew geometry. Here, sy and s; represent the wave
vectors of incident and scattered x-rays, respectively. Whenever a wide detector aperture is
used, s; fans out into a range of 20 (not shown) producing a range of detected momentum
transfers about Ky that integrate the diffraction pattern along the surface of the Ewald
sphere (heavy black arc). This integration partially folds any broadening along K into the
transverse scan. Like some others [5.11, 5.15], we use a highly collimated detector to
eliminate this unwanted effect.

Under these conditions, we can describe the transverse width of a rocking curve by
convolving contributions due to the tilt variance, the twist variance, and the coherence
length:

I, = (Fy cosy)'+ (I siny)"+(2x/L)"/K},,, (1)

where ' is the measured full-width at half-maximum (FWHM) of the Bragg peak, I'; is the
FWHM of the rotational distribution about K; (i=x, y, or z), and K;u=|Kuu|- The individual
terms are folded using Gaussian (n=2), pseudo-Voigt (1<n<2), or Lorentzian (n=1)
distributions [5.9]. Variation of the lateral coherence length L with (kkl) is approximated
using two values, L, and L,, for symmetric and asymmetric reflections, respectively. We
omit broadening due to several small instrumental effects [5.5, 5.6] that are negligible when
peakwidths are large as in Ill-nitride films. If we multiply Eq. (1) by Ku", the root of each
term becomes an easily recognized arc length in reciprocal space. For example, by
inspecting Fig. 5.2, we see that the first right-hand term results from broadening along the
arc traced by tilt rotations about K, using a moment arm of length Ky cos y. Similarly, the
second term results from the arc traced by twist rotations about K, using a moment arm of
length Ky sin x. The last term results from the arc defined by the reciprocal coherence
length.

5.2 Applying the XRD method.

Figure 5.3(a) shows a fit of Eq. (1) to typical rocking-curve data for GaN on sapphire. Note
that the full model (solid lines) very accurately describes the Bragg peakwidths seen for 16
different reflections from GaN. Figure 5.3(b) shows that an excellent fit also results for more
defective AIN on sapphire. The fitted results shown in Fig. 5.3 assume that n=2; moreover,
additional fits find that the overall goodness of fit steadily degrades for any n<2. We
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conclude from this global behavior of the fitted peakwidths that Gaussian convolution is
optimal. If we remove coherence-length contributions by setting L=L,=x, the model shifts
downward (dotted lines). For low-index reflections, the shift is readily observed but small,
while for high-index reflections, the shift almost vanishes. These results confirm previous
suggestions [5.9] that errors produced by omitting the coherence length are moderate
(always <20% in Fig. 5.3).
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Fig. 5.3. Least-squares fits of Eq. (1) to measured Bragg peakwidths for: (a) 2 um thick
GaN with a threading-dislocation density of 1.7x10° ¢cm™, and (b) 1.5 um thick AIN with a
threading-dislocation density of 1.2x10'" cm™.
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Fig. 5.4. Recasting of the data and fits in Fig. 5.3 (a) to show the relationship to (a) the
traditional W—H model, and (b) y-plots of lattice-rotation models (developed in Refs.[5.9,
5.13)).

Interestingly, Eq. (1) encapsulates many aspects of previous models. For instance, if we
again multiply Eq. (1) by K" and then take the nth root, we recover the Williamson—Hall
(W-=H) model [5.2] in generalized form. Figure 5.4(a) replots Fig. 5.3(a) data in this format
for symmetric reflections where y = 0. Recalling that Kj=(4n/A)(sin 6), we find the
expected linear behavior for W—H plots of I';x(sin 8)/A versus (sin 0)/A. Comparing the n=1
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and n=2 plots in Fig. 5.4(a), we also find that Lorentzian folding extrapolates to much larger
coherence lengths than does Gaussian folding. This result reaffirms early discussions by W—
H pointing out the importance of the convolution type [5.2] Since Gaussian folding provides
a superior global fit (cf. Fig. 5.3), it is likely that the Lorentzian folding normally used in W—
H models materially overstates the coherence length in the IlI-nitrides.

Figure 5.4(b) shows that we can also replot Fig. 5.3(a) data versus y in order to recover y
-plots like those presented for the rotational models developed by Srikant [5.9] and Sun
[5.13]. However, there are three notable differences between our model and these previous
models. First, we use a small-angle approximation for the lattice rotations—the advantage is
highly simplified expressions that are the limit of the general rotational formulae adopted
elsewhere [5.9, 5.13]. Second, as already discussed, we include coherence-length effects. In
Fig. 5.4 (b), these effects appear as vertical displacements of the experimental data to
positions that lie above a plot of the purely rotational part of our model (solid line). Third,
we use no adjustable "interdependence" or "weight" parameters as in Refs. [5.9, 5.13]. As
seen in Fig. 5.3, these ad hoc fitting parameters are not needed to accurately model the
transverse peakwidths that are measured here in skew geometry.

Routine measurements of the parameters 7, I, Ly, and L, can be made by fitting Eq. (1)
to as few as two symmetric and two asymmetric reflections. In our comparisons to TEM
below, we use five reflections: (002), (004), (006), (101), and (202). We also note that if
faster experiments are needed, the coherence-length term can be dropped from Eq. (1)
thereby allowing 73, and I’ to be approximated using only one symmetric and one
asymmetric reflection.

Threading-dislocation densities then follow from various classic formulae [5.3 — 5.5]. If
threading dislocations are randomly distributed, then (i) p = I*/(4.36b%) and (ii) p = 1/L*
apply. If grain boundaries are formed, then (iii) p =/7(2.09bL) applies instead. Here b is the
magnitude of the relevant Burgers vector component b or b, [5.10]. For /==, and L=L,,
these formulae give the density of dislocations p;, that possess a screw component b=c (b=¢
or b=a+c). For I'=I"; and L=L,, these formulae instead give the density of dislocations p, that
possess an edge component b.=a (b=a or b=a+c).
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Fig. 5.5. Comparison of threading-dislocation densities measured by XRD to those measured by
TEM. The examined samples consist of GaN on AIN/SiC (3 each), GaN on sapphire (2 each),

Aly35Gag¢sN on GaN/sapphire (1 each), and Alj43Gag )N on AIN/sapphire (1 each). All samples are
0.8 to 3 um thick.

5.3 Comparison of the dislocation density measured using XRD to TEM.

Figure 5.5 compares threading-dislocation densities found by XRD to measurements
made on the same samples by TEM. As seen in the figure, agreement is very good across a
broad range of sample types when we compare results for p. obtained using formula (i) just
above. Even if we attribute all errors to XRD and none to TEM, the root-mean-square error
for the XRD results for p, is <33%. Formulas (i1) and (iii) above also yield data for p. (not
shown) that follow the line defined by the ratio pxrp/preEM=1, but the rms error substantially
increases because of the lower accuracy of L, (versus 7,), which results from
the small contribution that L, makes to the fitted peakwidths. The agreement between
formulae implies that the dislocations contributing to p. are randomly spaced.

If we compare results for p;, different behavior is seen. Figure 5.5 shows that the data
shift downward onto the curve pxrp/prEM=0.25 When formula (i) is used, indicating poorer
average agreement between XRD and TEM for p,. If formula (ii) is used instead, five of six
samples shift upward to the line pxrp/prEM=1.0; results for formula (iii) fall in between (not
shown). These shifts suggest smaller than expected tilt variances relative to the symmetric
coherence lengths, possibly caused by adjacent dislocations having opposite-parity Burgers
vectors such that tilt rotations partially cancel.

Previous comparisons of XRD and TEM often find somewhat poorer agreement than
seen here. For example, Kirchner [5.12] indirectly compare four GaN samples and find that
pxrp/pTEM=2 t0 5 for p., while pxrp/prEM=0.1 to 0.2 for p,. Chierchia [5.14] compare three
GaN samples using formula (i) and similarly find that p/prpm=2 to 7 for p.; however, using
formula (iii), they find that pxrp/prEM=0.7 to 1.6. They cite this much-improved agreement
as evidence that threading dislocations in their samples are nonrandomly spaced. Paduano
[5.14] compare three AIN samples, and find that
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Obtaining Edge, Screw, and Mixed Dislocation Densities
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Fig. 5.6. TEM cross section images using three different imaging conditions were used to calculate the
number of pure edge, pure screw and mixed edge and screw type dislocations. Note that the pg =
3.4x10° cm™ > py = 2.8x10% cm™ > pg = 1.9x10% cm™.

pxrp/prEM=1.6 to 4 for p.. In brief, XRD has tended to overestimate p, and underestimate py;
differences with TEM greater than a factor of 2 have been common. To fully explain these
variations in accuracy, yet more detailed comparisons of XRD and TEM, along with refined
analysis of the mechanics that couple measured lattice distortions to the density and
configuration of heterolayer dislocations, are needed.

5.4 Routine use of XRD to determine the dislocation density.

A TEM cross section measurement of the dislocation density is shown in Fig. 5.6 for
one GaN film sample. For this cross section image the different g-vectors allow imaging of
the total dislocations and the separate edge and screw component dislocations. Taking into
account the finite thickness of the sample the dislocation densities can be estimated from
these images. Note that as described in Fig. 5.6 the edge dislocation density is larger than
the mixed or screw dislocation densities. Since the edge dislocation density is the largest
demonstrate the importance of using the asymmetric XRD reflections in conjunction with
symmetric XRD reflections to achieve an accurate measure of the dislocation density.

Correlations between the HEMT mobility and the total dislocation density are shown in
Fig. 5.7. For this Figure the sheet carrier density varies with lower sheet carrier density
producing higher mobility 2DEGs. Note that the HEMTs with the highest electron mobility
have a total dislocation density near 1x10° cm™. This plot demonstrates that there exists a
dependence of the electron mobility on the dislocation density. Also note that as the sheet
carrier density increases the electron mobility decreases even at constant dislocation density.
XRD has proven to be an essential tool for the routine evaluation of the HEMT structure.
The consistency of the material quality was demonstrated in Fig. 2.17.
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Fig. 5.7. The HEMT 2DEG mobility is plotted vs. the total dislocation density as measured by XRD.
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6. In-situ measurements of AlGaN critical thickness

6.1 Importance of AlIGaN/GaN stress state for HEMTs.

One of the main issues for AlGaN/GaN HEMT development is the maximum
strain/thickness that the AlGaN can apply to the GaN layer to induce the 2DEG. Using in-
situ wafer-curvature measurements of thin-film stress, we determine the critical thickness
for strain relaxation in AlyGa;«N/GaN heterostructures for Al compositions from 18% to
100 %. These ranges of Al cover typical Al compositions over the entire range. Using the
critical-thickness models for brittle fracture and dislocation glide along with AFM
measurements of the surface morphology we determined that the strain relaxation occurs by
surface fracture for all compositions. Misfit-dislocations follow initial fracture, with slip-
system selection occurring under the influence of composition-dependent changes in surface
morphology. The formation of these misfit-dislocations is detrimental to the formation of
the 2DEG and should introduce current leakage pathways.

6.2 In-situ determination of the AlGaN critical thickness on GaN.

When AlGa; 4N alloys are grown on (0001) GaN they have a tensile in-plane misfit
strains which ranges from 0 to 2.38%. The elastic energy generated by these misfit strains
drives fracture, plastic deformation, and surface instabilities during epitaxial growth of these
materials. Consequently, the critical thicknesses where fracture and dislocation glide
become possible in AlGaN/GaN place important limits on the design of device
heterostructures. While previous work has measured the critical thickness of AliGa;.
x«N/GaN alloys for 0.09<x<0.42 [6.1-6.2] and for x=1 [6.3-6.6] little data exists in between
these ranges.

Here we used the multi-beam optical stress sensor to measure the critical thickness for
strain-relaxation in AlyGa;xN/GaN epitaxial thin films for 0.18<x<1. Experiments were
carried out using AlyGa;N/GaN heterostructures that were grown on (0001) sapphire
substrates by metal-organic chemical vapor deposition (MOCVD) in the RDR reactor
shown in Fig. 2.1. Growths were performed at 1050 °C and 70-140 torr using
trimethylgallium (16 - 95 upmoles /
min.), trimethylaluminum (28 - 110 \
umoles / min.), and ammonia (0.25-9
slpm) in hydrogen carrier gas. All )
AlGaN layers were Si doped (~2x10'® /

Calibeation layer:
0.1-0.15 pm Al Ga, N

X AlGaM/Gan:

0.75 pm GaN probe layer
{1050 °C, 140 torr)

thin Al Ga, M interlayer
|\ (1050 °C, 70 torr)

cm™). Growth rates (1.7 pum/hr for

GaN, and 0.11-0.65 um/hr for Al,Gay. ]I 2.5 um GaN
xN) were measured in-situ using optical e
reflectance [6.7]. Thin-film stresses

were measured in real time using in-  Fig. 6.1. Schematic diagram of the multilayer
situ laser-deflectometry measurements  samples used to probe the critical thickness for
of wafer curvature [6.8]. Following strain relaxation in AlGaN.

growth, the surface morphology of

——l 1 | _'_'_FF-F?
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selected samples was examined using tapping-mode AFM. The composition and strain of
AliGa; 4N calibration samples was measured by x-ray diffraction using radial scans of
reciprocal space about (0004), (1071), and (2025).

As shown in Fig. 6.1, special multilayer heterostructures were used to detect the critical
thickness for the onset of strain relief. A series of bilayers comprised of AlyGa; <N/GaN are
grown on top of a thick GaN pseudo-substrate on sapphire. In the first bilayer, the AlGaN is
chosen to be thinner than the expected critical thickness. In each subsequent bilayer, the
thickness of the AlGaN is incremented by a constant multiplicative factor (1.2X to 2X,
depending on the sample design). The GaN overlayer that completes each bilayer probes
the strain state of the underlying AIGaN. An increase in the stress of the GaN probe layer
signals the introduction of misfit dislocations at the previous AlGaN/GaN interface and
indicates the onset of strain relaxation in the AlGaN. (Direct measurements of the AIGaN
stress were precluded by the extremely thin layers of interest, signal-to-noise limitations of
the laser deflectometer, and oscillatory artifacts produced by film-thickness gradients [6.9])
Each experiment concludes with growth of a thicker capping layer of AlGaN, which is used
to calibrate the growth rate and composition.

Fig. 6.2 shows the real-time wafer-curvature data that results for a typical critical-
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Fig. 6.2. Stress evolution during the growth of eight AlygGay;N/GaN bilayers on GaN. The AlGaN
layers sequentially increase in thickness as follows: 1.8, 2.3, 3.0, 3.8, 5.0, 6.5, 8.4, and 11 nm. Each GaN
probe layer is 0.75-um thick. Periodic oscillations in the data arise from optical diffraction effects produced
by minor film-thickness gradients and are not due to film stress [6.9]. Spikes in the data as each AlGaN
layer is grown result from reactor pressure changes and are also not due to film stress.
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thickness experiment. Note that the normalized change in laser-beam separation (Ad/dy)
measured in the experiment is proportional to both the wafer curvature (1/R) and the stress-
thickness product of the thin film (A#4y) [6.8]. Since growth time is proportional to film
thickness (/), the slope in Fig. 6.2 measures the film stress. In the figure, the slope (and
stress) is nearly constant from the end of the GaN pseudo-substrate growth to the end of the
third GaN probe layer. Since stress does not change in this interval, the first three AlGaN
interlayers are unrelaxed and pseudomorphic with the surrounding GaN. The fourth probe
layer clearly changes slope, which unambiguously signals the onset of strain relief. In our
example, the critical thickness (4.) is bracketed by the thicknesses of the third and fourth
AlGaN interlayers (3.0 nm <k.<3.8 nm). Subsequent AlGaN layers dislocate further with
increasing thickness, which drives each GaN probe layer further into compression, as
signified by their rising slopes.

Fig. 6.3 compares our measured critical thicknesses for a series of AlyGa;.\N/GaN
heterostructures to previous reports in the literature. Reasonable agreement with previous
work is found. For x<0.42 our data fall just below previous MOCVD results obtained by
Hearne et al. [6.1] and Parbrook et al. [6.2], but we do not observe metastability against
fracture as seen by Hearne ef al. at low Al compositions. At the other extreme, x=1.0, our

1000 v 5=

—— Giriffith's criterion: channel cracks
Griffith's criterion: surface cracks
A «s+ Matthews-Blakeslee condition
A Hearne et al.
O Parbrook et al.
O Sitaret al.; Kim et al.
< Bourret et al.
Present experiment: upper bound
Present experiment: lower bound

—
[en]
o
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.
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critical thickness (nm)
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0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 6.3. Comparison of measured critical thicknesses for strain relaxation in AlyGa;(N/GaN to previous
measurements and theoretical calculations. For x<1I, our measurements are for samples grown using an
ammonia flow of 1 slpm. For x=1, we average results for six samples grown with ammonia flows of
0.25-9 slpm (no trend with ammonia flow was observed).
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data bracket results reported by both Sitar e al. [6.3] and Kim et al. [6.10], which were
obtained using transmission-electron microscopy (TEM) and XRD studies of materials
grown by molecular-beam epitaxy (MBE).

All of these x=1 results exceed the very small critical thicknesses (0-0.75 nm) reported
in in-situ reflection high-energy electron diffraction (RHEED) studies [6.4-6.6]. This
discrepancy can be resolved by considering the mechanisms thought to be at work. Earlier
RHEED works attribute initial relaxation to rapid dislocation glide [6.4, 6.5], but this can be
ruled out because glide is prohibited by energy-balance considerations. Later work invokes
elastic relaxation produced by surface-morphology [6.5], which is credible because no
critical-thickness limit exists for roughening. Since the GaN probe-layers used in the
present work are not sensitive to coherent surface morphology, this also explains why we do
not see a similar critical thickness. Interestingly, these RHEED studies also report a
secondary critical-thickness stage at 3-6 nm [6.5, 6.6]. This secondary stage agrees with
observations obtained by wafer curvature, TEM, and XRD.

In an effort to better understand the sequence of mechanisms that operate at the onset of
strain relaxation, we calculated theoretical critical-thickness values for three different
relaxation processes: (1) brittle fracture by propagation of surface cracks, (2) brittle fracture
by propagation of channeling cracks, and (3) plastic deformation by dislocation glide.
Critical thicknesses for brittle fracture were calculated using Griffith's criterion as
formulated by Hutchinson and Suo [6.11]. Critical thicknesses for dislocation glide were
calculated using the Matthews-Blakeslee (M-B) condition as formulated by Freund [6.12].
Additional details specific to AlGaN alloys appear in Ref. [6.13]. Note that our calculations
include a nominal correction for the intrinsic growth stress of GaN [6.8] (~0.25 GPa), which
renders the critical thicknesses finite at x=0.

Fig. 6.3 compares these calculations to the experimental data. Turning first to fracture,
we note the distinction between surface cracks and channeling cracks [6.11]. Surface cracks
are self-limiting in lateral extent, and thus, may have isolated crack termini. In contrast,
channeling cracks are unstable and propagate laterally until they terminate at another crack
or the edge of the film. Fig. 6.3 shows that our measured critical thicknesses closely match
theory for surface fracture and always fall well below theory for channel fracture.
Therefore, we infer that surface-fracture initiates relaxation (producing a composition
dependence in accord with surface-fracture theory). Importantly, misfit dislocations must
shortly follow; otherwise, there would be no change in stress in the overlying GaN probe
layer signaling relaxation. An interesting and ironic consequence of these results is that
AIN interlayers used for fracture control in AlGaN/GaN may themselves function through
initial fracture.

Fig. 6.3 also shows the Matthews-Blakeslee condition for dislocation glide on the
H(T123)/{1122} slip system [6.13], which we examine as an alternative to initiation by frac-

ture. This slip system gives a lower bound for the inclined second-order slip systems that
are viable in biaxially strained planar alloys grown on (0001) GaN [6.13, 6.14]. For x<0.5,
the M-B condition lies below the measured critical thickness, and dislocation glide appears
to be initially metastable, in agreement with previous work [6.1, 6.13]. For x>0.6, the M-B
condition moves above Griffith's criterion for surface-fracture making surface fracture the
favored process. Yet for x>0.5, the proximity of our data to both theories leaves open the

58



possibility that dislocation glide may operate first. This ambiguity notwithstanding, we
have no clear evidence suggesting that dislocation metastability suddenly ceases for x>0.5;
moreover, we do have additional direct evidence for surface fracture in this same regime.

Take for example Fig.
6.4(a), which shows the
rich surface morphology
found by AFM for a 9-nm-
thick layer of AlpsiGaga9N
on  GaN. Several
unterminated surface-
fractures lines are clearly
visible, which verifies that
surface fracture does indeed
operate at a very early
stage. These fractures are
of further interest because
they are decorated by a
complex system of facetted
mounds.  The mounded
regions tend to be thicker
than  adjacent  terraces
suggesting an enhanced
incorporation rate at locally
strain-relaxed regions that
bound the fracture lines.
Away from fractured areas,

Fig. 6.4. (a) 2x2 umz AFM image an 9-nm-thick Aljs1Gag4N layer
grown using an ammonia flow of 1 slpm. The height scale of the
image ranges from 0 nm (black) to 2.5 nm (white). (b) 1x] um> AFM  surface-steps are clearly
image of a 10-nm-thick AIN layer grown using an ammonia flow of 6  visible, and a fine-scale
slpm. The height scale of the image ranges from 0 nm (black) to 4.0  Jot-like surface
nm (white).

morphology covers all of
the terraces.

In contrast, Fig. 6.4(b) shows an AFM image for a 10-nm-thick layer of AIN on GaN.
This sample exhibits a more homogeneous surface morphology that is free of steps, fine-
scale roughness, and obvious fracture lines; nonetheless, there is tentative evidence for
surface fracture here as well. Note that the surface consists of a dense array of facetted or
rounded mounds bounded by a network of grooves that are at least ~2-4 nm deep. Many of
these mounds are strikingly similar in size and shape to the mounds that decorate the surface
fractures in Fig. 6.4(a), which suggests that surface-fracture may also have lead to the
facetted features observed here. Presumably, overt fracture lines have vanished due to the
growth and surface transport that follows initial fracture at a critical thickness near 3 nm.

The different surface morphologies seen in Fig. 6.4(a) versus Fig. 6.4(b) will influence
which slip systems operate during plastic deformation the AlGaN. As discussed elsewhere
[6.1, 6.13, 6.14], nonplanar morphologies on the (0001) surface produce inhomogeneous
strain fields that enable basal-plane glide of misfit dislocations on the normally inactive
+(T120)/{ooo1} primary slip system. If the bounding grooves are sufficiently deep, the dense
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array of small mounds seen in Fig. 6.4(b) would be particulary compatible with this
mechanism. In contrast, extended planar surfaces adjacent to crack channels or mounded
regions (e.g., the terraces seen in Fig. 6.4(a)) will have little inhomogeneous strain. In this
case, only the inclined secondary slip systems can act to propagate interfacial dislocations to
regions remote from morphological features such crack channels or mounds.

In conclusion, we have measured the critical thickness for strain relaxation of AlyGa;.
«N/GaN alloys for the composition range 0.18<x<1. The measurements closely follow
Griffith's criterion for surface fracture indicating that surface fracture acts first to initiate
relaxation. AFM shows unterminated surface-fracture channels in support of this inter-
pretation. AFM also shows a marked change in surface morphology as composition and
ammonia flow are varied. The different surface morphologies that result will have varying
inhomogeneous strains, which will influence the slip systems available for dislocation glide.
Taken as a whole, our results show that strain-relaxation in AlyGa; N alloys proceeds
through a complex interplay involving fracture, surface morphology, and dislocation glide.
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7. Heat modeling and measurement of HEMT layers
7.1 Modeling of heat flow during HEMT operation.

Various methods for thermal management of GaN-based HEMT layers on SiC were
surveyed. Heat recovery, refrigeration cooling, and various heat transport and sinking
methods were considered, including the use of heat pipes and forced liquid cooling in
microchannels. In addition, a thermal
solution method was developed for a
GaN based HEMT. For the case study
a HEMT with 5 gate groups each
composed of 10 gates 100um in
width with a 10um gate pitch were
modeled. For the operation of the
HEMT, a 5 W/mm dissipated power
density and an effective heat source  Fig. 7.1. Source line centered temperature crossections
width = 1 pm were assumed. including top-center profile. The solution is shown for
Thermal modeling for the center gate  the center gate structure.
is shown in Fig. 7.1 Because SiC is a
comparatively good thermal conductor the bottom side boundary condition is assumed to be
equivalent to an infinite extension of the SiC substrate thickness. The maximum
temperature rise at the top surface is 106.4°C and the temperature difference in the view of
a) is 83.3°C. The maximum temperature rise at the bottom surface is 45.6°C with a
temperature range of 23.7°C in (b).

7.2 HEMT self-heating measured using UV micro-Raman scattering

We report micro-Raman studies of self-heating in an AlGaN/GaN heterostructure field-
effect transistor using below (visible 488.0 nm) and near (UV 363.8 nm) GaN band-gap
excitation. The shallow penetration depth of the UV light allows us to measure temperature
rise (A7) in the two-dimensional electron gas (2DEG) region of the device between drain
and source. Visible light gives the average AT in the GaN layer, and that of the SiC
substrate, at the same lateral position. Combined, we depth profile the self-heating. Meas-
ured AT in the 2DEG is consistently over twice the average GaN-layer value. Electrical and
thermal transport properties are simulated. We identify a hotspot, located at the gate edge in
the 2DEG, as the prevailing factor in the self-heating.

Wide band-gap semiconductor GaN has recently been used to develop heterostructure field
effect transistors (HFETSs) for high power and microwave applications [7.1 — 7.4]. The large
piezoelectric and spontaneous polarization fields occurring in the AlGaN/GaN
heterostructures generate a quasi-two-dimensional electron gas (2DEG) at the hetero-
interface without doping, and the 2DEG forms the conductive channel between the HFET
drain and source (D-S). With the 2DEG confined within ~10 nm and narrow HFET gate
widths, channel current densities can be very high in these devices, leading to significant
local Joule heating. This self-heating degrades HFET performance or results in irreversible
damage. Thermal management is crucial to the viability of these devices, motivating
accurate measurements of self-heating.
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Figure 7.2 shows the -V characteristics of the device studied here; the inset to Fig. 7.2
depicts the device structure [7.5]. The Alp19GaggiN/GaN structure is grown on a 6H-SiC
substrate. The device is
composed of Ohmic source

- SIO, or SizN, or SION and drain contacts

Sl /[SLGR{ D] ted by 5 da2

P separated by 5 um and a 2-

- -- SION um-Schottky gate at the

= Un-Pas. D-S center. The 1.5-pm-

1000 wide "windows" on each

side of the gate are used
for our micro-Raman
measurements. The device
gate width is 150 um. We
separate the -V
dependence into below and
above saturation regions,
and demark them with
vertical lines at the Vp_g
values for each V,. These
—— Gatel Leakage | : 4.5V two regions meet where a
5 - 10 ° e 20 segment of the 2DEG has
become depleted (with low
Vps (V) carrier density and
decreased mobility due to
Fig. 7.2. I-V dependence for the AlIGaN/GaN HFET at different V,.  enhanced scattering) and
Inset: device layout (not to scale). drift  velocity saturates
[7.6]. Above this voltage
(IT) we see the current diminish with increasing Vp_s. This decrease correlates with the
development of a localized "hotspot" at the gate edge, where the self-heating effect is
strongest.

800
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lps (MA/mm)
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Self-heating effects in these devices can be studied using micro-Raman spectroscopy via
shift in the phonon energy (E,* for GaN) [7.7]. To date, these have been performed solely
using conventional visible excitation. Previous studies have exploited visible micro-Raman
to laterally map self-heating in AlGaN/GaN HFETs [7.8 — 7.10]. Because GaN is
transparent to visible light, one obtains an average measure of temperature limited by the
layer thickness (or depth of focus), and the focus spot size. In contrast, micro-Raman
measurements using near-band-gap ultraviolet (UV) excitation sample a shallow, near-
surface region. For excitation wavelength 363.8 nm, the optical penetration depth is dp <
100 nm in GaN [7.11], close to the relevant length scale of the HFET active region and
2DEG. These measurements allow us to study the temperature rise (A7) of the HFET 2DEG
region. We directly compare our results with micro-Raman measurements of the average AT
in the GaN layer using sub-band-gap excitation (488.0 nm) under identical conditions. The
visible measurements allow us to simultaneously obtain AT in the substrate via the SiC
phonon shifts. Combined, the UV and visible studies provide us with a temperature depth
profile of the structure under varying drive conditions, for which we find no previous report.
We support our results with electrical and thermal simulations of the device.
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Figure 7.2 shows measured temperature rise AT from room temperature versus input power
for the same conditions as in Fig. 7.2. The measurements are performed ~0.3 um from the
gate edge on the drain (V> 0) side; the focal spot is ~0.6 pm in diameter. In each panel we
show the GaN AT measurements using UV excitation, GaN with visible light, and SiC sub-
strate temperature (visible). Values observed using UV light are consistently two to three
times higher than those obtained with visible light due to the fact that the UV probe
emphasizes the Al-GaN/GaN interfacial region where the local Joule heating takes place. As
expected, the lowest AT values in Fig. 7.3 are for the SiC substrate since it has good thermal
conductivity and is attached to a heat sink. We note in each panel a relatively rapid rise in
temperature followed by a somewhat slower rise with input power. Our overall thermal
resistance from the visible Raman measurements is 10.4+1.8 °C/(W/mm), in good agree-
ment with previously reported results from similar devices [7.10].

We have conducted
combined electrical and 1 (a) V,= +1V | [wrv=ov 1 [eve=av
thermal simulations of n

I

. l s GaN(UV)
the device structure. ; - o GaN (Vis)
Two approaches are 18 i : i " o
used to simulate the & :
electrical behavior. A = :

D

2D finite difference S
analysis [7.12] is used to
self-consistently  solve

the Poisson equation ot 1t
coupleq with  the 00 15 30 45 00 10 20 30 00 05 10 15
contmulty and Input Power (\Wirmm) Input Power (\Wimm) Input Power {Wimm)

Schrodinger  equations

[7.13]. The FE analysis Fig. 7.3. Temperature rise (from ambient) vs. input power at gate voltages
(a) +1 V, (b) 0 V, and (c) -1 V. 2DEG from UV Raman data (e).
Average GaN (o) and SiC (m) from visible Raman data. Solid curves are
simmnlation resnlts

includes 1 pm thick
GaN followed by the
Alp19Gagg N layer (Fig.
7.2, inset). Ohmic contacts are used for source and drain regions, and the gate is a Schottky
contact (1.2-eV barrier height). The meshing emphasizes the 2DEG and immediately
surrounding layers. The Joule heating density (W/cm®) is obtained from the simulated
electric field and electron density, and using the field-dependent drift velocity [7.14].
Alternatively, a quasi-2D model was developed predicting HFET dc characteristics and
power generation across the gate. The model incorporates Schrodinger—Poisson results for
2DEG density versus gate bias [7.15] and low-field 2DEG transport results obtained over a
limited range of temperatures and carrier densities for our specific device [7.5]. This model
extends into the saturation region with inclusion of a field-velocity expression from Monte
Carlo calculations [7.16], a "channel length" correction required to accommodate velocity
saturation and maintain continuity [7.17], and local heating. Above saturation, both methods
show the Joule power to be primarily localized to a power peak ~0.1 pm wide (FWHM,
averaged through 2DEG depth) and located in the 2DEG region at the edge of the gate on
drain side. A sample FE simulation is shown in Fig. 7.4(a) for Vps=4 V
(V¢=0,P=1.6 W/mm). The characteristics of the simulated power peak and the hot-electron
processes leading to its formation are consistent with what has been previously described for
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a GaN HFET [7.18]. The simulated D-S power density profiles are used directly in our

thermal simulation.

For the finite element (FE) thermal
analysis [7.19] we use the same

. ) . « Drain Gat P Densit
layer architecture inset to Fig. 7.2. @) e —— ?w:rwfns;y
Thermal conductivities (k) of GaN AlIGaN (10 3 S;m )

. :

are known to depend on dislocation
density (pp) [7.20], which varies
along the epitaxial growth di-
rection. We divide the GaN layer
in our simulation into two layers.
The first layer is the 150 nm initial
growth  region, with x =
1.3 W/ecm K; the remainder of the
GaN has pp < 10" em™ and x =
1.5 W/ecm K [7.20]. We take into
account the temperature depend-
ence of these values according to
Ref. [7.21]. Since the thin AlGaN
plays a minor role in dissipating
heat, we employ the properties of
GaN. We use ¥ = 4.9 W/ecm K for
SiC (Ref. [7.22]) and ignore its
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temperature dependence, since the Lt

observed AT rise is small. No 251

thermal boundary resistance [7.23] ' B s

is used at the GaN/SiC interface. o 5 0 45 20 25

Heat is generated in the simulation Depth (um)

by a thin slab at the AlGaN/GaN

boundary according to the lateral  Fig. 7.4. (Color online) 2D FE simulation of the device at

dependence of the electrical Vp=t4 V, source and gate grounded (P=1.6 W/mm): (a)
simulation. Fig. 7.4(b) shows the Power density map. AlGaN thickness not to scale; (b) AT

. . . simulation; (c) AT along the vertical line segment (dashed
thermal simulation for the drive line) shown under the arrow in (b). Note change in units on

conditions of Fig. 7.4(a). The depth axis between (a) and (b).
hotspot is clearly seen near the

gate edge. Heat conduction has the expected effect of broadening the hotspot. The vertical
line illustrates the micro-Raman probe center. Figure 7.4(c) shows the simulated AT versus
depth along the probe line. We see that a significant temperature decrease occurs in the GaN
due to the high thermal conductivity of the SiC. For comparison with the measurements, a
volume average is calculated from the simulated AT across the diameter of the microprobe
and along the depth of the device. For the UV excitation, the depth average is taken over dyp
[7.24], while for visible light we average over the full GaN thickness.

AT (°C)

Simulations are systematically carried out for several V'p_g values at each V, studied. Results
for AT are shown as solid curves in each panel of Fig. 7.3. We observe distinct heating
regions marked by the vertical dashed lines in each panel corresponding to the regions
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denoted on the I~V dependence in Fig. 7.2. The low-power range of region I corresponds to
the Ohmic regime of the device and approaching the dotted line, the 2DEG becomes
depleted at the drain. For x~1/7T, a quadratic dependence is expected in AT versus power
across the Ohmic region. The electrical simulations show a gradual increase in the electric
field of the hotspot where region I approaches region II. The drift velocity in the hotspot is
at its maximum near this boundary. Region II is above saturation, and beyond this point,
additional power supplied to the device is dissipated primarily within the hotspot. With the
hotspot broadening towards the source [7.17, 7.18] (i.e., under the gate metal) and the
thermal gradient increasing, a diminishing fraction of the hotspot lies within the volume
sampled optically. Combined, these factors lead to the slower temperature rise with input
power in region II (see Fig. 7.3). Visible micro-Raman studies on the source side of the
device reveal the bulk-GaN AT to consistently be ~50% that observed by the drain, thereby
confirming the importance of the hotspot. The lateral temperature decrease is also in good
agreement with the FE thermal analysis.

Models incorporating the 2DEG, velocity saturation, and thermal effects have provided
excellent agreement with measured temperatures for the surface-2DEG, GaN layer, and SiC
substrate regions for a range of AIGaN/GaN HFET drive conditions (Vp_s and V). We note
that the maximum AT values measured using UV light are very high in comparison to our
visible Raman measurements and those previously reported [7.8 — 7.10]. The simulations
project that the immediate hotspot region exhibits a much higher temperature than values
obtained in the UV studies. For example, under the highest drive power in Fig. 7.3(b), the
simulated hotspot AT = 240 °C (3.3 W/mm) while the UV and visible measurements give
130 and 55 °C, respectively, thus illustrating the importance of local heating. Our
experimental results, backed by simulations, vitally supplement previous work which
suggested rather small vertical temperature gradients [7.8] Since prior measurements relied
solely on lateral mapping by visible Raman, combined with FE analysis, we conclude that
depth profiling provides critical information for understanding self-heating in these high-
power devices.
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8. Electroreflectance studies of AlIGaN/GaN HEMTs

8.1 Introduction

With the capability to vary electric field, contacted electroreflectance is a powerful tool for
investigating AlGaN/GaN heterostructures and their field-induced properties. Large piezo-
electric and spontaneous polarization fields occurring in AIGaN/GaN heterostructures can
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Fig. 8.1. Schrodinger—Poisson cal-culation
of conduction band energy and electron
density for an Aly,0Gagg/N (320 A)/GaN
hetero-structure with 0 V (a) and —4 V (b)
gate bias, 300 K [note different y-axis scales
for (a) and (b)].

generate a two-dimensional electron gas (2DEG)
without doping. High 2DEG carrier densities,
electron saturation velocities, breakdown fields,
and thermal conductivities found in these
structures make them attractive as heterostructure
field effect transistors (HFETs) for high voltage,
high power microwave amplifiers [8.1 — 8.5]. We
have  implemented an  electroreflectance
technique which utilizes nitride HFET fabrication
processes and augments conventional electrical
characterization of these devices. In this article
general  characteristics and analysis  of
AlGaN/GaN electroreflectance are described. We
find that contacted electroreflectance
measurements reveal distinct spectral features
associated with the AlGaN barrier, 2DEG, and
adjacent GaN interface. Testing models of
AlGaN/GaN bandstructure, these experiments
provide a direct measurement of AlGaN
polarization fields. We present a calculation of
the GaN 2DEG dielectric function which
simulates electroreflectance results over a wide
range of electron density. Comparing previous
results for heterostructures grown on sapphire
with recent results for samples grown on SiC, the
measured AlGaN electric field approached that
predicted by a bandstructure model for the higher
quality sample grown on SiC.

8.2 Assignment of the electro-reflectance
features to HEMT band-structure

In undoped AlGaN/GaN heterostructures, a large
polarization electric field, the boundary condi-
tions, and the conduction band offset combine to

produce the 2DEG. For AlGaN/GaN grown on Ga-faced, GaN, the thin AlGaN layer is in
biaxial tension, and the sum of piezoelectric and heterointerface, "spontaneous" polarization
components results in 10°~10° V/em electric fields in the AlGaN layer. The Fermi energy at
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the surface of the AlGaN is pinned, and the resulting Schottky barrier is described by a
composition dependent, empirical rule. The origin of the surface pinning is not presently
understood. With the large electric field and pinned

surface potential of the AlGaN layer, electrons are 33 35 37 39 41 43
transferred from the surface to form a 2DEG at the o
AlGaN/GaN interface. This "standard model" of 2 (a) OV bias 1 I
AlGaN/GaN heterostructures is summarized by ol "=\ | | A
Ambacher et al. [7.5]. | | Lo

=

Unusually large 2DEG  carrier  densities
(>1x10"/cm®) are found in AlGaN/GaN het- :3
erostructures. From Schrodinger—Poisson solutions e
of the 'standard model," we obtained the (b) -1V bias | ||
bandstructure and carrier density of the
Alp.19GaggiN (320 A)/GaN heterostructure, studied
extensively in this work. As illustrated in Figs.
8.1(a) and 8.1(b) for 0 V and 4 V (gated AlGaN
surface potential relative to the 2DEQG), respectively,
2DEG carrier density was depleted with increased
electric field in the AlGaN barrier. (As a rough
approximation AV = AQ/Cye,, where AV is a change 0
in voltage across the AlGaN barrier, AQ is the p
change in 2DEG density, and Cg, is the geometric
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capacitance of the AlGaN layer.) Thereby, observed

energy shifts in the electroreflectance with bias
voltage allowed us to unambiguously assign /

electroreflectance features to elements of the 0 - A P \1_. [ N
AlGaN/GaN band structure. 2. Y

Electroreflectance spectra for the AlGaN/GaN 0 {E:'_ o S
heterostructure, grown on SiC, are shown in Fig. ‘-If' N/
8.2. As reported previously for thicker InGaN (Ref. v
[8.6]) and AlGaN (Ref. [8.7]) layers, Franz—Keldysh 33 35 37 39 41 a3
oscillations (FKOs) were clearly observed from the Photon Energy (eV)
pola.rization-indu‘ced electric ﬁeld' in the AlGaN Fig. 8.2. Electroreflectance spectra (300
barrier. The period of the FKO increased as the k) for the Al sGaosyN (320 A)/GaN
barrier electric field increased with negative gate  heterostructure at 0 V (a), -1 V (b), 2 V
bias, enabling identification of those features (¢), and =3 V (d) gate bias (same scale).
associated with the AlGaN barrier [8.8]. In Solid linesare the AlGaN FKO line shape
.- . fit plus the contribution from the 2DEG
addition, a broad 2DEG feature appeared at energies  ji.1ociric model. Based on the models,
just above the band gap of GaN [8.8-8.10]. As the  the 4 V spectrum (e) was simulated.
2DEG was depleted, the broad feature narrowed and
converged with the GaN band-edge feature [8.8]. In general, such a broad first-derivative
2DEG feature has been observed in electroreflectance studies where contacts have been
made between an HFET Schottky gate and the 2DEG channel [8.8, 8.10]. With this
configuration, only the AlGaN barrier field, 2DEG carrier density, and the position of the
GaN/2DEG interface were modulated, eliminating spurious spectral features which may be

(d) -3V bias T
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associated with other parts of the multilayer sample in a contactless measurement. Through
modulation of the GaN interface, bulk GaN features were observed at < 3.42 eV in all
spectra, and the bulk GaN feature grew in amplitude with depletion of the 2DEG.

Experimental AlIGaN FKO spectra were least-squares fit to the Airy function formula for a
single band-edge [8.11]. This analysis of the 0 V bias spectrum [see Fig. 8.2(a), solid line]
produced AlGaN electric-field (0.26 MV/cm, assuming an electron-hole reduced mass of 0.2
m,) and band gap (3.93 eV) values close to those obtained from analysis of the high order
FKOs with the simple asymptotic expression [8.8]. The measured electric field approaches
the value (0.33 MV/cm) predicted by a "standard model" of this AlGaN/GaN
heterostructure, shown in Fig. 8.1(a) Electroreflectance studies of a comparable AlGaN/GaN
heterostructure grown on sapphire revealed a large AlGaN electric field (0.50 MV/cm), and
we speculated that the electric field anomaly may be due to material quality issues such as
trapped space charge in the barrier or an Al composition gradient [8.8]. Fitting of the AIGaN
FKOs revealed a broad, first-derivative line shape for the 2DEG in the energy range, = 3.4—
3.8 eV. The 2DEG electroreflectance was modeled using a golden-rule calculation of the
dielectric function for the measured 2DEG density, 7.4x10'* e/cm” (see Fig. 8.2, solid line).
Contrary to previous reports [8.9], extra structure attributed to 2DEG quantum-confinement
was not resolved in our measurements or model. Detailed analysis of these
electroreflectance spectra will be presented in a later section.

8.3 Calculation of the 2DEG electromodulated dielectric function

To simulate the 2DEG electroreflectance line shape, we have developed a simple model
which utilizes Schrodinger—Poisson data for 2DEG energy levels and wave functions. A
golden rule calculation is performed to obtain the imaginary part of the 2DEG dielectric
function, &;(Aw) [8.12]:

£,(hw) = Z( Mej AR, N 1€ pl - FIE (k) - E.1}-S[E (k) — E, (k) — o], (1)

vk c

for valence band states, |v), the Fermi function, F, quantum-confined electron wave function,
|¥;). and a wave vector in the 2DEG plane, k| . Substitute,

Eky) - Ek) = EiL + E - Ey o, (2a)
where
EH = h2k”2 / 2,[1 (2b)

and p is the electron-hole reduced mass (u = m. ). Holes at the band edge of GaN are
massive (mh* ~ 1.8 m,) [8.13], suggesting a "classical" approximation, and at energies below
the valence band minimum, the wave function of the massive hole oscillates rapidly. The
large hole mass and the behavior of the 1D density of states allow us to consider only hole
energies near the valence band-edge. We approximate the hole wave function with a delta-
function, [v) = | 8(x—x') ), with E,; = E,; (x), the energy of the valence band edge across the
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2DEG region. With this localized hole approximation, a spatially varying dielectric function
across the 2DEG is defined by substitution into Eq. (1):

g,(ha),x)zZ(

2
() -fe- pf

2
2 e R
= . e' p
m,

T N F (B, + B = E)-SLE, + B, ~ E,,(x) ~ holdE,(3)

Line broadening, I, is included in the calculation by substituting a Lorentzian for the energy
delta function:

s,(ha),x)zZ(
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2
J @ e p)

2me
*
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WA VHE, + B~ E, ()-hoP Q1)

dE,. @)

Requiring only Schrédinger—Poisson results for the 2DEG, this expression [Eq. (4)] can be
evaluated for an array of Zw and x values. The electromodulated component is obtained by
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Fig. 8.3. Calculated real (a) and imaginary (b)
electromodulated dielectric functions for 2DEGs
over a range of electron densities or gate voltages.

calculating the differences in Eq. (4) resulting
from small changes in 2DEG density or gate
voltage, and convergence is reached with a
small number of contributing electron
quantum confinement states (1 < i< 5). The
2DEG thickness is only a fraction of the
optical wavelengths under investigation, and
the imaginary part of the electromodulated
dielectric response, Aegi(hw), is obtained by
integrating across the thickness of the 2DEG,
which is equivalent to summing over final hole
states. A Kramers—Kronig transform of
Agi(hw)produces the real part of the
electromodulated dielectric function, Aegj(Ziw).
Measured differential changes in reflectance
are related to the modulated dielectric function
by

AR/R = a(")- Ae,y(ho) + b(&") - Ag, (hw), (5)

where a and b are Seraphin coefficients,
specific to sample multilayer optical properties
[8.14].

This model produced a broad first derivative
2DEG  electroreflectance  line  shape.
Modulated dielectric functions calculated at
300 K and 7= 20 meV for a range of electron
densities are shown in Figs. 8.3(a) and 8.3(b).
At 300 K, structure due to individual electron

quantum confinement states was not well resolved, even with "= 0. The model predicted a
well defined narrowing and shift of the 2DEG electroreflectance feature to lower energy
with decreasing carrier density. With the peak-to-peak, small signal modulation voltage



fixed for all spectra, the amplitude of the 2DEG feature grew rapidly before merging with

the bulk GaN feature upon depletion.

8.4. Experimental Details and electrical characterization of HEMT structures

AlGaN/GaN samples were grown by metalorganic chemical vapor deposition (MOCVD).
Chemical sources were trimethylgallium, trimethylaluminum, and ammonia. The growth
temperature was 1050 °C. An AIN nucleation layer was used to initiate GaN growth on
sapphire or 4H-SiC substrates. For the heterostructure in this study, a 1-um-thick GaN layer
was unintentionally doped n-type, 4x10'"/cm’, and the GaN layer was capped with a 320 A
thick, Aly.19Gag g N barrier (background-doped mid-1016/cm3). Composition was determined
from optical and x-ray measurements. Gated van der Pauw contacts (1-4 mm?) were used

HEMTs Grown on SiC vs Sapphire
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Fig.8.4. Hall mobility vs electron density from gated-Hall
measurements. Results for the Aly;0GagsiN (320 A)/GaN
heterostructure grown on SiC (solid lines) are compared with a similar
structure grown on sapphire (dotted lines) for several temperatures.
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for electroreflectance.
Ohmic Ti/AI/Ni/Au source
and drain contacts at
corners of the sample
penetrated to contact the
2DEG. Oxidized Ni(75
A)/Au(75 A) formed an
optically transparent,
Schottky ~ barrier  gate
contact.

For electroreflectance
measurements, the sample
was illuminated with a 150
W Xe lamp and a single
grating monochrometer
with 1 nm resolution. The
electromodulated signal
(150 Hz) was detected with
a lock-in and a silicon, UV
photodiode. All  spectra
were normalized to 0.2 V,,
modulation amplitude.



Compared with our previous studies of heterostructures grown of sapphire, AlGaN/GaN
grown on 4H-SiC displayed an

overall improvement in sample 740"
quality as demonstrated from Hall
measurements. A gated-Hall
configuration with a Schottky, 6x107"
"Red Cross-shaped" gate
positioned between the ohmic van
der Pauw contacts, was used to
control 2DEG  density for
transport measurements. 2DEG
gated-Hall mobility results for
electroreflectance samples grown
on sapphire and SiC are shown in
Fig. 8.4. Gated Hall data were
quoted only over a range where
parasitic gate currents were
negligible, and the carrier : )
concentration versus gate voltage L P YT G THTL T S U1 TUU PO DTN TVl
was consistent with capacitance— 6 5 4 3 2 -1 0 1
voltage (C-V) results. Typically ,

the 2DEG on SiC displayed 300 K Stk Blas:{)
Hall mobilities >1000 cm*/V s 107 errrrrr

over a 2DEG density range (b)
3.5%10"%-1.1x10" e/em®, with the g
mobility weakly increasing with
decreasing 2DEG density over
much of that range. For the
electroreflectance structure on SiC
shown in Fig. 8.4, peak 300 K
mobility was 1400 cm*/V s@6—
7x10" e/em?, and peak low
temperature (89 K) mobility was
3800 cm*/V s@5x10" e/em’.
However, the 2DEG mobility
(300 K) on sapphire peaked at 900
cm?V s and decreased with
decreasing 2DEG density, drop- 1
ping to 200 cm®’V s@4x10" Ly
e/cm’. The dependence of Hall

mobility on electron density

indicated that 2DEG mobility was  Fig. 8.5. Capacitance—voltage data (a) for the Aly10GaggN
limited by high dislocation (320 A)/GaN heterostructure. C—V electron concentration
profile (b) was determined from the differential capacitance.
A drawing of'the sample is shown as an inset in (b).
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densities for our heterostructures
grown on  sapphire, and
dislocation densities were reduced
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in heterostructures grown on SiC to levels where scattering from the AlGaN barrier limited
2DEG mobility [8.15, 8.16].

Complimenting our Hall results, Hg-probe C—V" data for the electroreflectance sample grown
on SiC are shown in Figs. 5(a) and 5(b). The measured 2DEG depletion or "knee" voltage (=
4.5 V) and the geometric capacitance (= 2.6x107 flem®) [see Fig. 8.5(a)] produced a 2DEG
sheet concentration of 7.3x10'2 e/cm*@0 V bias, in good agreement with the 0 V carrier
concentration obtained with Hall measurements. The electron density in Fig. 8.5(b) was
determined from the differential capacitance [ec dV/d(1/C%)]. The geometric capacitance pro-
vided an estimate of AlGaN layer thickness (320 A), observed as the position of the onset of
the 2DEG in Fig. 5(b).

8.5 Analysis of optical measure-ments

Results unique to electroreflectance were obtained by tracking the evolution of AlGaN
barrier and 2DEG features with bias. The variation of electroreflectance with 0, —1,—2, and —
3 V gate bias is shown in Figs, 8.2(a)-8.2(d), respectively, for the AlGaN/GaN

heterostructure grown on SiC. Clearly the
b i A e < R S A period of the AlGaN FKO increased with
negative bias on the gate and increasing electric
field in the AlGaN. Best line shape, Airy
function fits of the FKO spectra in Figs. 8.2(a)—
8.2(d) (solid lines) were obtained with an
AlGaN band gap of 3.905+0.025 eV. From the
band-gap energy, we estimated an Al,Ga;N
composition, x = 0.19£0.01, based on
reflectance data for the ternary alloy [8.17,
8.18]. Although we infer some improvement in

Electraral.

(Photocurrent/photon)®  (rel. units)

[ Bandgap - | material quality for structures grown on SiC,
S8 | Bandgap = 3.96 eV {  the AlGaN FKO linewidth (= 30 meV) was

i= 20% Al, AlGaN)
l / ] comparable to that observed for samples grown
0 meassaeet o s, onsapphire. Except for shifts to higher energy
Photon Energy (eV) with increased band gap, the shape of these

Fig. 8.6. Photocurrent spectrum for the electroreflectance spectra were unchanged at 77
Alg1GagsN (320 A) /GaN hetero-structure K> and we believe that linewidths remain lim-
(300 K). AlGaN band gaps determined by 1ited by inhomogeneities and defects, not

photoconductivity and electroreflectance are  intrinsic phonon processes [8.19].
indicated in the figure.

The AlGaN barrier photoconductive response
(see Fig. 8.6) provided an independent measurement of band-gap, and we obtained an
AlGaN band-gap of 3.96 eV @300 K (20% Al) [8.17, 8.18] which was in reasonable
agreement with the band gap determined by analysis of the FKO line shape. Perhaps the
small feature at 3.90-3.97 eV in the photoconductive response is a Urbach-tail associated
with localization, but it was not observed consistently in other samples. Lattice constants of
the biaxially strained AlGaN barrier were determined from x-ray diffraction measurements.
Using the elastic constants [8.20] and Vegard's law, we obtained a composition (20.0+0.5%
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Al) consistent with that determined indirectly through our optical measurements of the
AlGaN band gap.

Electric fields determined from the FKO period in Figs. 8.2(a)-8.2(d) are plotted in Fig. 8.7.
The electric field was roughly linear versus gate bias with the slope indicating = 100% of the
bias dropped across the AlGaN barrier, not the ohmic contacts or 2DEG channel. Averaging
over the data in Fig. 8.7, we measured a 0 V bias, AlGaN polarization electric field of
0.25£0.05 MV/cm (w/2DEG density of 7.4x10'* e/cm?). The AlGaN electric field predicted
by the "standard model" for an Al 19GaggiN (320 A)/GaN heterostructure is also shown in
Fig. 8.7 (dashed line). The model predicted an electric field of 0.33 MV/cm and 2DEG
density of 8.7x10' e/cm2@0 V bias [refer to Fig. 8.1(a)].

Over the energy range 3.3-3.9 eV, the solid
lines in Figs. 8.2(a)— 8.2(e) represent the sum Al .Ga . N (320 A)iGaN on SiC
of the best FKO line shape and a linear 14 S S L

combination of the real and imaginary
electromodulated dielectric functions from
Figs. 8.3(a) and 8.3(b). To calculate the results
in Figs. 8.2(a)-8.2(e) the Seraphin coefficients
(which are proportional to the coefficients in

"standard model"
2DEG (0V)- 8.7x10 "2 efcm?
N

AlGaN Barrier Electric Field (MV/cm)

the aforementioned linear combination) were 08 .
fixed, independent of voltage. The dielectric .

functions in Figs. 8.3(a) and 8.3(b) were 06 L QDEG([)Ejie;‘Z(’ifgﬂemz N ]
calculated from Schrédinger—Poisson solutions '

for Alp.10GaggiN (320 A)/GaN with 85% of the 04| ]
"standard model" interfacial polarization

charge to produce an electric field of 0.31 02 TR
MV/ecm and the measured 2DEG charge #5325 215 4050005

density @0 V bias. Comparing data with the Gata Biaw (V)

model in Fig. 8.2, clearly the calculation of the . . . .
dielectric ffnctio’n descr};bed the spectral shift Fig. 8.7. Electric field vs gate bias obtained from
) : the electroreflectance spectra in Figs. 8.2(a)-
with  charge density of the 2DEG  g82(d). Electric field predicted by the "standard
electroreflectance feature. Also, the model model" for an Aly;0GaggN (320 A)/GaN
accounted for the = 4x change in amplitude of  heterostructure is indicated by the dotted line.
the 2DEG feature over 0 to =3 V bias. Using no
adjustable parameters, Fig. 8.2(e) is the predicted electroreflectance spectrum for the
heterostructure at —4 V bias [see Fig. 8.1(b) for band structure @—4 V]. Although this
spectrum was not measured due to the large resistance of the 2DEG prior to depletion, our
models are capable of generating the spectrum based on analysis of the lower voltage results.

Several mechanisms could produce both an electric field and 2DEG density slightly lower
than the "standard model." One of the simplest modifications would be to allow partial strain
relaxation of the AlGaN layer which would reduce the interfacial polarization charge,
electric field, and 2DEG density, but x-ray diffraction indicated that the AlGaN layer was
unrelaxed. As we observed in comparing heterostructures grown on SiC and sapphire,
material issues such as Al composition gradients, inhomogeneities or roughness, etc. should

74



be considered before proposing revision of bandstructure models to produce measured
electric fields and 2DEG densities.

8.6 Conclusions

Contacted electroreflectance studies of AlGaN/GaN heterostructures and their 2DEGs
compliment conventional electrical and transport measurements and provide direct meas-
urement of characteristics associated with bandstructure and material quality. The electric
field and composition of the thin (<400 A) AlGaN barrier was determined by analyzing the
gate voltage-tunable FKO line shape. For a high mobility (higher quality) Alp.19Gagg1N (320
A)/GaN heterostructure grown on SiC, the measured AlGaN barrier electric field (0.25+0.05
MV/em @0 V bias) approached the value predicted by a standard heterostructure model
(0.33 MV/cm). Adjusting model interfacial polarization charge to produce the measured
2DEG density (7.4x10"% e/cm?, @0 V bias), the calculated electric field (0.31 MV/cm)
reached reasonable agreement with the measured value. With the convergence of measured
and calculated electric fields, we are confident that electroreflectance will become an
important tool to monitor the material-driven evolution of nitride heterostructure models and
devices.

The 2DEG produced a broad, voltage-tunable first derivative electroreflectance feature. We
developed a method to calculate the electromodulated dielectric function from the results of
Schrodinger—Poisson calculations of 2DEG energies, wave functions, and band bending.
Our model described the line shape and relative amplitude of the 2DEG electroreflectance
feature over a wide range of electron density and gate voltage. The example of our 2DEG
contacted electroreflectance measurements and model may shed new light on other
reflectance studies where extra features are sometimes attributed to the 2DEG.
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9. HEMT Characteristics for Optimized GaN/AlGaN

Growth

Integrated Field Plate
Gate Metal

Fig. 9.1. Cross section of a HEMT with a field plate

structure.

With improved material quality

and an improved method of
passivation, devices were
fabricated with improved
performance. Device fabrication

involves the following steps: First
the device active regions are
defined by mesa isolation using
either reactive-ion etching or
inductively-coupled etching.
Following isolation, source and

drain metal contacts for the
transistor  are defined  and
deposited using TiAINiAu. The

ohmic contacts are alloyed, typically at temperatures near 875 C. Following ohmic contact
formation, optical gates are aligned and placed in the gap between the source and drain
contacts. The metal layers used in optical gate formation were Ni/Au. On certain wafers
electron beam gates are defined and deposited between gate and drain contacts. These three

steps of isolation, ohmic contact
formation, and gate deposition define the
active transistor. The transistors are next
passivated with the optimized SiN
dielectric for low rf dispersion. Further
processing steps are performed if
airbridges are desired to connect large
number of gate fingers for a higher
current and higher power device. Passive
elements such as resistors, capacitors,
and transmission lines may also be
fabricated if a monolithic integrated
circuit is desired. Backside processing
for wafer thinning and source via grounds
may also be used. A device cross section
shown in Fig. 1.1.

During the course of this LDRD, two
types of basic devices were used. The
first type, a conventional process is
shown in Fig. 1.1 and described above.
Another type of process used a “field
plate” for moderating the peak electric

Ids (mA)

Ids (mA/mm)

900

800 4
700 4
600 4
500 4
400 4
300 4
200 4

100

Ids-Vds, HE04

(@)

5 10 15 20 25

Vds(V)

gm Idss, HE04
300

()

250

~
S
S

mm)

150

100

3
gm (mS.
o
w»n

o

&
3

Fig. 9.2. Drain I-V characteristics for a 0.6x150
mm GaN HEMT. (a) Ips vs. Vps, (b) Ipg vs. Igs.
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field between the gate and the drain, as illustrated in Fig. 9.1. In this process, the SiN
passivation occurs prior to gate formation. The gate is then formed after etching an opening
into the SiN and re-patterning gate metal to cover the opening and a part of the gate-drain
space. HEMTs using either type of gate should be able to validate improvements in GaN
material growth.

G A03 ptpass A baseline HEMT structure

® emerged during this LDRD based on
” //K_/M the following generic structure: a
"’ 100 nm AIN nucleation layer grown
i — on a SiC substrate, an approximately
%: —*% 1000 nm thick GaN buffer layer, and
. —as| 3 18-21 nm AlGaN layer with 25-

27% Al Such a structure yielded
excellent I-V curves as illustrated in
Figure 2 with little current collapse,
o 2 4 s & M o w B ® @ as illustrated in Fig. 9.3. Peak
transconductance is in excess of 250
Fig. 9.3. Pulsed I-V characteristics for a 1 x 150 mm GaN  mS/mm for a 0.6 um or smaller gate.
HEMT. The quiescent condition is Vps=20V, Vgs=—5V. The baseline HEMT  structure
showed excellent DC and pulsed
electrical characteristics. It was also
characterized for on-wafer power measurements, which are the true test of how devices will
perform as power amplifiers. As shown in Fig. 9.4, both small (150 um periphery) and
medium-sized (1.2 mm periphery) gave greater than SW/mm power density at 10 GHz.
Power-added-efficiency was measured in excess of 50% for these devices.

=]

o

These results on the baseline structure are typical results which validate the material
optimization process which were repeated on a baseline structure at several time points
during the LDRD work. The repeated structures were either characterized with power
sweep  measurements,  as

described above, or were used Loadpull Data at 10 G Hz

in actual power amplifier

builds. Although  power g o0

measure-ments ~ were  not E 70

carried out on all growth =3 s /
experiments  described  in % ' va /
previous sections, pulsed I-V g o0 ././//
measurements were carried out Q 40 > ——0.15 mm
for a number of these. Pulsed S o i
[-V measurements have been a

shown to be a good predictor 207 i 55 45 .
of power output [9.1]. Several Drain Voltage (V)

variations on the baseline

structure gave good pulsed I- Fig. 9.4. Power density for 150 pm and 1.2 mm periphery GaN

\4 me‘a.surements ‘r‘.md are also  HEMTS acquired using on-wafer load pull power sweeps.
promising  candidates  for

power amplifier applications.
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HEMTs with growth pressure in the range of 150-300 Torr, several types of surface
termination, and those growth with an AIN interface (prior to AlGaN growth) gave good
pulsed I-V results, which are an indication that the materials technology has improved
sufficiently during this LDRD to be of practical use.

9.1 Improved Passivation for GaN HEMTs.

The first key to success in building GaN-based amplifiers is to start with high quality
materials and processes. The electron mobilities and sheet concentrations measured in our
baseline material compare favorable to those reported in the literature. They are sufficient
to predict good DC properties in HEMTs. They are a necessary but not sufficient condition
for achieving good rf propertles as well. The rf properties are not predictable based on any

= ) known material characterization
‘‘‘‘‘‘‘‘‘‘ techniques at present. It is

necessary to know how to predict

whether samples are susceptible to

rf  dispersion effects  (where
- | transistor properties are frequency
- " ww " " dependent). In particular, current
T collapse (large  drops  in drain

Fig .9.5 Example of SiN, passivation with moderate (left) ~ current of a FET that occur on a fast

and low (right) current collapse. time scale after application of a set

of gate and drain bias pulses) effects
in GaN are widespread. They are associated with various trap locations created in growth or
with traps at the gate-drain surface created by growth or processing. Various growth
initiatives are described in other sections of this LDRD. In this section, the pulsed I-V
technique for evaluating current collapse is described. An improved method for reducing rf
dispersion and current collapse in GaN HEMTs by SiNy passivation is also described. Gate-
lag measurements (a specific form of pulsed I-V measurement, where gate voltages are
pulsed from off-to-on conditions and drain-current pulses are measured) have long been
used to characterize rf dispersion in GaAs devices. We have adapted these methods to GaN
devices. In particular, we developed three useful quiescent conditions that place low,
medium and high stress to GaN devices. With these methods we have observed samples
with up to 99% current collapse (in unapassivated wafers). Most of the cases of high current
collapse occurred in unpassivated wafers. SiNy has been reported to alleviate current
collapse in GaN HEMTs. However, our SiNy has shown a wide range of outcomes when
evaluated for current collapse. After exploring some of the deposition parameters for SiNy
deposition, we have found that temperature (increasing) and to a lesser extent SiH, flow
(increasing) reduces current collapse in GaN HEMTs. An example of moderate current
collapse with SiNy deposited at 250C and moderate SiH4 flow is compared with a better
SiNy film deposited at 300C and high SiH4 flow showing low current collapse (Figure 1). In
these examples, the pulsed I-V characteristics under high drain bias quiescent conditions
(and negative gate bias) show the current decrease compared to the DC currents.

——0C —— pulte Vgs=0V.Vds=0.5V — pulse Vgs=5V.Vds=6V — pulse Vgs=5V.Ve=20V
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