The Pennsylvania State University
The Graduate School
Graduate Program in Materials Science and Engineering

SURFACE PASSIVATION STUDIES OF
ALGAN/GAN HIGH ELECTRON MOBILITY TRANSISTORS

A Dissertation in
Materials Science and Engineering
by
David J. Meyer

© 2008 David J. Meyer

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Doctor of Philosophy
December 2008

The dissertation of David J. Meyer was reviewed and approved* by the following:

Joseph R. Flemish
Professor of Materials Science and Engineering
Dissertation Co-Advisor
Co-Chair of Committee

Joan M. Redwing
Professor of Materials Science and Engineering
Associate Head of Graduate Studies, Graduate Program in Materials
Science and Engineering
Dissertation Co-Advisor
Co-Chair of Committee

Thomas N. Jackson
Robert E. Kirby Chair Professor of Electrical Engineering

Suzanne E. Mohney
Professor of Materials Science and Engineering

*Signatures are on file in the Graduate School

iii
ABSTRACT
GaN based transistors have recently emerged as contenders for replacing existing
Si and GaAs RF power devices. Wide bandgap group III-N materials exhibit the benefits
of high electric field breakdown strength and high saturated carrier velocity, which allow
for high power and high frequency device operation. While the theoretical advantages of
the AlGaN/GaN high electron mobility transistor (HEMT) are beginning to be realized,
technological development is still inhibited by critical problems such as RF dispersion
and off-state leakage current.
Electrical (pulsed and dc I-V, Hall Effect, and small signal RF) and materials
(XPS, AES, FTIR, PL, and thin film stress measurements) characterization techniques
were used to attain a comprehensive viewpoint of how the HEMT surface treatment and
PECVD SiNx passivation procedure affects device characteristics.

Based on

experimental and modeling results, the potential mechanisms responsible for reducing
device virtual gating and increasing isolation current were discussed. In general, the
pulsed I-V performance of HEMTs can be improved by using one of several plasma
treatments, such as C2F6, Cl2, NH3, or O2, immediately prior to passivation. Isolation
current degradation was found to be relatively independent of pre-passivation surface
treatment, but instead showed five orders of magnitude variation when different SiNx
passivation film types were used.
Organic surface contamination that is present in as-processed, unpassivated
devices was found to impede the mechanism by which SiNx deposition reduces virtual
gating. XPS results show that surface treatments that reduce carbon concentration also

iv
lead to improved pulsed I-V performance after passivation. The passivation mechanism
that reduces virtual gating is suspected to be related to chemical modification of the
HEMT surface that reduces populations of electron trapping centers, or changes their
characteristics. Several arguments support the hypothesis that oxygen could be directly
involved in the passivation mechanism.
Two-dimensional simulation of the isolation test structure suggested that the
increase in isolation current could be explained by the incorporation of donors or donor
type defects at the SiNx/HEMT interface. Fixed charge in the SiNx or strain-induced
sheet charge at the interface was also shown by modeling to be capable of enhancing the
conductivity of an electron inversion layer near the SiNx/HEMT interface in the
semiconductor.
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Chapter 1
Introduction and Background

1.1 Introduction
The growth of solid state transistor technology has had a profound impact on
communication, entertainment, business, and a variety of other aspects of human life.
With the rapid evolution of the personal computer, silicon has dominated the
semiconductor industry mainly because of its inherent ability to form a nearly defect-free
interface with silicon dioxide. While silicon has been well suited for low power logic
applications, its use in high power applications is fundamentally limited by its lower
energy bandgap and breakdown strength.

With the recent demand for increased

functionality in wireless devices, new standards such as WiMAX require RF transistors
to have improved bandwidth and output power. State-of-the-art RF devices based on
traditional semiconductors such as silicon laterally-diffused metal-oxide-semiconductor
(LDMOS)1,2

and GaAs pHEMTs3 have managed to remain dominant in wireless

applications today, but certain wide bandgap materials exhibit potential that could extend
performance well into the mm-wave range (30 – 300 GHz).

A commonly cited metric

of the potential for a particular material to perform well in a high power, high frequency
application is Johnson’s figure of merit (JFOM).4 Table 1-1 shows several material
characteristics and the JFOM (normalized to Si) for a variety of semiconductors.
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Table 1-1: Material Parameters for Selected Semiconductors.4-6
Eg (eV)
ni (cm-3)
NC at 300 K (cm-3)
NV at 300 K (cm-3)
εr

Si
1.1
1.5×1010
3.2×1019
1.8×1019
11.8

GaAs
1.4
1.5×106
4.7×1017
9.0×1018
13.1

4H-SiC
3.3
8.2×10-9
1.7×1019
2.5×1019
10

µn (cm2/V s)

1350

8500

700

7

vsat (10 cm/s)
1
1
2
Ebr (MV/cm)
0.3
0.4
3.0
Θ (W/cm K)
1.5
0.43
3.3-4.5
E v
JFOM = br sat
1
2.7
20
2π
Please see Appendix A for variables and acronyms.

GaN
3.4
1.9×10-10
2.3×1018
4.6×1019
9
1200 (Bulk)
1900 (2DEG)
2.5
3.3
1.3

Diamond
5.5
1.6×10-27
~1020
~1019
5.5

27.5

50

1900
2.7
5.6
20

With increased breakdown and electron saturation velocity characteristics,
compound semiconductor materials such as silicon carbide (SiC) and gallium nitride
(GaN) have received a great deal of attention in the past decade due to their theoretical
potential to produce high output power density under RF operation. Thermal concerns
are relatively minor issues in these two materials due to adequate thermal conductivity
and low levels of intrinsic carriers. Major barriers to more rapid development have
mainly revolved around the quality and cost of epitaxial growth and substrate material.
Low defect density SiC wafers, primarily used for SiC and GaN thin film growth,
typically cost several thousands of dollars and are currently available in a maximum
diameter of 4 inches. For GaN growth, cheaper substrates such as sapphire and silicon
can be used, but film quality suffers due to the larger lattice mismatch between the
substrate and nucleation layer. Another difficulty of device fabrication with GaN in
particular is the limitation involved with p-type doping. The most commonly used p-type
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dopant, Mg, has undesirably high activation energy (170 meV) and also reacts with
interstitial hydrogen present in the lattice to form Mg-H complexes.7-12 This hydrogen
effectively passivates the acceptor and can only be driven off by high temperature
annealing.10,12

1.2 The AlGaN/GaN High Electron Mobility Transistor

Despite all the existing challenges with GaN, one of the main advantages that it
has over SiC is the ability to form heterostructures with other group III-N compounds.
The heterostructure field-effect transistor (HFET), or more commonly known as the highelectron-mobility transistor (HEMT), is an electrical device that utilizes a highly
conductive channel that is formed at the epitaxial interface between GaN and an
overlying, pseudomorphically strained AlGaN layer. As a result of the difference in
spontaneous and piezoelectric polarization between the two crystals, a conduction band
offset forms and confines electrons into a nearly two-dimensional sheet in the GaN.
Figure 1-1 illustrates this effect from an energy standpoint, both before and after these
materials come into contact to form a heterojunction. In addition to the positioning of the
conduction and valence bands, the curvature near the interface and surface is created by
populations of electrons or holes that accumulate the sheet charges induced by net
polarization. Ambacher et al. have published the equations necessary to calculate the
polarization and sheet charges in various types of AlGaN/GaN heterostructures.13
Ambacher et al. found that as long as the AlGaN layer did not relax significantly, the
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change in polarization increased with increasing Al fraction, resulting in a higher density
of confined electrons at the interface.

(a)

Nickel

Al0.3Ga0.7N

GaN

EVac

ΦM = 5.1 eV

χ = 3.8 eV

χ = 4.1 eV

EC
EG = 4.0 eV

EG = 3.4 eV

EV

(b)

Figure 1-1: Band diagram of simple HEMT structure (a) before and (b) after materials
make contact.
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The two-dimensional electron gas (2DEG) in conventional Ga-polar AlGaN/GaN
heterostructures, with approximately 30% Al fraction AlGaN, typically contains
concentrations of electrons on the order of 1012 – 1013 cm-2 and can exhibit electron
mobilities greater than 1900 cm2/V·s.14 To put some perspective on the magnitude of
those values, Figure 1-2 gives an approximate conversion from sheet density to volume
density assuming that a given sheet concentration is the amount of carriers in one
monolayer of wurtzite GaN. Figure 1-3 shows the GaN wurtzite crystal structure. Also
plotted horizontally on Figure 1-2 are the effective densities of states in the valence and
conduction bands in GaN. At sheet density values of 1012 – 1013 cm-2, the electrons in the
2DEG are in greater number than the conduction band density of states, but since they
have not been generated by nearby ionized impurity atoms, they do not suffer from
impurity scattering when they travel through the lattice. Possessing both high electron
mobility and high carrier concentration concurrently is what makes the HEMT desirable
for high power and high frequency operation.

6

1E+22
y = 4E+07x
2
R =1
19

-3

18

-3

1E+20

GaN NV = 4.6×10 cm

1E+19

GaN NC = 2.3×10 cm

-3

Volume Density (cm )

1E+21

1E+18
1E+17
1E+16
1E+15
1E+14
1E+07

1E+08

1E+09

1E+10

1E+11

1E+12

1E+13

1E+14

-2

Sheet Density (cm )

Figure 1-2: Equivalent volume density vs. sheet density for wurtzite GaN – Assuming
sheet density is confined to one monolayer.
While GaN based HEMTs have desirable characteristics for power applications in
theory, the realization of these material advantages has only recently been demonstrated,
as several research groups have fabricated HEMTs with breakdown voltages greater than
120 V and output power density in the 9 – 30 W/mm range,15-19 an order of magnitude
improvement over Si LDMOS transistors. Despite the impressive semblance that these
values portray, the state of GaN HEMT technology is far from mature. A topic that is
often omitted from these publications is reliability, which is certainly a concern for any
commercial application of the HEMT device. Publications that do focus on reliability
show that without the use of an effective (and usually proprietary) passivation procedure,
HEMT RF power output degrades with time and electrical stressing.17,20-22 Consensus in
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the compound semiconductor community has not been reached about the details of the
mechanisms responsible for degradation of HEMT electrical characteristics, but it is often
suspected that hot electrons between the gate and drain of the device are involved in the
generation of point defects.23 The presence of significant populations of electrically
active defects in fully processed, unstressed HEMT devices has been well documented
and will be discussed in the next section.
[0 0 0 1]

[0 1 0 0]

[1 0 0 0]
Figure 1-3: Wurtzite GaN crystal structure – 3 × 3 × 1 unit cell. (Atomic radii are scaled
smaller for visualization purposes.)

1.2.1 The Impact of Surface States

Research interest in AlGaN/GaN HEMTs has grown substantially over the past
decade. Over that time period, several research groups have found evidence to support
claims that material defects (i.e. point defects, dislocations, etc.) present in the devices
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were responsible for degraded electrical performance and reliability. Two schools of
thought on the physical location of these defects have emerged in the literature; in one, it
is suspected that crystalline defects in the GaN buffer and AlGaN barrier layers are
responsible for degradation, while in the other, AlGaN (or GaN cap) surface defects are
believed to be most significant. It is generally accepted that both factors may play a
significant role, so research efforts have concurrently focused on improving both epilayer
crystalline quality and passivation techniques. Since the research presented in this thesis
has mainly focused on HEMT surface passivation techniques, this section will focus on
the effect that surface states have on HEMT electrical performance.
In 2001, Vetury et al. published a paper that summarized the effect that AlGaN
surfaces states have on HEMT electrical operation.24 In the paper, virtual gating was
stated to occur when the sheet charge at the free AlGaN surface was negatively shifted by
the trapping of electrons in surface states. When the HEMT is biased in an off-state, a
negative gate voltage (threshold voltages of depletion mode HEMTs are typically -5 V ≤
Vth ≤ -2 V) provides a large supply of electrons, which can be driven out to surface states
in the presence of an electric field. Figure 1-4 shows a TCAD simulation of electrostatic
potential in an AlGaN/GaN HEMT when the drain voltage is biased in an off-state.
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Al0.3Ga0.7N

GaN

Figure 1-4: Simulation of electrostatic potential present in AlGaN/GaN HEMT with VGS
= – 5 V and VDS = 10 V.
Once electrons are trapped in surface states, the fixed negative charge remains until an
opposite polarity electric field drives electrons back to the gate electrode or, in the
absence of an electric field, the slow process of surface diffusion allows the electrons to
disperse. With recovery time constants on the order of microseconds to seconds,24-32 the
HEMT’s effective gate voltage is determined by the amount of trapped negative surface
charge during that period, not the gate electrode potential. High frequency changes to the
gate electrode voltage become ineffectual as the trapped negative charge keeps the device
channel in a depleted state. In addition to the common reporting of the virtual gating
effect in I-V curves, Koley et al.25 and Sabuktagin et al.26 have also observed the
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presence of trapped negative charge on the HEMT surface between the gate and drain
after off-state stressing using scanning Kelvin probe microscopy (SKPM). The process
of virtual gating is qualitatively described in Figure 1-5.
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Figure 1-5: Virtual gating process diagram (VDS = 10 V).
In order to reduce or eliminate the occurrence of virtual gating in AlGaN/GaN
HEMTs, two types of solutions exist: those in which the device geometry is engineered to
minimize the impact of surface states and those that aim to reduce or modify the
populations and/or characteristics of trapping centers.

An example of the first

engineering based approach is physically separating the AlGaN/GaN interface from the
surface by growing thick barrier layers, such that trapped negative surface charge would
not be able to deplete the device’s conducting channel. Shen et al. demonstrated this by
fabricating devices out of heterostructures with 285-290 nm thick AlGaN barrier layers,19
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a factor of ten thicker than in a typical HEMT structure. These devices operated with a
high output power of 17.8 W/mm at 4 GHz, but had a lower than typical threshold
voltage of -6 V. In a later study from the same research group, Chu and co-workers
found that by using 50 – 150 nm thick GaN capping layers, the effects of surface
charging on RF dispersion could be reduced.33 The main drawback of both of these
approaches is that they requires the use of precise dry etching to recess the gate contact
into close proximity of the HEMT channel. Aside from having the potential for plasma
damage of the active device heterostructure below the gate contact, dry etching depths
can have a great deal of variability without the use of an etch-stop layer and/or selective
etch chemistry. Slight height variations in the gate recess depth could lead to undesirable
changes in threshold voltage, transconductance, and other electrical parameters.
An example of the second type of approach that seeks to reduce or modify
populations of trapping defects is the deposition of a dielectric layer to passivate the
exposed HEMT surface. While several insulators such as SiO2/SiON,34,35 Al2O3,36,37
Sc2O3,38-40 MgO/MgCaO,39-41 and others have been experimentally tested as passivation
layers, the most commonly utilized one is non-stoichiometric silicon nitride (SiNx).42
SiNx is typically deposited by plasma-enhanced chemical vapor deposition (PECVD) at
temperatures of approximately 300 ºC before or after the gate metallization step in the
HEMT fabrication process.

While passivation can be accomplished quickly and

uniformly over large areas without the use of a recess etch, it ultimately is a plasma
process which poses several concerns. Since the active device region is only a few tens
of nanometers thick, any plasma damage or shallow ion implantation will modify the
HEMT electrical characteristics.
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A final option that several research groups have recently investigated is to
combine both methods of reducing virtual gating by fabricating field-plates.15,16,43-45
Similar to a T-gate structure, a field-plate is a lateral extension of the gate metal that lies
on the surface of the passivation layer, in a direction towards the drain contact. The
purpose of this lateral extension of the gate contact is to help spread out the electric field
density near the drain-side gate edge, while gaining the benefits of passivation
simultaneously.

This approach has produced the highest output power density

published.16 The undesirable effect of field-plate addition is that it adds a parasitic gatedrain capacitance. While a field-plate can extend the voltage operating range of the
HEMT device, the effectiveness of the underlying passivation layer can still vary greatly
based upon how the HEMT surface is prepared prior to dielectric deposition.

1.3 Research Objectives

The GaN HEMT research community has demonstrated that SiNx passivation has
the capability to nearly eliminate the effect of virtual gating, while leaving most dc IV
characteristics unchanged. However, the body of literature related to HEMT passivation
has yet to reach consensus on the mechanisms that are responsible for the reduction in
slow drain current transients present in device electrical data. Similarly, the undesirable
side-effects of SiNx deposition, such as increased gate leakage and interdevice isolation,
and reduced breakdown voltage, are topics that have not been exhaustively studied and
often have differing conclusions depending on the particular study. Compounding these
issues is the fact that every group’s material quality and processing techniques are

13
slightly different, due to various growth methods and processing tools, which have
prohibited the development of a standard passivation procedure.
At the current state of GaN material quality and technological immaturity, it is
unlikely that a standard passivation procedure could be developed to address the needs of
all HEMT designers.

Instead, the objective of this thesis was to understand the

mechanisms responsible for undesirable HEMT characteristics, such as RF dispersion
and interdevice isolation current, by using both electrical and materials characterization
in conjunction with TCAD simulation.

With the conclusions drawn from the

comprehensive examination of the experimental and modeling results, members of the
GaN HEMT research community should be able carry out further studies that will explain
the unique problems that exist with their materials and develop refined processing
techniques to improve the performance and reliability of their power devices.
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Chapter 2
Literature Review

2.1 Introduction

At the heart of this research project lies a quintessential interdisciplinary problem:
that of electrical performance being impaired by material defects. As a result, the body
of literature that has been devoted to the topic of passivation of GaN-based HEMTs has
been compiled by groups that typically specialize in either materials or electrical
characterization techniques. Since the commonly suspected cause of RF dispersion is the
presence of electrically-active surface or barrier layer trapping centers, the materials
characterization work that has been reported typically involves surface sensitive
techniques such as x-ray photoelectron spectroscopy (XPS), Auger electron spectroscopy
(AES), or scanning Kelvin probe microscopy (SKPM). Electrical observation of trapping
centers typically requires the use of a transient current spectroscopy (TCS) technique
such as pulsed I-V or its variations such as gate lag or drain lag measurements.
As mentioned in the previous chapter, the goal of this research project is to bridge
the gap between materials science and electrical engineering in order to achieve a more
encompassing view of the GaN HEMT passivation procedure. This chapter is intended to
review existing literature that provides relevant insight and comparison for presenting
and discussing experimental data in the later chapters. This chapter is divided into three
broad sections to cover materials characterization of surface treated group III-N materials
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(2.2), electrical characterization of surface treated/passivated HEMT devices (2.3), and
SiNx film stoichiometry/composition effects on electrical performance (2.4). Within each
section, there are several sub-sections that group and discuss similar studies about a
particular type of surface treatment or topic. The final section will provide a summary
that highlights the important concepts or themes that can be gleaned from the literature
review.

2.2 GaN, AlGaN, and AlN Surface Materials Characterization Studies

Several surface characterization studies of III-N materials have been conducted to
examine the effects of wet chemical, UV/ozone, and plasma treatments on surface atomic
species concentration and bonding.

XPS and AES are two commonly used

characterization methods, each capable of attaining 0.1 at. % accuracy with sampling
depths of 5 – 50 Å and 5 – 100 Å, respectively.1 The major difference between the two
techniques lies primarily in lateral resolution and in the ability to determine chemical
bonding information. Since AES uses accelerated electrons to excite core shell electrons
in the sample, the easily controllable spot size of the beam allows for excellent lateral
resolution. In contrast, XPS uses x-rays, to create photoelectrons from the sample’s
surface, which cannot be focused using magnetic lenses. The advantage that XPS has
over AES is the ability to determine limited bonding information by observing shifts in
the photoelectron’s binding energy.

With proper reference standards, both of these

techniques can provide insight into the surface chemistry of treated III-N materials.
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Lessons learned from the silicon metal-oxide-semiconductor (MOS) industry have
paved the way for initial studies in III-N surface characterization as the common
objectives have been to find out how to reduce surface organic contamination and native
oxides that form after exposure to ambient atmosphere. In addition to those goals,
chemical modification of the surface has also been of interest for enhancing the electrical
properties of HEMT ohmic contacts, which will be discussed in section 2.3.5. While
most of the studies presented in this section do not examine the effects that their
treatments have on HEMT RF dispersion, they do provide insight into how surface
treatments could cause changes in material characteristics, such as the population of
surface donor level defects, which would ultimately impact device performance. The
conclusions drawn from these studies help in suggesting mechanisms that are responsible
for the changes that we observe in our device experimental data.

2.2.1 Wet Chemical Treatments

Wet chemical treatments prior to passivation have the benefit of being fast,
scalable, and relatively cheap without the need for having plasma tools dedicated to
surface treatment. Several examples of aqueous chemicals that have been experimented
with include buffered oxide etch or BOE (NH4F:HF:H2O),2-4 HCl,2-6 NH4OH,2,3,7,8
HNO3,2 H2SO4,2 KOH,2 NaOH,2 and (NH4)2Sx.9,10 One study that used XPS and AES to
examine the effects of numerous wet treatments of AlN and GaN was conducted by King
and co-workers in 1998.2 In addition to 14 different wet chemical treatments, King et al.
also studied the effects of UV/ozone, remote H2 plasma, and high temperature annealing.
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The group found that HF and HCl were most effective in removing surface oxygen; this
was suspected to occur through the attacking of OH- species. One noticeable byproduct
of these treatments, however, was the presence of residual halogen species. In each
material it was suspected that the surface cation was more likely to bond to the halogen
atom. King also acknowledged that physisorbed HF species may also have contributed to
the observed fluorine signals. Thermal desorption of oxygen proved difficult in both
materials, as the oxygen XPS signal was still present at temperatures of 1100 ºC for AlN
and 950 ºC for GaN. Complete thermal desorption of oxygen only occurred at higher
temperatures, where it was suspected that sublimation of the surface monolayers
occurred.
In terms of surface carbon reduction, King states that UV/ozone was effective, but
did not completely eliminate the presence of carbon. In addition, UV/ozone treatment
also resulted in the formation of aluminum and gallium oxides on AlN and GaN surfaces,
respectively. Remote H2 plasma treatment was also effective in removing carbon, but did
not remove native oxides from the nitride surfaces. RCA SC1 (1:1:5 NH3OH:H2O2:H2O
@ 85ºC) showed not to have the same effect that it does on silicon, as it left about the
same amount of carbon on the surface as the BOE treatment and a higher oxygen
concentration. RCA SC2 (1:1:5 HCl:H2O2:H2O @ 85ºC) also left elevated oxygen levels
and slightly higher carbon contamination. Thermal desorption of carbon was found not
to be complete until temperatures greater than 950 ºC for both materials. C-O species
desorbed at temperatures between 400 – 600 ºC, but C-H species remained stable to
higher temperatures (600 – 950 ºC). The final important point to note from King’s study
is that halogen species present on AlN and GaN surfaces are fairly resistant to
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temperature annealing. The authors found that complete thermal desorption of fluorine
from an AlN surface and Cl from a GaN surface occurred at temperatures greater than
950 ºC and 600 ºC, respectively.
One disadvantage to wet chemical treatments is that they must be performed
outside of a pressure controlled environment, which means that the HEMT surface will
be exposed to air prior to silicon nitride passivation. It is possible that during this
exposure to atmosphere, a clean AlGaN surface quickly becomes covered with organic
contamination simply due to impinging carbon-containing species in the air. It is also
possible that wet chemicals, DI H2O, or dry N2 could also have trace amounts of carbon
that could adsorb on the AlGaN surface. Regardless of which reason is responsible, there
exists a common trend in the literature that wet chemical treatments alone will not
completely eliminate adventitious carbon from the HEMT surface.2-4,6,8,9,11,12 In order to
provide more effective organic cleaning in addition to native oxide removal, wet
chemical use in conjunction with plasma treatment has been observed to work well.

2.2.2 Plasma + Wet Chemical Treatments

Hashizume et al. demonstrated that by using a 10 minute NH4OH treatment at 50
ºC followed by one of three plasma treatments, N2, H2, or CH4/H2/Ar, the concentration
of carbon and oxygen on the AlGaN surface, detected with XPS, could be significantly
reduced.8,13,14 It was suspected that the NH4OH treatment was involved with removing
the majority of native oxide present, and then the plasma treatment would further reduce
oxygen and carbon concentration in different ways depending on the gaseous precursor.
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In the cases of H2 and CH4/H2/Ar plasmas, the observed V/III ratio was seen to decrease
dramatically, suggesting that nitrogen could be leaving the surface in the form of NHx
species, taking with it adsorbed carbon and oxygen. In the case of the N2, the authors
suggest that radicals may form volatile NOx products to remove surface oxygen. While
these treatments were effective in removing the alleged problematic contaminants, the
degradation in V/III ratio may have been responsible for an observed increased leakage
current in similarly processed AlGaN Schottky barrier diodes, due to the belief that large
populations of nitrogen vacancies were formed during processing. The nitrogen vacancy
in GaN has been determined to be shallow donor level defect at 70 meV below the
conduction band edge (EC) in GaN15,16 and a deep donor level defect at EC – 0.37 eV in
Al0.28Ga0.72N.13
Despite the increase in leakage current, the authors also report a contradicting
result in that the Ga 3d XPS signal measured at an extremely surface sensitive electron
escape angle of 10º was found to shift by approximately 0.4 eV towards lower binding
energies after H2 plasma treatment.13 This shift towards lower binding energy suggests
that the conduction and valence bands bend upward at the surface, moving the Fermilevel at the surface closer to the valence band. As an n-type dopant, a large population of
nitrogen vacancies should move or pin the Fermi level closer to the conduction band.
As a comment on the use of the XPS Ga 3d photoelectron peak for determining
Fermi level position at GaN and AlGaN surfaces, it should be pointed out that there could
possibly be a great deal of misinterpretation in the literature involving this subject. While
hardly ever cited in the GaN literature, the Ga 3d binding energy technique was first used
in GaAs characterization by Kraut, Grant, and co-workers in studies that focused on
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identifying the Fermi-level position at the surfaces of n- and p-type GaAs17 and the
energy value of the abrupt valence band discontinuity at the Ge/GaAs interface.18 Since
these initial studies, it has also been used to evaluate the effects of GaAs surface
treatments, such as (NH4)2Sx wet chemical passivation.19,20 There are several potential
problems that arise when applying this technique to GaN. The first problem is that the
anion in GaN, nitrogen, does not have any d-core shell electrons. In GaAs, both the
cation and anion have 3d peaks that can be used to monitor and verify against each other,
the energy positions relative to the valence band. An analysis in GaN would rely solely
on the Ga 3d peak. The second complication that arises in GaN is that it is difficult to
determine whether a Ga 3d binding energy shift is due to changes in band bending or a
true chemical shift due to local variation of bonding configurations. A notable line from
Grant et al. states that the As 3d line was used to monitor the Fermi-level position in
GaAs because the peak for As-Ga bonding is well resolved (separated by 3-5 eV) from
the As-O peak.17 The chemical shifts for the Ga 3d peak are not as dramatic, for
example, the Ga-O peak shifts approximately 1 eV towards higher binding energy from
the Ga-N peak.20 With Ga 3d components overlapping in close proximity, the convoluted
peak shape may allow multiple interpretations depending on the details of the fit that is
used, such as full-width half-maximum (FWHM) and Gaussian/Lorentzian ratio, which
could easily cause error on the order of the size of the observable shift. The third
problem, relating to nitrogen again, is that when using a monochromatic Al Kα x-ray
source, the N 1s peak is convoluted with two Ga LMM Auger peaks, shown in Figure 21. Similarly to the Ga 3d case, the convolution of the N 1s peak makes it difficult to
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correctly distinguish between chemical shifts due to bonding changes and those due to
surface band bending.
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Figure 2-1: XPS N 1s photoelectron peak excited by Al Kα x-ray source (1486.6 eV).
Selvanathan et al. investigated the application of SiCl4 plasma with a variety of
wet chemical post-treatments to n-type GaN and Al0.2Ga0.8N surfaces with XPS and AES
characterization.3 The SiCl4 plasma was performed in a reactive ion etch (RIE) system at
a pressure of 25 mTorr and self-bias of -300 V. The wet chemicals that were used
immediately after the plasma treatment were BOE, HCl, or NH4OH. In both the n-type
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GaN and Al0.2Ga0.8N cases, SiCl4 plasma followed by 2 minutes of submersion in BOE
provided the most effective method of removing surface oxygen. The authors also found
that after 1 hour of exposure to atmosphere, the SiCl4 + BOE treated sample had regained
about 50% of its oxygen concentration (compared to before treatment) and after 24 hours
it had nearly regained its entire initial oxygen concentration. This trend shows the
propensity of the GaN and AlGaN surfaces to oxidize, and should be considered when
applying surface treatments that may reduce the surface oxygen concentration. AES
results were presented to show the effect of varying SiCl4 bias, in which the authors saw
a larger concentration of silicon on the surface as plasma bias increased. Lastly, the
authors observed a small, 0.25 eV shift in the Ga 3d XPS peak towards higher binding
energies after each SiCl4 + wet chemical treatment, which they attribute to the formation
of nitrogen vacancies causing downward band bending at the surface. This is a perfect
example of a possible misinterpretation of the Ga 3d peak position, as one would predict
non-volatile Ga-Cl species on the surface to shift the Ga 3d binding energy to higher
values. A separate study that investigates this Ga-Cl chemical shift was published by Lai
et al.21
Another XPS study that examined combinations of wet chemical and plasma
treatments was conducted by Gonzalez-Posada et al.4 This group treated an Al0.27Ga0.73N
surface with several different permutations of organic solvent cleaning (soapy H2O,
acetone, and IPA), NH4OH, HCl, BOE, UV/ozone, O2 plasma, and rapid thermal
annealing (RTA). The study concluded that in order to achieve a balance of low levels of
carbon and oxygen there were three sequences of treatments that were effective: organic
cleaning + BOE dip, organic cleaning + O2 plasma + BOE dip, or organic cleaning + O2
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plasma + HCl dip. The authors found that if the order of the O2 plasma and BOE/HCl dip
were reversed, carbon concentration was decreased further, but oxygen concentration
increased substantially.

2.3 Surface Treatment Effects on Device Electrical Performance

The first application of SiNx as a passivation layer for GaN HEMTs is typically
credited to Green et al. in their 2000 publication.22

Since that initial publication,

investigation into the topic of passivation has covered a variety of areas such as the use of
different dielectric materials as passivants or the electrical effects that atomic hydrogen
can produce in GaN material. One area where research has been lacking in the past is in
the study of surface treatments applied prior to passivation and what mechanisms are
responsible for successful passivation.

In our initial work, we found that surface

preparation prior to passivation was an extremely important step in order to achieve a
significant reduction in HEMT RF dispersion.11,23 In order to evaluate the efficacy of a
given passivation procedure, dc I-V and pulsed I-V techniques are commonly utilized.
Since pulsed I-V measurements are not as prevalent as dc I-V and small/large signal ac IV measurement techniques, the next section will provide a brief introduction into the
basics and application of pulsed I-V to GaN HEMTs before reviewing the literature
involving this method of transient current spectroscopy.
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2.3.1 Pulsed I-V Introduction

Pulsed I-V has commonly been used to observe RF dispersion in AlGaN/GaN
HEMTs.24-36 This technique has two distinct advantages over dc I-V characterization
when used to examine these devices. First, by limiting the amount of time that high
currents are flowing through the device, thermal heating effects are minimized that may
cause higher channel resistance. Second, by making measurements on a time scale that is
shorter than the time constants of surface states that cause RF dispersion, pulsed I-V can
effectively obtain a snapshot of the degraded performance that would be seen during RF
operation.

When performing a pulsed I-V measurement, each set of I-V curves is

generated by pulsing voltages away from a quiescent bias point (QBP). The QBP,
consisting of the drain and gate voltages, will determine what type of electric field state is
present in the HEMT in between pulses. Figure 2-2 illustrates how three data points in a
pulsed IDS vs. VDS curve (with VGS = 0 V) are generated with a QBP of VDS = 6 V and
VGS = -5 V. In our group’s pulsed I-V measurements, pulse lengths are typically 200 ns
with pulse separation of 1 ms. The drain current measurement, which takes only a few
nanoseconds to make, is performed at the end of the voltage pulse in order to avoid any
current oscillation that would result from the initial settling of electrode voltages.
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Figure 2-2: Generation of pulsed IDS vs. VDS for VGS = 0 V with QBP (VDS = 6 V and
VGS = -5 V).
In the case of the unpassivated AlGaN/GaN HEMT, pulsed I-V characteristics can
vary greatly depending on which QBP is used. When a large electric field exists between
the gate and drain, such as the one shown in Figure 1-4, charging of trapping centers
causes virtual gating that reduces the magnitude of pulsed IDS. This undesired virtual
gating effect can be seen in Figure 2-3b which shows the I-V response of an unpassivated
HEMT with QBP (VDS = 6 V, VGS = -5 V). In Figure 2-3a, pulsed I-V curves are
generated from the same device, but under a zero electric field QBP (VDS = 0 V, VGS = 0
V). The dramatic difference between the two sets of curves qualitatively shows the
presence and extent of the effect that electron trapping centers have, and also can be used
semi-quantitatively to make comparisons between different devices and before/after
passivation.
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Figure 2-3: Pulsed IDS vs. VDS for -5 V ≤ VGS ≤ 2V of 1×100 µm2 HEMT with quiescent
bias points: (a) VDS = 0 V, VGS = 0 V and (b) VDS = 6 V, VGS = -5 V.
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2.3.2 Pre-passivation Plasma Treatment Effects on RF Dispersion

In a study by Edwards and coworkers, the use of an NH3 plasma treatment prior to
SiNx passivation was found to have a favorable effect on HEMT pulsed I-V and RF
characteristics.37 The in situ NH3 plasma treatment was performed immediately prior to
passivation at 250 ºC, 50 mTorr, and 35 W inductively-coupled plasma (ICP) coil power
for 3 minutes. Gate-lag measurements (a form of pulsed I-V where only the gate voltage
is pulsed and the drain voltage is held constant) showed that the addition of the NH3
plasma treatment improved drain current response compared to SiNx-only passivated
sample.

In addition, subsequent gate-lag measurements made on extended dc bias

operation SiNx-only samples showed degradation of drain current, down to about 20% of
the initial value after 80 hours. After 340 hours of dc bias operation, the sample with
NH3 treatment and SiNx retained its initial current response.

Edwards et al. also

examined continuous wave (CW) microwave characteristics as a function of time and
observed no change in output power at 2 GHz after 70 hours, suggesting that the NH3
helped improve reliability. The mechanisms responsible for this improvement were
suggested to be related to (1) the structure becoming more resistant to hot electron
damage through the strengthening of bonds in the material or (2) that incorporated H
passivates defects, resulting from hot electron damage, as they are created.37
Hasegawa et al. studied the effects of N2 and H2 plasma surface treatment prior to
passivation on gateless HEMT devices with source-drain gap of 4 × 64 µm2.13 Both
plasma treatments were applied to samples with 50-100 W of power for 1 minute, at 200
ºC in an electron-cyclotron-resonance (ECR) plasma system. In the case of the H2
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plasma, samples were treated with a 5 minute plasma exposure, followed by PECVD
SiO2 passivation formed by SiH4 and N2O precursors. Standard dc IDS - VDS curves of
treated gateless HEMTs showed a large hysteresis after ramping VDS from 0 V to 20 V
and then back to 0 V. The pulsed I-V response of the H2 plasma treated devices after 1-5
minutes of stressing at a large drain voltage showed the presence of slow and highly nonexponential transient response (as opposed to an exponential response in the form shown
in Eq. 2-1, where τ is the emission time constant.) as compared to unpassivated devices.
The authors suspect that electron emission from charged nitrogen vacancy deep donor
defects at EC – 0.37 eV was responsible for the slow return of the drain current to steady
state values. In contrast to the H2 plasma samples, N2 plasma treated gateless HEMTs,
passivated with Al2O3 did not show any signs of slow current transients in the pulsed I-V
data. Hasegawa and co-workers’ method of forming Al2O3 involved using molecular
beam deposition to put a 3 nm layer of Al on the exposed HEMT surface, followed by
oxidation in an ECR chamber with 5 minutes of O2 plasma. In this group’s later work,
they reported that the H2 plasma also caused an increase in gate leakage current in
Ni/Al0.2Ga0.8N Schottky junction structures.8
t
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Romero et al.35 have studied the effect of applying an in situ 1 minute, 60 W, 200
ºC N2 plasma before SiNx passivation. In addition to passivating HEMT samples, metalinsulator-semiconductor (MIS) capacitors were fabricated on n-type GaN to provide
samples for capacitance-voltage (C-V) and conductance-frequency (G-f) measurements.
The SiNx used for all samples was deposited in a PECVD system, using SiH4 and NH3 as
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precursors, and was determined by ellipsometry to be slightly N-rich with a refractive
index of n = 1.83. Gate lag measurements with pulse lengths as short as 200 ns revealed
that virtual gating effects were reduced in the N2 plasma pretreated sample, as compared
to the passivated sample with no pretreatment. The authors suggested that the N2 plasma
was able to reduce the density of slow traps (with τ ≥ 1 µs) in the active area of the
device. Their hypothesis was supported by the results from the G-f measurements, which
indicated that the N2 plasma pretreated MIS capacitors had a 65% lower interface state
density than the untreated ones, down to 2 × 1012 cm-2 eV-1. Another interesting aspect of
this study was that the authors found the mitigation of RF dispersion to be reversible as
the virtual gating effect returned when they removed the SiNx passivation layer with
BOE. After repassivating, with the N2 plasma pretreatment, their pulsed I-V performance
improved again to slightly better values than after the first passivation.
Bardwell and coworkers’ 2007 publication,6 was the first study after our initial
work11,23 that reported a correlation between surface carbon concentration and current
collapse in SiNx passivated HEMTs. In their study, Bardwell et al. investigated the effect
of three separate treatments applied within 12 minutes prior to passivation.

The

treatments included standard organic solvent cleaning (soapy deionized (DI)
water/acetone/isopropyl alcohol/DI water), air plasma descum, and air plasma descum
followed by a 30 second HCl:H2O (1:1) dip with DI water rinse. The group used AES
depth profiling to investigate the residual carbon and oxygen species at the SiNx/AlGaN
interface and 600 ns pulse length I-V measurements to observe RF dispersion. The
results showed that the pulsed I-V performance improved in both of the air plasma
descum containing pre-treatment cases compared to the organic solvent prepared sample.
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AES showed that the carbon concentration in both of the air plasma descum containing
cases was approximately 5 at. %, compared to 17 at. % in the organic solvent prepared
case.

The amount of residual oxygen did not appear to correlate with pulsed I-V

performance, as similar low levels of current collapse were observed in both air plasma
descum containing samples, but with the addition of the HCl dip the oxygen
concentration dropped from approximately 8 at. % to 5 at. %.
There have been a few studies to date investigating the effect of CF4/O2 plasma
treatments on HEMT electrical characteristics. Shapoval et al. observed through C-V
measurements that by treating a GaN surface with a CF4/O2 ECR plasma prior to
depositing silicon nitride, they were able to reduce interface states to 1 × 1011 cm-2 eV1 38

.

After optimizing this surface treatment and silicon nitride recipe, application to

AlGaN/GaN HEMTs provided improvements in breakdown voltage, saturation current,
output power at 10 GHz, and power added efficiency. The group concluded that different
treatments of the semiconductor surface (such as cleaning, oxide removing, etc.) could be
determining factors of passivation efficiency.

Similarly, Guhel and coworkers also

observed improvement in HEMT saturation current after CF4/O2 plasma treatment
followed by SiNx deposition, compared to an untreated, passivated device.39
In some instances, groups have reported the ability to reduce RF dispersion
without the use of an overlying passivation layer.

As an example, DiSanto et al.

published a report on the use of a UV/ozone treatment on the HEMT surface that was
effective in mitigating current collapse.40 The authors argue that the defects involved
with virtual gating must be related to the presence of threading dislocations, because
point defects are too close in energy level to the conduction or valence bands to have
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emission time constants long enough to explain the slow current transients in devices.
The intersection of threading dislocations with the HEMT’s 2DEG and termination at the
HEMT’s surface is suspected to form charge trapping centers that can cause localized
depletion pockets. The authors cited a deep-level transient spectroscopy (DLTS) study
performed by Vertiatchikh et al. as evidence that current collapse causing defects have
energy levels that are approximately 1.4 eV away from the conduction band, deep in the
GaN bandgap.41 By applying a 10 minute, 5 mW/cm2 at λ = 256 nm UV/ozone exposure
to a HEMT device, RF dispersion caused by traps with very long time constants (τ ≥ ms
or s) was observed to be reduced by dc IDS-VDS voltage sweeps. The authors argue that
this effect could not be strain related to the reduction in current collapse as the exposure
to UV/ozone caused only a thin (< 2.5 nm) oxide to be formed on the surface.42

2.3.3 Surface Treatment and Passivation Effects on Gate Leakage Current

While passivation often can improve the frequency response of HEMT devices,
one of the undesirable side-effects that it causes is increased leakage current. More
specifically, the gate leakage and interdevice isolation currents (in mesa isolated devices)
can rise several orders of magnitude after the deposition of a dielectric layer on top of the
HEMT’s exposed surface. Besides wasting power in the off-state, gate leakage current is
also a concern for the reliability of the device, as electrons present in the high-electric
field region of the device between the drain and gate can become accelerated and cause
hot-electron damage. Significant gate leakage current has also been shown to cause a
substantial variation in minimum noise figure in HEMTs across a sample.43 Insertion of
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a gate dielectric between the electrode and HEMT surface has been shown to
significantly reduce leakage current44,45, but also undesirably causes lower (larger
magnitude, negative) threshold voltages and decreased mutual transconductance.
Consensus on the mechanisms responsible for gate leakage and interdevice
isolation current has been difficult to achieve in the literature, primarily because each
group’s HEMT heterostructure design and processing are slightly different. For example,
some groups will incorporate a highly doped n-type AlGaN layer with a thin undoped
spacer layer between the 2DEG and the doped layer, with hopes to increase the sheet
carrier concentration by diffusion of electrons over the conduction band offset at the
heterojunction, into the 2DEG. While it is often assumed that gate leakage between the
gate and drain electrodes primarily occurs by some type of surface conduction method,
the incorporation of a highly doped AlGaN layer may provide a vertical pathway for
electrons to travel to the 2DEG and then onto the drain terminal. Figure 2-4 shows a
TCAD simulated conduction band diagram and electron density plot for a Al0.3GaN/GaN
HEMT barrier layer with various n-type doping levels ranging from ND = 1 × 1017 cm-3 to
1 × 1019 cm-3, in half decade increments. For ND = 5 × 1018 cm-3, the electron density in
the barrier layer reaches values in excess of 1 × 1017 cm-3, which certainly is capable of
providing a pathway for electron tunneling from the gate to the barrier, and then from the
barrier into the 2DEG. Vertical conduction may also be achieved by hot electron injection
from the drain side of the gate edge to the 2DEG, where peak electric fields can reach
magnitudes greater than 1 MV/cm. Recent research is starting to address this possibility
and is investigating the effects that various surface treatments and passivation materials
have on leakage current.
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Figure 2-4: TCAD simulation of (a) conduction band diagram and (b) electron density
for various n-type doping levels of the barrier layer in a simple Al0.3GaN/GaN HEMT.
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Tan and coworkers have used an interdigitated guarded gate test structure to
investigate gate leakage current components in AlGaN/GaN HEMTs grown by metalorganic vapor phase epitaxy (MOVPE) on sapphire.46 As shown in Figure 2-5, Tan et al.
placed a Schottky guard contact around the entire 1290 µm periphery of the gate contact,
with a constant gate-guard spacing of 5 µm. Outside of the guard contact, an ohmic
contact was used to measure the vertical gate leakage current that escaped the structure
via the 2DEG. In addition to the gate leakage test structures that were used, the authors
also fabricated 1 × 50 µm2 gate length × width HEMT devices to observe the effect of
different SiNx deposition on gate lag experimental data. Three different recipes for SiNx
deposition were employed that included a standard film with refractive index of n = 1.88
(deposited at 300 ºC), an extremely silicon-rich film with n = 2.9 (deposited at 300 ºC),
and a low-temperature film with n = 1.79 deposited at 40 ºC.

Figure 2-5: Interdigitated gate leakage test structure used in Tan et al.46
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In all of the unpassivated and passivated cases that were tested, Tan et al. saw that
the gate leakage current measured from their unique structure was dominated by vertical
current, or Ibulk as they have called it in their publication, saturating at values of
approximately 5 × 10-5 A. The measured surface current of the unpassivated samples
reached a value of approximately 5 × 10-6 A at VG = -100 V. After passivating with the
high refractive index (n = 2.9) and standard (n = 1.88) SiNx films, the surface component
of the leakage current dropped by two orders of magnitude, in contrast to the sample
passivated with the low-temperature (n = 1.79) SiNx sample, whose surface current
increased to 1 × 10-5 A at VG = -100 V. A correlation between the reduced surface
leakage current and gate-lag ratio was observed in subsequent measurements as the n =
2.9 and n = 1.88 samples had significantly improved pulsed I-V performance compared
to the unpassivated and n = 1.79 passivated samples.
Kotani et al. have conducted a series of experiments using a two parallel 1 × 200
µm2 gate test structure to measure separately the lateral surface leakage and vertical
leakage current.47 A criticism that the authors had of Tan and coworkers’ work,46 was
that the electrode spacing was much longer than what would be used in an actual device.
In order to obtain a more representative measurement of actual device leakage currents,
Figure 2-6 shows the test structure and schematic describing the electrical measuring
setup that the authors used. Different test structures across the sample had various
parallel gate spacing, denoted LGG, of 200 nm, 400 nm, 600 nm, 1 µm, and 5 µm. The 25
nm thick Al0.27Ga0.73N barrier layer was comprised of a 15 nm highly Si-doped (2 × 1018
cm-3) in between two 5 nm of unintentionally doped AlGaN layers. This barrier layer
was grown after the GaN buffer layer, by MOVPE on a sapphire substrate. In all the
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measurements that were taken, the ohmic contact and the secondary gate, G2, were
grounded and low magnitude negative voltages were applied to the primary gate.

Figure 2-6: Two parallel gate leakage test structure used in Kotani et al.47
As a result of sweeping the primary gate voltage from 0 V to -4V, Kotani and
coworkers observed that the total gate leakage current was dominated by vertical current
of a consistent 10 µA at VG1 = -4 V, collected at the ohmic contact in every LGG case,
except for the shortest spacing of 200 nm where the surface and vertical currents were
approximately equal. Larger variation occurred in the surface leakage component, which
spanned from approximately 10 nA for LGG = 5 µm to 10 µA for LGG = 200 nm at the
final VG1 = -4V. When these surface leakage values were plotted versus LGG, the authors
found that the current did not follow a 1/LGG trend and argue that a simple resistive layer
model of surface conduction can not explain the trend. Instead, the authors suggest that a
two-dimensional variable-range-hopping conduction mechanism can explain the trend in
surface leakage and proceed to show measurements that confirm the conductivity
observed in the surface leakage current is proportional to temperature in a manner given
by Eq. 2-2:

39
⎡ ⎛ 1 ⎞ 13 ⎤
σ (T ) ∝ exp ⎢− ⎜ ⎟ ⎥
⎢⎣ ⎝ T ⎠ ⎥⎦

2-2

In the last section of their paper, they show that after SiNx passivation, using a N2 plasma
pretreatment, the surface leakage current component for the LGG = 200 nm case drops
approximately 4 orders of magnitude. However, despite the drop in surface leakage, the
vertical component remained essentially the same after passivation and continued to
dominate the total gate leakage current.
While the results from Tan et al.46 and Kotani et al.47 both indicate that gate
leakage current is primarily dominated by vertical leakage current through the AlGaN
barrier layer, it may be important to point out that both studies examined HEMT
structures grown on sapphire substrates by MOVPE. With higher densities of threading
dislocations in epitaxial layers grown on sapphire (due to the larger lattice mismatch), it
is possible that the vertical leakage could dominate over lateral surface leakage current,
due to some type of transport mechanism along these defects. By comparing surface
maps from scanning current-voltage microscopy, atomic force microscopy (AFM), and
transmission electron microscopy (TEM), Hsu et al. concluded that the GaN Schottky
diode reverse bias leakage current occurs primarily at locations where dislocations with a
screw component intersect the Metal/GaN interface.48 Although there has not yet been a
specific study that proves it, there is limited evidence that surface gate leakage current
can dominate over vertical gate leakage current in AlGaN/GaN HEMTs grown on SiC
substrates due to effects observed after applying plasma surface treatments.36,49-51
Shen et al. first reported that a pre-metallization CF4 plasma treatment, applied
after gate recess etching of thick barrier layer HEMT samples grown by MOCVD and
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MBE on SiC, was effective in reducing gate leakage current.49 Chu et al. published a
systematic study of this reactive-ion etch (RIE) plasma treatment’s effect on Schottky
diodes fabricated on Al0.22Ga0.78N/GaN heterostructures grown by metal-organic
chemical vapor deposition (MOCVD) on SiC substrates.50 The authors observed that the
CF4 plasma etch rate of Al0.22Ga0.78N, which was determined by C-V, was approximately
1.4 nm/min when the plasma was biased at 250 V. Also, from the C-V data, the authors
observed a shift in the threshold voltage toward positive values as etch time increased
from 0 to 15 minutes. (The use of CF4 plasmas to create enhancement mode devices will
be discussed briefly in section 2.3.6.) By reducing the bias of the CF4 plasma from 250 V
to 100 V, the authors found that the reverse bias leakage of the Al0.22Ga0.78N/GaN
Schottky diodes could be decreased by approximately three orders of magnitude over a
15 minute exposure. By applying a short, low power BCl3/Cl2 plasma etch after a 15
minute CF4 plasma treatment, the leakage current was restored to the values that were
observed before exposure to the CF4 plasma, suggesting that the observed reduction was
likely related to a surface modification effect.
To investigate this effect further, C-V and Hall Effect measurements were
performed on n-type doped (ND = 4 × 1017 cm-3) GaN Schottky diodes and Hall structures
that had been treated with various exposure durations of 250 V biased CF4 plasma. After
25 minutes of plasma exposure, the Hall sheet carrier concentration had dropped from
just above 4 × 1012 cm-2 to approximately 1 × 1012 cm-2, while mobility stayed constant at
600 cm2/V·s. C-V data was consistent with the Hall measurements, as it showed a
depletion of electrons from near the surface that extended into the GaN layer, as far as
100 nm after 25 minutes. The authors conclude that introduction of acceptor-type defects
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must be responsible for this depletion, as the etch rate was too slow to account for the
large loss of electrons and the surface barrier height would have to be an unreasonable 4
eV above the Fermi level in order to achieve a depletion width of 100 nm in the n-type
doped GaN material. This conclusion is somewhat contradictory to what the authors
have claimed earlier in the paper. The authors suggest that the observed reduction in
leakage current is a surface effect, yet the introduction of acceptor-type defects would
have to extend 100 nm into the bulk in order to obtain the observed depletion width. Chu
et al. have since changed their opinion about the mechanism involved with the reduction
in leakage current in a study that was published 6 months later, where they suggest that
the CF4 plasma treatment may produce a thin insulating surface layer that suppresses
tunneling current or passivates the surface states that act as recombination centers,
effectively lowering recombination current.51 In this more recent study, the authors also
show that the duration of CF4 plasma treatment time can be reduced to approximately 15
seconds and still yield the same reduction in gate leakage current, if a low power, 1
minute BCl3 is applied immediately prior. The authors suggest that this is due to the
higher efficiency of the BCl3 plasma in removing native surface oxides present, before
applying the CF4 plasma treatment.
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2.3.4 Surface Treatment Effects on Interdevice Isolation Current

The isolation step is an important part of the fabrication procedure of AlGaN/GaN
HEMTs for two reasons. The first commonly known reason why an isolation process is
used in HEMTs is to decouple adjacent devices from each other by eliminating the
conductive 2DEG in the space between them. In this manner, a bias applied to the drain
of one device will only draw electron current from the terminals of that device and not
from a grounded electrode of an adjacent device. The second, perhaps more subtle
reason that isolation is important is that it protects against bond/probe pad to pad leakage
current. Figure 2-7 shows the potential leakage paths involved with a device biased in
the off-state, using ground-signal-ground (GSG) RF probes.

Examples of off-state

voltages for common depletion-mode HEMTs are VGS = -5 V and VDS = 10 V.
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Figure 2-7: Potential isolation leakage current paths involved with adjacent, mesaisolated single-gate HEMT devices when biasing with Ground-Signal-Ground (GSG)
probes. Dotted lines indicate location of mesas.
Interdevice isolation of AlGaN/GaN HEMTs can be accomplished by one of two
methods. Mesa isolation requires the use of dry etching (or photoelectrochemical wet
etching52) to remove the AlGaN layer and, subsequently, the heterojunction responsible
for forming the 2DEG. The alternative solution to mesa formation by dry etching is to
use ion implantation to destroy the conductivity of the 2DEG. Ion implantation offers the
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ability to maintain wafer planarity, eliminating concerns about conformal metal coverage
and also eliminates the possibility of mesa-sidewall gate leakage.53

The isolation

effectiveness and thermal stability of different implanted species has been investigated in
the literature.54-56 Due to the inaccessibility of implantation equipment at Penn State and
the abundant availability of plasma etch tools, the chosen method for isolation in the
fabrication of our HEMT samples was mesa isolation.
Somewhat surprisingly, there are a very limited number of studies that investigate
specifically the effects of passivation or surface treatment on interdevice isolation current
in mesa-isolated devices. This may reflect the community’s tendency to choose implant
isolation over mesa isolation, or it could show that most groups simply assume that
isolation properties do not change with subsequent surface processing. The two studies,
besides our work36,57, that have investigated the effects of different pre-passivation
surface treatments and different passivation materials on interdevice isolation currents
were conducted by Moser et al..42,58 Moser and coworkers experimented with different
combinations of O2 plasma exposure, 25 minutes of UV/ozone at 25 ºC, or a 10 second
dip in NH4OH:H2O (1:1) followed by passivation with PECVD SiNx or molecular-beam
epitaxy (MBE) deposition of MgO or Sc2O3. The interdevice isolation current was
defined as the measured current when applying 40 V across two 50 × 50 µm2 ohmic
contact mesas separated by a 10 µm gap. The first observation that was stated was that
the prepassivation surface treatments alone did not alter the interdevice isolation current
significantly from unpassivated values in the single nanoamps range. However, when
SiNx passivation was used after any surface treatment, the isolation current always
increased by at least an order of magnitude. More specifically, the isolation current
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degraded when changing from UV/ozone exposure to UV/ozone exposure + NH4OH Dip
to O2 plasma + NH4OH Dip with values of approximately 70 nA, 200 nA, and 7000 nA,
respectively. When using the UV/ozone pretreatment and varying the passivation film,
the performance degraded when changing from Sc2O3 to MgO to SiNx with values of 10
nA, 30 nA, and 70 nA, respectively.

2.3.5 Surface Treatment Effects on Ohmic Contact Formation

The pursuit of low resistance ohmic contacts has been an important part of the
AlGaN/GaN HEMT body of literature.

The traditional ohmic contact used by the

majority of research groups is typically Ti/Al based, followed with a suspected diffusion
barrier such as Ni, and then topped with Au. After metal deposition, rapid thermal
annealing (RTA) at approximately 800 – 900 ºC for 30 – 60 seconds causes the metal
stack to react and diffuse into the AlGaN, creating an ohmic contact with the 2DEG. An
undesirable side effect of the high temperature annealing is a roughening of the surface
morphology. By replacing Ni with another metal such as Mo59-61 or the top Au layer with
Ag,62 smoother surface morphology can be achieved. While this research project has not
specifically investigated the effects of plasma treatments on ohmic contact formation,
conclusions drawn from other studies in this section may help to provide insights into the
mechanisms responsible for making surface leakage conduction possible.
Zhang et al. utilized a N2 inductively-coupled plasma (ICP) to improve ohmic
contact resistance of a Ti/Al/Pt/Au contact to an Al0.15Ga0.85N/GaN HEMT grown by
MBE on a sapphire substrate.63 By applying 400 W of power to the ICP coil and 30 W to
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the RF bottom electrode to create the N2 plasma, 80 seconds of exposure modified the
surface of the structure enough to lower the contact resistance, after annealing at 950 ºC
for 60 seconds, by a factor of 3. The reason for this improvement in contact resistance
was stated to be preferential sputtering of N atoms from the surface, creating a nitrogen
deficient interfacial layer. AES scans of the HEMT surface confirmed that the nitrogen
concentration dropped from 10 at. % in the as-received sample to 7.1 at. % after N2
plasma treatment.
Selvanathan et al. examined the effects of a SiCl4 plasma treatment on the contact
resistance of a Ti/Al/Mo/Au metal-stack contact to an MOCVD grown nAl0.2Ga0.8N/GaN HEMT on sapphire.5 The 60 second SiCl4 plasma was performed in an
RIE plasma tool, with self-biases ranging from -100 to -400 V. The optimal bias of -300
V for the SiCl4 plasma treatment was found to produce an ohmic contact resistance of
0.23 Ω mm, after an 800 ºC RTA. XPS results indicated that after application of the
SiCl4 plasma that the relative nitrogen to gallium + aluminum peak area ratios decreased,
indicating a nitrogen deficient surface layer that would effectively increase the surface
donor concentration. In a later study that investigated the SiCl4 plasma further with XPS
and AES,3 it was suggested that Si does not play an active role in ohmic contact
formation, i.e. it does not act as an n-type dopant when present on the HEMT surface.
Miller et al. have experimented with Ti/Al/Ti/Au and V/Al/V/Au on plasma
etched BCl3/Cl2/Ar n-Al0.58Ga0.42N, grown by MOCVD on sapphire substrates.64,65 In
contrast to the previously mentioned studies, Miller and coworkers found that ohmic
contact formation in the plasma etched samples was more difficult. In addition to a
reduction in nitrogen to oxygen ratio, XPS results also showed almost an order of
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magnitude decrease in the aluminum to gallium ratio. It was suggested that Al cation
vacancies could potentially act as acceptor-type defects that would compensate donors,
making ohmic contact formation harder to accomplish. Another potential explanation for
the observed effect was the possibility that a surface native oxide layer, formed after
exposure to the BCl3/Cl2/Ar plasma, could be inhibiting subsequent metal reaction.
Lastly, Yan et al. have investigated the use of an O2 plasma treatment prior to
ohmic contact metallization of MOCVD grown n-GaN, p-GaN, and n-AlGaN on sapphire
substrates.66 XPS results indicated that as plasma pressure or exposure time increased,
the amount of oxygen present on the sample’s surface increased as well. Based on the
XPS results and contact resistance measurements, the authors concluded that a small
increase in surface oxygen was beneficial for contacts to n-type material, assuming that
the oxygen was incorporated on nitrogen sites (ON), which would act as a donor.
However, with too large of an increase in oxygen concentration, the ohmic contact
resistance increased, possibility indicating the presence of a reaction inhibitive oxide
layer.

2.3.6 Fluorine-containing Plasma Effects on Threshold Voltage

Some of the most recent papers involving CF4 plasma treatments of AlGaN/GaN
HEMTs are focused on shifting the threshold voltage to create enhancement mode
devices. Cai et al. used a 150 second CF4 plasma treatment, prior to gate metallization,
and saw that the HEMT threshold voltage shifted from -4 V to 0.882 V.67 By changing
the HEMT from a depletion mode to an enhancement mode device, this technique is
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gaining some interest as a way to create GaN based complimentary logic. Palacios et al.
have fabricated enhancement mode HEMTs with output currents comparable to state-ofthe-art depletion mode HEMTs, and with unity gain and maximum frequencies of 85
GHz and 150 GHz, respectively.68
Since the initial results, Chu et al. has studied the impact of the CF4 plasma on
AlGaN and has hypothesized why the threshold voltage has shifted in his group’s work.50
Chu concludes that application of the moderately biased CF4 plasma used in his study
slowly etches away the AlGaN surface, at a rate of approximately 1 nm/min, which will
allow for the gate electrode to be placed in closer proximity to the HEMT channel. As
evidence of this closer proximity, Chu points out that the transconductance of devices
with positively shifted threshold voltages increases.
While the exact mechanism of threshold voltage shift has not been agreed upon
yet, surface characterization work involving fluorine containing plasmas has been
conducted in the past by Bermudez69 and may be helpful for future study. It has also
been shown that the application of CF4 plasmas to InAlN/GaN HEMTs can shift
threshold voltages to positive values.70

2.4 Passivation Film Stoichiometry/Composition Effects on Electrical Performance

As mentioned in earlier discussion about the study conducted by Moser et al.
investigating the effects of various pre-passivation surface treatments and passivation
films on interdevice isolation current,42,58 the choice of passivation film (SiNx, MgO, or
Sc2O3) had a significant role in determining the value of isolation current for the
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UV/ozone pretreatment. In the case of PECVD deposited SiNx films, the stoichiometry
(including hydrogen content and bonding configurations) and subsequent film properties
can vary greatly based on a number of deposition parameters such as temperature,
pressure, plasma power, precursor flow rate ratios, etc.71-76 There are a very limited
number of studies that have investigated the effect of varying the stoichiometry of
passivating SiNx on AlGaN/GaN HEMT electrical characteristics, prior to our work,
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which will be presented in chapter 6.
Nomura et al. have compared the effects two SiNx films (n = 1.85 and n = 2.09)
and a SiO2 film (n = 1.46) on the gate leakage characteristics of Al0.22Ga0.78N/GaN
HEMTs grown by MOCVD on sapphire.77 At a gate voltage of -5 V, the leakage current
improved from SiNx (n = 1.85) to SiO2 (n = 1.46) to SiNx (n = 2.09), with values of
approximately 1 × 10-5 A/mm, 2 × 10-6 A/mm, and 9 × 10-8 A/mm, respectively.
Curvature measurements of test pieces that received identical SiNx and SiO2 film
deposition, showed no particular trend, other than the film with the lowest magnitude of
stress, the SiNx (n = 2.09) film with 1.65 ×109 dyn/cm2 of tensile stress, had the lowest
gate leakage current.
A study conducted by Tan et al. used an interdigitated gate leakage test structure
(discussed in more detail in section 2.3.3) to observe the effects of three different types of
PECVD deposited SiNx passivation.46 The first and second films were deposited at 300
ºC and had refractive indices of n = 1.88 and n = 2.9, while the third film was deposited
at 40 ºC and had n = 1.79. In terms of pulsed I-V performance, the n = 1.88 and n = 2.9
achieved gate lag ratios of approximately 90 %, while the n = 1.79 film only
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accomplished 30%.

The surface component of gate leakage current was found to

decrease in the n = 1.88 and n = 2.9 cases, and slightly increase in the n = 1.79 case.

2.5 Literature Review Summary

Chapter 2 of this thesis has been intended to review the pertinent literature related
to the topics of GaN and AlGaN surface treatment and passivation. Drawing from an
expanse of materials characterization and electrical characterization studies, information
that could be potentially useful to those reading this thesis has been presented. This
section will provide a concise overview of the important points discovered from the
published work presented in chapter 2.
With regards to wet chemical treatment of GaN, AlGaN, AlN surfaces, HF, HCl,
and NH4OH were observed to be the most effective at removing surface oxygen,2 but
reoxidation of the surface can occur when exposed to ambient atmosphere for several
hours.3 Atomic species such as C, O, F, and Cl are thermally stable on the GaN surface
at temperatures below 600 ºC.2,3 An O2 plasma treatment followed by wet chemical is
more efficient at reducing surface oxygen but leaves more surface carbon. If the order is
reversed, oxygen levels are higher, but surface carbon is lower.4
There are three commonly cited defects that are responsible for shallow donor
formation in GaN and AlGaN – ON, VN, and Si. The nitrogen vacancy in GaN has been
determined to be shallow donor level defect at 70 meV below the conduction band edge
(EC) in GaN15 and a deep donor level defect at EC – 0.37 eV in Al0.28Ga0.72N.13 The
nitrogen vacancy is also commonly cited as a surface defect induced by plasma
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processing of AlGaN or GaN, and is observable in large populations by XPS or AES. It
is the opinion of this author that using the Ga 3d photoelectron peak for indication of the
surface band bending is a complicated process and can be easily misinterpreted.
Passivation effects appear to be reversible when the SiNx is removed by BOE
from an AlGaN/GaN HEMT.35 A correlation between the amount of surface carbon and
severity of RF dispersion has been observed.6,11,23,36,57 In the same studies, it appears that
RF dispersion is not dependent on the amount of surface oxygen present.
Novel test structures have identified two possible components for gate leakage
current: vertical and surface. In devices grown on sapphire substrates, it appears that gate
leakage current is typically dominated by vertical, not surface current.46,47 With reduced
dislocation densities, HEMTs on SiC or GaN substrates may have less vertical leakage
current and be dominated more by surface leakage, and therefore could be more
dependent on surface processing. Higher refractive index SiNx films used for passivation
tend to produce lower gate leakage current in AlGaN/GaN HEMTs.46,77
Interdevice isolation current studies are limited and indicate that surface
passivation film properties may influence leakage characteristics.42,58 Lastly, CF4 plasma
treated enhancement mode devices may have shifted threshold due to slow etching of
AlGaN layer, bringing gate in closer proximity to the channel.50,51
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Chapter 3
Experimental Methodology

3.1 Introduction

Before passivation research could be conducted, fabrication of AlGaN/GaN
HEMT samples was completed using several facilities located across Penn State’s
University Park campus. Starting with commercially acquired heterostructure material
from IQE-RF. (formerly Emcore Corporation), HEMT samples went through multiple
metallizations, plasma etches, and cleaning steps before being diced up for use in the
research presented in the later chapters of this thesis. This chapter is intended to briefly
introduce the growth technique that was used to form the heterostructures used in this
study (section 3.2), then guide the reader through the HEMT fabrication process (section
3.3), and finish by discussing a few photolithography techniques investigated during the

development of our process (section 3.4). After each step in the fabrication process (i.e.
ohmic metallization, mesa isolation, etc.), electrical characterization was used, in addition
to visual and topological inspection, to verify successful completion. While selected
average results and deviation measured at each stage will be presented in this chapter,
details about the tests and equipment that were used will be discussed in chapter 4 –
Characterization Methods.
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3.2 AlGaN/GaN Heterostructure Material

There are two techniques that are commonly used for growth of group III-N
heterostructures, MBE and MOCVD. MBE is an ultra-high vacuum (UHV) technique
that uses Knudsen effusion cells to direct streams of evaporated growth precursors
towards a heated substrate. With background vacuum levels as low as 1 × 10-10 Torr and
by employing the use of elemental sources, MBE has the potential advantage of creating
high purity epitaxial material at modest growth temperatures of 650 – 750

ºC.1

However, this high quality comes at the price of growth rate, with typical slow deposition
rates of approximately 1 Å/s,2 which limit the throughput of this technique and make it
less desirable for a commercial setting.
MOCVD (or MOVPE) gets its name from the group III metal-organic gaseous
precursors that are used for growth. Trimethyl Gallium (TMG), (CH3)3Ga, Trimethyl
Aluminum (TMA), (CH3)3Al, and Trimethyl Indium (TMI), (CH3)3In, are typically
introduced by flowing a carrier gas (usually H2) through a bubbler containing the liquid
or solid metal-organic, whose partial pressure can be precisely controlled. Ammonia
(NH3) is typically chosen over N2 as the group V precursor, due to its lower cracking
temperature. MOCVD reactors can have horizontal or vertical configurations, and are
usually cold-walled to reduce sidewall deposition.

Inductively or resistively heated

susceptors control the substrate temperature, which can reach >1000 ºC during thin film
growth. In stark contrast to MBE, growth pressures for GaN and related compounds are
relatively high in the 10 – 100 Torr range. At such high pressures and with nonelemental precursor sources, impurity incorporation is often a concern in MOCVD grown
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material and may be responsible for electrically-active defects. For example, residual
carbon and hydrogen from the metal-organic and carrier gases is suspected of forming
complexes with VGa, which are deep acceptors in the GaN bandgap.3 Additionally,
oxygen and water vapor in unpurified ammonia can lead to significant incorporation of
substitutional ON defects, which are theoretically-predicted shallow donors (with ET = EC
– 0.033 eV) and are thought to be responsible for the background n-type conduction in
unintentionally doped GaN.4 Purification of NH3 sources has lead to lower unintentional
background conductivity and higher resistivity GaN material. Other common methods to
increase the resistivity of the GaN buffer layer include intentional incorporation of Fe or
Be to form deep level traps in the GaN bandgap.5
The MOCVD-grown, undoped heterostructures received from IQE RF, Inc. for
our experimental studies were deposited on two different types of substrates. The first
active device HEMT structure that we received was a simple 23 nm Al0.32Ga0.68N barrier
layer on 1.7 µm of unintentionally doped GaN buffer layer, grown on a 3" sapphire
substrate with an AlN nucleation layer. The HEMT/Sapphire material was used for a
great deal of the initial HEMT fabrication process development and exploratory
passivation/plasma treatment research. The second, more technologically-relevant set of
heterostructures we received were grown on two 3" II-VI Incorporated SiC wafers. Both
of these HEMT/SiC wafers had 1.7 µm thick SI-GaN buffer layers, but differed slightly
in barrier and capping layer design.

Wafer W1280SiC05 had a 17.5 nm thick

Al0.28Ga0.72N barrier layer, capped with 1 nm of GaN, while wafer W1442SiC04 featured
an 18 nm thick Al0.27Ga0.73N barrier with a 2 nm GaN capping layer. HEMT devices
were fabricated out of both HEMT/SiC wafers, however, the majority of the passivation
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experimentation used the 2 nm GaN cap heterostructures samples.

A comparison

between the HEMT/Sapphire and HEMT/SiC heterostructures is shown in Figure 3-1.
Please see Appendix B for the data sheet descriptions of the three wafers used in this
study.

Source
AlGaN

Gate

Drain

GaN

2DEG

20 Å GaN Cap

23 nm Al0.32Ga0.68N

18 nm Al0.27Ga0.73N

1.7 µm SI-GaN

1.7 µm SI-GaN

AlN Nucleation Layer

AlN Nucleation Layer

Sapphire Substrate

SiC Substrate

Figure 3-1: HEMT cross-sectional view and heterostructures design used for AlGaN/GaN
HEMT device fabrication (Layer thicknesses are not to scale.)
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3.3 HEMT Device Fabrication

The HEMT device fabrication procedure that was used to produce the transistors
and electrical test structures in this research project required the use of four contact
photolithography steps. Diamond-saw dicing was used to divide each wafer into four
quarter-sized samples for processing through the gate level. After initial cleaning of the
surface, ohmic contact definition, metallization, and annealing were performed to create
source and drain contacts to the conductive 2DEG.

In order to electrically isolate

adjacent devices from one another, plasma etching was used to remove the barrier layer
and conductive 2DEG outside of defined active device mesas. After isolation, a carefully
aligned photolithography exposure provided definition of gate contacts, followed by
Schottky gate metal deposition and liftoff. Upon completion of the unpassivated HEMT
samples, diamond-saw dicing was used to divide each sample into 16 separate die.
Electrical characterization of each individual die was performed before and after the
application of experimental wet chemical or plasma treatments to the HEMT surface
followed by encapsulation in PECVD deposited SiNx. Before post-passivation electrical
characterization could be performed, SiNx vias were patterned and etched to allow access
to contact pads.
An overview of this process flow can be found in the HEMT fabrication process
outline sheet provided in Appendix C. The subsections in section 3.3 will describe each
step in HEMT fabrication process in detail. During each round of transistor fabrication,
process development and refinement was performed in an ongoing effort to improve the
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final result. In the following subsections, the lessons learned from processing design of
experiments (DOE) will be presented.

3.3.1 Photolithography Mask Design

The photolithography mask design was performed using Tanner L-Edit Layout
Editor version 12.1 software and had a minimum feature size of 1 µm. The completed
mask design was sent out and fabricated by Microtronics, Inc. by a 0.1 µm laser writehead on a 5" square soda-lime glass reticle. Since samples were processed as quartersized pieces of a 3" wafer, we were able to fit all four photolithography layers on the
single 5" mask. On each layer, the photolithography step was labeled and the die design
was placed in a 4 × 4 array. The completed mask design is shown in Figure 3-2.

Figure 3-2: Completed HEMT Fabrication Photolithography Mask Design.
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In each die, arrayed instances of individual cells that contained single transistors
or test structures were used in a hierarchal fashion to allow for easy modification of
geometry and to maintain consistency across the whole mask design.

Five sets of

alignment markers were placed at the four corners and the center of each die to provide
adequate reference for the alignment of single die during the SiNx via patterning. Yshaped critical dimension markers were included with each set of alignment markers, to
judge under/overexposure of resist and the intimacy of mask/sample contact.
Since the majority of the planned research was going to focus on HEMT
characteristics, each 6 mm × 6 mm field contained 80 single-gate FETs. Of these 80
transistors, there were 20 of each permutations of gate length LG = 1 & 1.5 µm and gate
width WG = 50 & 100 µm. For every single gate FET, the gate-source spacing was LGS =
1.5 µm and gate-drain spacing was LGD = 2 µm. In anticipation of using a different
lithography source other than contact lithography for the gate level, 48 ungated, dualchannel HEMTs with source-drain spacing of LSD = 3 & 4 µm were included on each die.
Figure 3-3 shows the layout of a single die.

In addition to the single gate

transistors, other commonly used test structures on each die included 4 CTLM structures,
2 isolation current structures, and 2 van der Pauw structures. Close up views of these
commonly used test structures will be presented in chapter 4, when discussing their use.
Table 3-1 lists the quantity of each type of test structure and FET per die.
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Figure 3-3: Individual die design for AlGaN/GaN HEMT fabrication.
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Table 3-1: Electrical Test Structures on Each Die.
Test Structure
1 × 100 µm2 HEMT
1.5 × 100 µm2 HEMT
1 × 50 µm2 HEMT
1.5 × 50 µm2 HEMT
50 × 100 µm2 FatFET
1.5 × 50 µm2 side-gated HEMT
Ungated dual-channel HEMT
Ungated dual-channel HEMT
140 × 140 µm2 Van der Pauw
10 × 10 µm2 gated cross
(4, 6, 8) × 100 µm2 isolation gap
15 µm wide ohmic linear TLM
100 µm wide ohmic linear TLM
Ohmic circular TLM
Schottky circular TLM
Schottky diodes
RF calibration

Quantity
20
20
20
20
2
2
24
24
2
2
2
4
4
4
4
12
2

Additional Information
LSG = 1.5 µm, LGD = 2 µm
LSG = 1.5 µm, LGD = 2 µm
LSG = 1.5 µm, LGD = 2 µm
LSG = 1.5 µm, LGD = 2 µm
LSG = 2 µm, LGD = 2 µm
LSG = 2 µm, LGD = 2 µm, LSG-G = 5.5 µm
LSD = 3 µm
LSD = 4 µm
10 × 10 µm2 corner contacts
30 µm cross arm length
10 µm wide Ohmic contact mesas
3, 6, 9, 12, and 15 µm spacing
3, 6, 9, 12, and 15 µm spacing
2, 4, 6, 9, 12, and 15 µm spacing
2, 4, 6, 9, 12, and 15 µm spacing
Various gate geometries
Short and open

3.3.2 Wafer Dicing/Cleaning Procedure

The first step that was performed after receiving the HEMT wafers was to divide
them into 4 quarter-sized pieces. Since sapphire and SiC do not possess cubic crystal
symmetry, diamond saw dicing was chosen over cleaving the samples to avoid unwanted
shattering along crystalline axes. As will be shown in section 3.4.1, sharp corners suffer
from photoresist (PR) edge bead and can inhibit intimate contact between the mask and
sample.
Before dicing, the 3" wafer was coated with SPR 3012 PR to protect the surface
from scratching and particle adsorption. Typically, the resist was statically dispersed and
then spun at a speed of 3000 rotations per minute (RPM) for 5 seconds. Soft baking at 90
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ºC for 60 seconds was used to evaporate excess solvent from the resist. Wafer dicing was
performed using a diamond saw. After dicing, a cleaning process (which will be referred
to hereafter as the ‘Remover PG cleaning process’) was used to strip the protective
photoresist prior to ohmic level processing.
Remover PG Cleaning Process
1. Place sample in quartz bowl containing Remover PG (N-methyl-2-pyrrolidone
based), heated to 60 ºC for 5 – 10 minutes.
2. (Optional) Carefully remove bath and hold in ultrasonic bath for 60 seconds.
3. Use tweezers to remove sample and place in isopropanol (IPA) bath.
4. (Optional) Hold IPA bath in ultrasonic bath for 60 seconds.
5. Use tweezers to remove sample and place in deionized (DI) water bath.
6. Use tweezers to hold sample above DI water bath and spray with DI water.
7. Place sample on clean room towel with side of interest face up and dry with
N2 gun.
8. Place sample in fluoroware container or other holder.
Safety Caution: The flash point of Remover PG is approximately 80 ºC and
harmful vapors can be generated when reaching temperatures
above 60 ºC. Also, when working with small (< 2 µm) features,
ultrasonic exposure should be avoided if possible, as it can cause
delamination of metals.

3.3.3 Ohmic Metallization

The first level of device fabrication was the formation of ohmic contacts. This
level involved lithographic patterning of a bi-layer PR, electron beam (e-beam)
evaporation of a four metal stack, liftoff in PR resist stripper, annealing using an RTA,
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and finally electrical characterization. The smallest sized features of this layer were 2 µm
lines, which were used to create one of the six gaps in the circular transfer length method
(CTLM) test structures. Source and drain contacts for single-gate FETs were 10 µm long
and matched the width of gate. Subsequent photolithography layers were aligned to the
ohmic markers placed during this step.

3.3.3.1 Ohmic Level Lithography

All of the photolithography procedures performed during the HEMT fabrication
process was completed at the PSU Nanofab facility in the MRI Building. Open bowl
programmable spinners were used to control spin speed, acceleration, spin time, and
vacuum suction of the spinner chuck.

Different sized holder chucks were used to

accommodate varying sample sizes. Plastic pipettes were used to disperse PR or Lift-Off
Resist (LOR) onto samples prior to spinning. Hot plates with surface aluminum slabs
were used for soft and hard baking processes and were always checked with a hand-held
thermocouple thermometer to ensure accurate temperature setting.
After soft baking PR on a sample, a Karl Suss MA6 aligner was used for
alignment and exposure of lithographic patterns. Four different contact modes were
available for use: soft, hard, low-vacuum, and vacuum. Little variation was observed
between contact modes, and it was concluded that the quality of the lithographic result
depended more on other parameters such as how much edge bead was observed or how
old the PR or developer was.

In general it always proved to be wise to test any
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photolithography process on a test piece of silicon prior to applying it to a real sample, to
ensure that the same temperature and exposure settings still remained valid.
The first step in the ohmic level lithography process was to set two hot plates to
170 ºC and 115 ºC, and to prepare a bath of CD-26 developer (tetramethyl ammonium
hydroxide (TMAH) based) and DI water. After placing a Remover PG cleaned sample
on the vacuum spinner chuck, LOR 5A was dispersed to cover 75% of the sample from
the center outward. Immediately after the LOR 5A was dispersed, the spinner was
engaged, accelerating up to 6000 RPM at a ramp rate of 3000 RPM/s.

Dynamic

dispersing of the LOR was not used because of its tendency to dry out quickly at the
sample’s edges, forming thick edge bead. This problem will be discussed later in section
3.4.1. After 45 seconds of spinning at 6000 RPM, the sample was taken off the spinner

and a clean room towel was used to wipe any LOR that had accumulated on the edges or
back of the sample.

Once excess LOR was removed, the sample was baked at a

temperature of 170 ºC for 10 minutes to ensure a slow undercutting rate. Although not
verified by a self-performed DOE, the undercutting rate of LOR in CD-26 was stated in
the specification sheet to be inversely proportional to the bake temperature and time.
After baking of the LOR was completed and the sample was cooled for 30 – 60
seconds, AZ 701 MiR (11 cP) PR was spun on top of the LOR layer. AZ 701 MiR (11
cP) PR is stated to be capable of resolving 0.3 – 0.4 µm sized features using i-line
exposure and spins out to a thickness of less than 1 µm at speeds greater than 2000 RPM.
For the ohmic level lithography, AZ 701 was statically dispensed to cover the entire
sample’s surface, and then spun to 6000 RPM with a 3000 RPM/s ramp rate. Spin
duration lasted 45 seconds, followed by placing the sample on a clean room towel to
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clean off excess PR from the back and sides. Soft baking was performed at 90 ºC for 1
minute, followed by cooling.
After the edge bead removal process (described later in section 3.4.1) was
performed, the sample was loaded onto the aligner vacuum chuck. The aligner chucks,
which are designed for entire 3, 4, or 6" wafers, was covered with blue contact film and
punctured to provide a vacuum hole for holding small samples. Being the first step in the
HEMT fabrication process, the ohmic level lithography did not require fine alignment,
instead only a rough alignment was made to make sure that the majority of the 4 × 4 die
array pattern fit on the sample. Once roughly aligned, the sample was placed in lowvacuum contact with the “OHMIC” portion of the mask and exposed for 4.5 seconds.
After exposure, the sample was immediately developed (without hard bake) in a bath of
CD-26 for 60 seconds, rinsed in a DI water bath and spray, and then dried with N2.
Microscope inspection of critical dimensions and CTLM pattern lines was used to
determine whether the process was successfully completed. If features were blown out or
underexposed, the sample would go through the Remover PG cleaning process followed
by a 10 second dip in CD-26 to remove residual LOR before repatterning. Figure 3-4
shows a cross sectional field-emission scanning electron microscopy (FESEM) image of
a similar bi-layer PR stack, using SPR 3008 PR and LOR 2A, which illustrates the
undercutting nature of LOR.
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Figure 3-4: Cross-sectional FESEM image of SPR 3008/LOR 2A 1.5 µm feature.

3.3.3.2 Ohmic Level Metal Deposition and Liftoff

Metal deposition was performed in Professor Suzanne Mohney’s laboratory, using
an Edwards e-beam evaporator. The ohmic metal stack that was used was Ti/Al/Ni/Au
(15/100/50/50 nm), which is commonly used in the literature. (We tried a Ti/Al/Pt/Au
(30/70/50/50 nm) metallization on the first set of test pieces from the HEMT/sapphire
samples, but after cumulative annealing up to temperatures of 890 ºC, contact resistances
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were inconsistent, spanning the range of 0.57 – 3.22 Ω mm.) Prior to loading, each
HEMT sample received a 60 second dip in buffered oxide etch (BOE) 10:1, followed by
rinsing in DI water and drying with N2. As mentioned in chapter 2, BOE is one of the
most effective wet chemicals for removing surface oxygen content from GaN and
AlGaN, and was used to remove oxide that could inhibit ohmic contact reaction.
Once loaded in the e-beam evaporator, the chamber was allowed to pump down to
base pressures of approximately 1 × 10-7 Torr, before liquid nitrogen was added to the
cold trap. With the cold trap cooled, metals were deposited at rates of 1 Å/s and
deposited thicknesses were observed with an in situ crystal monitor. After deposition
completion, the samples were allowed to cool for at least 30 minutes before removing
them from the tool.
Metal liftoff was typically performed at the PSU Nanofab in a 60 ºC heated bath
of Remover PG. Liftoff times varied, but usually lasted at least 30 – 60 minutes if no
ultrasonics were used. Once liftoff appeared to be completed by visual inspection, the
sample was transferred to a fresh bath of Remover PG and was allowed to soak for an
additional 10 minutes. After that time, the sample was transferred to an IPA bath for 60
seconds, then to a DI water bath, and finally rinsed and N2 dried. Microscope inspection
was used to verify that liftoff was complete.

3.3.3.3 Ohmic Level Annealing

RTA annealing of the ohmic contact layer was performed in Professor Suzanne
Mohney’s laboratory using an AG Associates 610 Rapid Thermal Annealing system.
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Samples were loaded onto a 5" Si carrier wafer in the annealing chamber and purged with
N2. In order to minimize the presence of O2 or H2O species in the annealing ambient that
could oxidize the metals at elevated temperatures, the N2 process gas was passed through
a titanium sponge containing gettering furnace at 500 ºC before entering the annealing
chamber. Prior to annealing HEMT samples, 1-2 test runs were performed to make sure
the system was operating correctly.
As a result of a cumulative annealing study, it was found that the optimal
temperature for annealing of the HEMT ohmic metal stack was 875 ºC. 60 seconds was
found to be a better annealing duration than 30 seconds, resulting in much higher
uniformity across individual samples.

One unfortunate side-effect of the annealing

process was the severely increased surface roughness of the ohmic contacts. The surface
morphology of the ohmic contacts can be observed in Figures 3-6 and 3-10.

3.3.3.4 Ohmic Level Electrical Characterization Results

CTLM measurements were made immediately after annealing samples to test for
ohmic behavior.

Analysis of HEMT/sapphire sample CTLM data showed that the

Ti/Al/Ni/Au metallization gave an average specific contact resistivity ρc of 2.7 ± 0.7 ×
10-6 Ω cm2 and contact resistance ρc / LT = 0.41 ± 0.06 Ω mm after annealing. For
HEMT/SiC samples, the same metallization gave an average specific contact resistivity
ρc of 3.7 ± 1.9 × 10-6 Ω cm2 and contact resistance ρc / LT = 0.46 ± 0.15 Ω mm after
annealing.
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3.3.4 Mesa Isolation

The second level of HEMT device fabrication was definition and formation of
isolated device mesas. Mesa isolation is typically achieved with dry etching since group
III-N materials are very resistant to wet chemical etching.6 For our samples, hard baked
PR was used as a mask material to protect against plasma etching. The minimum
lithographic feature size was 10 µm on this layer.

3.3.4.1 Mesa Isolation Level Lithography

The mesa isolation lithography process was similar, but slightly different than the
ohmic lithography process. The main differences included the use of only a single layer
of PR and the addition of a fine alignment step before exposure. SPR 3012 PR was
chosen because it was shown in a DOE to have greater than 1:1 selectivity under mesa
etching conditions. Once a HEMT sample was loaded on the vacuum spinner chuck,
SPR 3012 was statically dispersed to cover the whole sample before spinning began. The
final spin speed was 5000 RPM with a 10000 RPM/s ramp rate, and the spin time was 45
seconds. After spinning, the sample was soft baked at 95 ºC for 1 minute and then loaded
onto the MA6 aligner. Before exposure, the sample was carefully aligned using x, y, and
theta hand controls. The alignment marks that were used had a 7-bar configuration,
where the overlying marker set had each bar from the center spaced out an additional 0.1
µm. When aligning using the highest magnification objective on the MA6, accuracy of ±
0.1 – 0.2 µm in both the x and y direction could be achieved routinely.
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Once alignment was complete, the sample was put into contact with “ISO”
section of the mask using low-vacuum contact mode. Exposure duration was optimized
at 5.5 seconds. 60 seconds of development proceeded in CD-26, followed by DI water
rinsing and N2 drying. After microscope inspection of developed features, the sample
was placed on a 130 ºC hot plate for 2 minutes to reflow the resist into a lower contact
angle profile. The hard bake temperature was chosen based on DOE investigation of
cross-sectional scanning electron microscope (SEM) resist profile images after 120 ºC,
125 ºC, 130 ºC, and 135 ºC hard baking for 2 minutes. The shallower contact angle of
the resist, which would be transferred to the HEMT mesa during etching, was desired to
allow for conformal metal coating of subsequent gate level processing.

3.3.4.2 Mesa Isolation Dry Etching

The main benefit of using inductively-coupled plasma (ICP) etching over standard
RIE etching is that there is independent control over plasma density and self-induced
bias. By adjusting the ICP coil power, the plasma density can be altered greatly without
causing much change to the bias. Instead, the self-induced bias, which accelerates ions
towards the sample’s surface, can be directly controlled by changing the amount of RF
power applied to the bottom electrode. By increasing the plasma self-induced bias, the
etching characteristic can shift from purely chemically reactive to sputtering, which
increases etching rates. The results of an etching DOE showed that an induced bias of
greater magnitude than approximately -100 V (corresponding to 40 W of RF power
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applied to the bottom electrode) was needed to achieve any appreciable etching of
AlGaN/GaN with a 300 W ICP power Cl2 plasma.
An Applied Materials Decoupled Plasma System (DPS) at the PSU Nanofab was
used to perform the mesa etch for our HEMT samples. Samples were loaded into a
pocket on a 6" carrier wafer in a 25-wafer cassette and then transferred via robotic arm
under load-lock low vacuum to the etch chamber. After the carrier wafer was clamped
down and back-side cooling was established, the etch recipe purged the ICP chamber
with N2 at 100 mTorr for 20 seconds, before dropping the pressure to 6 mTorr by control
of a throttle valve. Once at the proper pressure, N2 was switched off and Cl2 was flowed
to purge the chamber for 30 seconds. The plasma was ignited with a 4 second lighting
step where the ICP power and RF power were 500 W (at a frequency of 2 MHz) and 50
W (at a frequency of 13.56 MHz), respectively. Once lit, the ICP power was typically
reduced to 300 W and the RF power was maintained at 50 W for 30 seconds. These
settings resulted in an induced bias of approximately -135 V and etched the AlGaN/GaN
structures approximately 550 Å (about twice the barrier layer thickness), corresponding
to an etch rate of 18.3 Å/s. Once etching was complete, the chamber was evacuated and
the sample was transferred back to the cassette. After unloading, each sample went
through the Remover PG cleaning process and was characterized.

3.3.4.3 Mesa Isolation Characterization Results

After removing the isolation layer PR, microscope inspection could usually be
used to determine whether etching had occurred. In order to calculate etch depth and
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rate, the Tencor 500 profilometer in the PSU Nanofab was used to make a step height
measurement. To confirm electrical isolation had been attained, a probe station and an
HP 4145B Semiconductor Parameter Analyzer were used to sweep voltage and measure
current between two isolated probe pads. For adequately isolated HEMT/SiC features,
measured currents were in the tens of picoamps range at a few volts.

Further

characterization using a Keithley 4200 Semiconductor Characterization System in Steidle
building showed that interdevice isolation currents across a 6 × 100 um2 gap were
measured to be 9.4 × 10-8 A for the HEMT/sapphire samples and 2.1 × 10-11 A for the
HEMT/SiC samples.

3.3.5 Gate Metallization

The third level of HEMT device fabrication was Schottky gate metallization. The
gate contact is used to modulate the 2DEG carrier concentration, and subsequently the
conductivity of the channel. Possessing the I-V characteristics of a Schottky diode, as
shown in Figure 3-5, the gate has an upper limit on the voltage range that can be applied
before forward bias current degrades transconductance.
The gate level lithography was the most challenging step of the HEMT fabrication
process due to the difficulty of resolving 1 µm sized features with contact lithography.
Edge bead removal of LOR and PR was absolutely necessary to achieve features that
were not blown out by more than a few tenths of a micron. For the research presented in
this thesis, gate lengths of 1 µm were used to show proof of concept processing; in order
to reach state-of-the-art HEMT frequency performance, we would have had to use
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another lithography technique such as direct-write laser or e-beam lithography to produce
shorter gate lengths.
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Figure 3-5: 1 × 100 µm2 HEMT/SiC Schottky gate I-V plot.

3.3.5.1 Gate Level Lithography

The same bi-layer PR process that was used for ohmic metal liftoff, was used for
the gate level with the exception of switching LOR 2A for LOR 5A. After receiving the
Remover PG cleaning process as the last step of the mesa isolation procedure, samples
were loaded onto the spinner chuck and covered with LOR 2A. Just before the LOR
reached the edges of the sample, the spinner was engaged, ramping up at a rate of 3000
RPM/s to a final speed of 6000 RPM. Spin time was 45 seconds, followed by cleaning
excess LOR off the back and sides of the sample with a clean room towel, and then
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loading onto a hot plate set at 170 ºC. After 10 minutes of baking, the sample was cooled
shortly and loaded back onto the spinner. Using the same spinning program, AZ 701
MiR (11 cP) PR was spun onto the sample. The soft bake temperature was 90 ºC and
duration was 60 seconds.
After an edge bead removal process was performed, the sample was loaded onto
the vacuum chuck of the MA6 aligner and moved to within close proximity to the mask.
The manual controls were used to align the sample in the x, y, and theta directions, using
the 7-bar alignment markers. In addition to the challenges of edge bead removal and
resolution of 1 µm features, the registration of the gate features was another obstacle that
contributed to the difficulty of this lithography step. Since the source-gate and gate-drain
spacing were 1.5 and 2 µm, respectively, a misalignment shift of even 0.1 µm could cause
a significant inconsistency in lateral electric field strength between gate and drain
electrodes from sample to sample. Since the high off-state electric field is suspected to
drive electrons out to trapping states and cause virtual gating, great care was taken to be
as accurate as possible during the gate lithographic alignment.
After carefully aligning the sample, low vacuum contact mode was used and the
exposure time (verified each time with PR/LOR/Si prior to sample exposure) was
approximately 4.5 seconds. Development was conducted in a bath of CD-26 for 60
seconds, followed by gentle dipping in a DI water bath. Without rinsing, the sample was
dried with a low flow of N2 and then inspected under the microscope. If features were
unsatisfactory, the Remover PG cleaning process followed by 5-10 seconds in CD-26, DI
water rinse, and dry N2 was used.
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3.3.5.2 Gate Level Metal Deposition and Liftoff

Without receiving any wet chemical treatment, samples were loaded into the
Edwards e-beam evaporator in Professor Suzanne Mohney’s laboratory and allowed to
pump down to a base pressure of 1 × 10-7 Torr. After cooling the cold trap, deposition of
the Schottky Ni/Au (50/100 nm) metal stack was performed at a rate of 1 Å/s, as detected
by an in situ crystal monitor. After deposition, samples cooled for at least 30 minutes and
were then unloaded.
Metal liftoff was performed in heated Remover PG (N-methyl-2-pyrrolidone
based PR stripper) without the use of ultrasonics. After the majority of unwanted metal
lifted off after approximately 30 minutes, the sample was transferred to a clean bath of
Remover PG and allowed to soak for another 10 minutes. Upon completion, the sample
was transferred to a room temperature IPA bath for 1 minute, and then soaked in DI
water. DI water rinsing and N2 drying were followed by microscope inspection of the
smallest features on the samples. Figure 3-6 shows the results of a completed metal
liftoff of a 1 × 100 µm2 HEMT device. (The bottom ohmic contact is the drain.)
After each sample was processed through the gate level, it was coated with SPR
3012 at 3000 RPM for 45 seconds to protect the surface during dicing. A diamond saw
was used to dice each sample into sixteen 6 mm × 6 mm die. The thickness of the
diamond saw blade was approximately 0.5 mm and could be aligned by microscope to
allow it to cut between rows of devices. After dicing, each individual die underwent the
Remover PG cleaning process as the last surface treatment that was applied before
passivation.
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Figure 3-6: Unpassivated 1 × 100 µm2 HEMT device.
3.3.5.3 Unpassivated HEMT Device Electrical Characterization

Prior to passivation, each die received a full battery of electrical characterization,
including dc I-V and pulsed I-V tests, the details of which will be discussed in Chapter 4.
dc I-V electrical characteristics were measured on 1 × 100 µm2 FETs with a Keithley
4200 Semiconductor Characterization System and a Karl Suss probe station.

For

simplicity of testing, Cascade RF probes with a 150 µm pitch were used for all nondestructive testing. Needle probes were used for tests that involved potentially high
currents and/or voltages, such as the breakdown test.

For HEMT/sapphire devices,

average threshold voltage was Vth = −4.2 ± 0.1 V, maximum transconductance was gm,max
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= 132 ± 6 mS/mm, and Imax = 567 ± 13 mA/mm at VGS = 2 V, VDS = 10 V. For
HEMT/SiC devices, average threshold voltage was Vth = −2.4 ± 0.1 V, maximum
transconductance was gm,max = 122 ± 8 mS/mm, and Imax = 592 ± 62 mA/mm at VGS = 2
V, VDS = 10 V. Figure 3-7 shows an image of a die after gate level processing.

Figure 3-7: Composite optical microscope image of unpassivated 6 mm × 6 mm die.
Image courtesy of Josh Robinson.
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3.3.6 Pre-passivation Surface Treatment

The research component of this thesis work focused on pre-passivation HEMT
surface treatment and subsequent passivation, which will be discussed in more detail in
chapters 5 and 6, respectively. An overview of the experimental surface treatment
procedures is illustrated in Figure 3-8.

For wet chemical treatments, unpassivated

samples were placed directly into a bath followed by a DI water rinse and N2 dry before
being loaded into the PECVD chamber. Based on our XPS work and reports in the
literature, a 60 second BOE 10:1 dip followed by a DI water rinse and N2 dry was used
prior to any plasma treatment to remove some of the native oxide.

Unpassivated Sample

60 s BOE (10:1)
DI Rinse, N2 Dry

Wet Chemical Soak

DI Rinse,
N2 Dry

in situ
Plasma
Treatment

PECVD SiNx
Passivation

Figure 3-8: Pre-passivation surface treatment flow chart.

ex situ
Plasma
Treatment

in vacuo
Plasma
Treatment
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A variety of different plasma tools and chambers were used for pre-passivation
surface treatments, which can generally be separated into three categories.

In situ

treatments were performed in the exact same plasma chamber as where the SiNx was
deposited, attached to an Applied Materials P-5000 PECVD cluster tool in the PSU
Nanofab. Ex situ treatments were those performed in different plasma tools, usually
located in the same cleanroom as the cluster tool, but sometimes located across campus in
the EE West building. In each of the ex situ cases, samples were always encapsulated
with SiNx as fast as possible (minutes to a few hours) in order to reduce the surface
exposure to ambient atmosphere. Lastly, in vacuo treatments were those in which the
sample was exposed to a treatment in another chamber on the P-5000 cluster tool, and
then was transferred under low vacuum with inert gas purge through a load lock by a
robotic arm to the PECVD chamber.

3.3.7 SiNx Passivation

Once the sample was loaded into the PECVD chamber (in a pocket on an 8" Si
carrier wafer), plasma-assisted deposition was accomplished by a set of parallel-plate
electrodes. Showerhead delivery of gaseous precursors for growth was performed by the
upper electrode using N2 as a carrier gas, while the sample sat on the lower electrode
susceptor. The gap spacing between the electrodes was controllable, but typically held
constant at 400 mils for our depositions.

The susceptor was heated to elevated

temperatures of 300 – 400 ºC by a bank of tungsten-halogen lamps, in a manner similar to
an RTA system. The pressure of the chamber was controlled by a throttle valve, and was
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typically a few Torr during deposition. The chamber was purged with SiH4 and NH3
process gases for 1 minute before plasma power was engaged. The NH3 line did not have
a purifier to remove any O2 or H2O contaminants before the gas was flowed into the
PECVD chamber. After deposition, the throttle valve was opened fully to evacuate the
chamber for 1 minute before a robotic arm transferred the sample out to a load lock.
Development of the standard PECVD SiNx passivation film involved an extensive
DOE. Approximately 50 different films were deposited on Si and insulating GaAs
substrates to investigate the effects of varying growth temperature, pressure, NH3/SiH4
flow ratio, and time on growth rate, uniformity, refractive index, breakdown strength,
leakage current, and film composition. For this DOE, the PECVD plasma power was
fixed at 300 W and NH3 and N2 flow rates were 100 and 2000 standard cubic centimeters
per minute (sccm), respectively. The growth rate appeared to be fairly constant as a
function of film thickness for a particular set of conditions, and also increased with
higher SiH4 flow rate or chamber pressure. Figure 3-9 shows the relationship between
refractive index (measured by spectroscopic ellipsometry) and SiH4 flow rate for films
grown at 300 and 400 ºC.
One concern addressed during the SiNx DOE was deposition uniformity over
small-sized samples.

Initial depositions at chamber pressures of 3.5 Torr showed

significant edge effects by visual discoloration of the film that extended approximately 2
mm in from the edges. Since the die size of the HEMT samples was 6 mm × 6 mm, these
non-uniformities in deposition thickness or composition could have led to variation in
electrical results of devices located near the periphery.

However, by dropping the

pressure to 2.7 Torr, the uniformity was greatly improved and the film appeared to be a
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single color out to within 0.5 mm of the edge. Pressure would have been dropped further,
but a test run at 2 Torr resulted in arcing between the electrodes. For a NH3/SiH4 ratio of
2.5 and a temperature of 300 ºC, the SiNx film refractive index was observed to increase
monotonically from 1.91 to 1.96 when dropping the pressure from 3.5 to 2 Torr.
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Figure 3-9: SiNx refractive index vs. SiH4 flow rate with P = 2.7 Torr, NH3 flow rate =
100 sccm, plasma power = 300 W, and T = 300 ºC.
The results of metal-insulator-semiconductor (MIS) capacitors electrical
characterization were used to choose the standard PECVD SiNx passivation recipe, and
will be presented in chapter 6. The standard SiNx passivation recipe was chosen to have
NH3 flow rate = 100 sccm, SiH4 flow rate = 30 sccm, N2 flow rate = 2000 sccm, T = 300
ºC, P = 2.7 Torr, plasma power = 300 W, for a duration of 29 seconds that resulted in
approximately 800 Å of SiNx (n = 1.90). The standard passivation film produced a
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slightly bluish color on the HEMT samples surface. A view of passivated devices is
shown in Figure 3-10.

Figure 3-10: Passivated devices. Inset: Magnification of 1 × 100 µm2 HEMT device.
Image courtesy of Josh Robinson

3.3.8 SiNx Via Formation

In order to gain access to the probe pad electrodes for post-passivation electrical
characterization, SiNx vias were created using dry etching. This was completed using a
PR mask, defined by the “NITRIDE VIA” layer of the photomask. The minimum feature
size of this layer was 4 µm and alignment tolerances were fairly generous.
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3.3.8.1 SiNx Via Level Lithography

Definition of the SiNx vias was accomplished using a similar patterning technique
to the mesa isolation lithography. After passivation, the samples were loaded onto the
spinner, had SPR 3012 statically dispersed on them, and spun to 9000 RPM at a ramp rate
of 10000 RPM/s for 45 seconds. Soft baking lasted 1 minute at 95 ºC, followed by
alignment, and 5.5 seconds of exposure using the vacuum contact mode on the MA6.
One minute of CD-26 development was followed by DI rinsing and N2 drying.

3.3.8.2 SiNx Via Level Dry Etching

Dry etching was performed by the Applied Materials DPS at the PSU Nanofab,
using a CF4:O2 (4:1) plasma. Once the pressure stabilized to 7 mTorr, the plasma was lit
with the ICP coil and RF bottom electrode powers set to 500 W and 50 W, respectively,
which resulted in a self-induced bias of -75 V. Seventy five seconds of etching was used
to clear the exposed SiNx. After the samples were unloaded, they residual PR was
cleaned off using acetone, IPA, and DI water.

3.4 Photolithography Discussion

A great deal of time was spent in the lithography room while developing the
HEMT fabrication process, and along the way several lessons were learned. In the quest
for reproducible creation of 1 µm sized features, one of the main inhibitors of success
was edge bead. During sample coating and spinning, edge bead results from the PR’s
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adhesion force to the sample’s edge being greater than the centrifugal force of the PR
resulting from spinning. In other words, a thicker lip of PR or LOR can form at the
sample’s edge that prevents the photomask from making direct contact with the PR
across the sample. Section 3.4.1 provides some advice for dealing with edge bead, while
section 3.4.2 talks about a single-layer liftoff experimental technique that succeeded with
> 2 µm sized features, but was not adopted into our HEMT fabrication process.

3.4.1 Edge Bead Removal of LOR and PR

After repeated difficulty of achieving the gate level lithography in initial HEMT
samples, it was determined that edge bead was prohibiting intimate contact between the
sample and mask. The edge bead removal process, shown below, was effective in
helping to solve the problem, but could sometimes require several minutes of developing
in CD-26 to remove the entire bead thickness. At the time, Shipley 1805 positive PR was
being used to define the gate level features, and was found to be less sensitive to
exposure after several minutes of being in CD-26. This basically traded one problem for
another, so a side experiment was conducted to investigate the causes of edge bead
further.
Edge Bead Removal Process
1. Take soft baked sample and load it onto the aligner.
2. Align sample to expose edges for double the normal exposure time using the
appropriate shape on the edge bead removal mask (contains 2" and 3" semicircles, rectangles, and 30º/60º corners).
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3. Develop sample in CD-26 for 1 minute or until edge bead is gone.
4. Rinse in DI water and dry with N2 gun.
5. Continue with mask level alignment and exposure.

A test piece with a sharp corner, the worst-case scenario for the edge bead
accumulation, was used to test the effect of changing LOR/PR dispersing times, spin
speeds, and ramp rates. The most important conclusion that came out of this study was
that LOR was primarily responsible for the thick, slow developing edge bead on our
samples. It was found that the time in between dispersing the LOR over the sample and
spinning was when the LOR formed the most edge bead. For example, a comparison of
the same sample coated with LOR 5A with and without a 30 second delay before
spinning at 5000 RPM is presented in Figure 3-11. Judging by this characteristic, it
appears that once the LOR reaches the sample edge, the increased surface area allows for
faster evaporation of the solvent. This implies that it may be beneficial to avoid dynamic
dispersing steps (at slow spin speeds of 0 – 500 RPM) with LOR, as they could lead to
increased edge bead.
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(a)

(b)

Figure 3-11: Edge bead after LOR 5A is dispersed with (a) 30 second delay and (b) no
delay before 45 seconds of spinning at 5000 RPM.
Another result of this study was that as final spin speed increased from 5000 to
9000 RPM, the edge bead was gradually reduced. For larger sample sizes, spinning at
9000 RPM could be potentially unsafe and result in uneven resist coating uniformity
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across the sample. Thinking about the centrifugal force that is involved, brings up the
following point: As sample size is decreased, it is necessary to increase spin speed in
order to maintain the same centrifugal force on the PR or LOR near the edge. Figure 312 shows arbitrary centrifugal force for different relative radii from the center of rotation.

This graph can be used to roughly approximate necessary conversions between spin
speeds for samples of varying size to produce the same result for edge bead.

Figure 3-12: Centrifugal force at various distances from spinning center.
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3.4.2 Single-Layer Liftoff Process

During the edge bead study, a single-layer liftoff (SLL) process was also
investigated as a potential alternative to using a bi-layer metal liftoff process. The SLL
process is essentially identical to the standard positive PR lithography process with the
addition of a developer soak before soft baking. By soaking a sample coated with PR in
CD-26 developer, it is suspected that the top 100 – 200 nm becomes less sensitive to
exposure. By increasing the exposure dose by 25 – 50 % of the standard exposure dose,
the underlying PR becomes overexposed and develops wider than the top developersoaked layer. Figures 3-13, 3-14, and 3-15 show the overhangs that are produced and
their ability to provide excellent support for metal liftoff.

Single-Layer Liftoff Process
1. Spin AZ 701 for 45 sec @ 7000 RPM (10000 RPM/s ramp rate)
2. Expose edge bead by using a long exposure time of 10 seconds
3. Develop/Soak in CD-26 for 60 sec
4. Quickly dip in DI H2O (~1 second) and immediately dry with N2
5. Soft bake for 60 sec @ 90 ºC
6. Expose for 6.0 sec under low vacuum contact mode
7. Post-exposure bake for 60 sec @ 110 ºC
8. Develop in CD-26 for 60 sec, rinse/dry
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Figure 3-13: Single feature of e-beam evaporated Ti/Al/Ti/Au (~200 nm) on AZ 701
SLL-processed. Feature width is approximately 0.9 µm. (mask line width = 0.8 µm).

Figure 3-14: Multiple features of e-beam evaporated Ti/Al/Ti/Au (~200 nm) on AZ 701
SLL-processed. Feature width is approximately 0.9 µm. (mask line width = 0.8 µm).
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Figure 3-15: E-beam evaporated Ti/Al/Ti/Au (~200 nm) on AZ 701 SLL-processed.
Sample tilted to give 3D view.
However, despite the FESEM images presented in the previous three figures, this
process was not reliably reproducible for 1 µm sized features. It seemed that the success
of the technique was dependent on several factors, two of the most important being steps
4 and 5, the quick DI water dip after the first CD-26 soak and the soft bake temperature.
Repeating this process using other resists, such as Shipley 1805 and SPR 3012, did not
produce adequate resist overhangs as shown in Figure 3-16 below.
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Figure 3-16: Single-layer liftoff process using SPR 3012 photoresist.
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Chapter 4
Characterization Methods

4.1 Introduction

Due to the complex nature of the problems associated with RF dispersion and
leakage currents in HEMT devices, a variety of characterization methods were used to
attain a comprehensive understanding of the passivation procedure. HEMT electrical
characteristics were determined by pulsed I-V, dc I-V, Hall Effect, and small signal RF
measurements. Material characterization of the HEMT surface before and after select
surface treatments and passivation was conducted with XPS, AES depth profiling, and
photoluminescence (PL). FTIR, ellipsometry, and thin film stress measurements were the
main techniques that were used to characterize different SiNx films. This chapter will
briefly discuss each type of characterization that was used in this project and highlight the
salient points relevant to interpretation of the acquired data.

4.2 Electrical Characterization Methods

While the targeted use of the GaN based transistors is in high-frequency, highpower applications, the goal of this project is not to set records in maximum frequency of
oscillation (fmax) or output power density (Pout); instead, the objective of this research
effort is to understand the mechanisms responsible for some of the parasitic problems that
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arise during the passivation process. Critical device parameters that are of concern to the
HEMT community include RF dispersion, gate and isolation leakage currents, breakdown
voltage, and operation reliability. Methods explained in this section will show how each
critical device parameter was measured, along with other characteristics that were less
affected by the passivation process.

Appendix C provides a typical HEMT

characterization run sheet that was used for every battery of tests administered before and
after passivation of a particular sample.

4.2.1 Pulsed I-V Measurements

RF dispersion, virtual gating, and current collapse all refer to the drain current lag
associated with slow, non-exponential emission of negative charge from trapping centers
in the HEMT surface, barrier, or buffer layer. Since the occupancy and characteristics of
the trapping centers are dependent on the dc bias state of the device, an Accent DiVA
225EP Pulsed I-V System was used to measure the drain current response over a wide
range of high-electric field state VDG QBPs. Electrical contact to HEMT devices was
made with 150 µm pitch Cascade RF GSG probes, in the configuration shown earlier in
Figure 2-7. The coaxial cables connecting the DiVA to the probes were kept relatively
short, approximately 1 foot, in order to minimize parasitic inductance leading to the
device under test (DUT). For each data point recorded in a measured pulsed IDS vs. VDS
curve, 256 samples were averaged using a 200 ns pulse length and 1 ms pulse separation.
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4.2.1.1 Pulsed IDS vs. VDS Measurements

Prior to and after passivation, the pulsed I-V response of 4 HEMT devices per
sample was measured over the range of VDG QBPs, 0 V ≤ VDG ≤ 30 V. To clarify how
VDG was defined, for VDG QBP ≤ 5 V, the VDS QBP = 0 V while VGS QBP was ramped
down from 0 to -5 V. For VDG > 5 V, the VGS QBP = -5 V and the VDS QBP was ramped
up to 25 V. Immediately prior to testing the pulsed I-V response, proper electrical
contact to the DUT was tested by running a set of static or dc IDS vs. VDS curves using the
DiVA’s software graphical user interface (GUI) with 0 V ≤ VDS ≤ 10 V and -5 V ≤ VGS ≤
2 V, stepping in 1 V increments. In order to maintain consistency from sample to
sample, the measurement sequence was automated by running a batch file from a
command line that invoked single IDS vs. VDS pulsed measurements (with 0 V ≤ VDS ≤ 10
V, VGS = 0 V). The order of QBPs was chosen to move sequentially from the zeroelectric field state (VDG QBP = 0 V) to higher electric field QBPs in 1 V increments, to
the maximum VDG QBP = 30 V. Figure 4-1 shows pulsed IDS vs. VDS curves across the
full range of QBPs for a 1 × 100 µm2 HEMT/SiC before and after C2F6 plasma treatment
and passivation.
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Figure 4-1: Pulsed IDS vs. VDS curves for 0 V ≤ VDG QBP ≤ 30 V for a 1 × 100 µm2
HEMT (a) before and (b) after C2F6 plasma treatment and passivation.
Since the absolute magnitude of drain current varied from sample to sample, we
have defined a metric termed “current recovery” to make relative comparisons. Current
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recovery, expressed in this study as a percentage, is the fractional comparison of the
pulsed IDSS from an arbitrary QBP′ divided by the pulsed IDSS from the zero electric field
state QBP. This relationship is shown in Eq. 4-1, where IDSS is defined as the value of IDS
(VGS = 0 V, VDS = 10 V):
Current Recovery (QBP′) =

Pulsed I DSS from QBP′
Pulsed I DSS from Zero E - Field State QBP

4-1

This term, expressed as a percentage, describes how effectively a particular
treatment/passivation has mitigated the virtual gating present in a device for a particular
quiescent bias state. Current recovery is similar to another commonly used metric, gatelag ratio (GLR), in which the pulsed IDSS value from a particular QBP is divided by the dc
IDSS value. One disadvantage to using the GLR metric is that thermal heating effects and
hot carrier injection into trapping states during dc operation can cause dc IDSS to be lower
than measured pulsed IDSS, resulting in ratios higher than 1. With current recovery, both
measured components are not affected by thermal effects or extended hot carrier
injection, so values typically range from 0 to 100% and are indicative of only the virtual
gating effect. As an example of how to compute current recovery, if a device has an IDSS
value of 500 mA/mm when pulsed from the zero electric field QBP, a 40% current
recovery at QBP (VDS = 10 V, VGS = -5 V) would correspond to an IDSS of 200 mA/mm
when pulsed from that QBP. Ideally, with all virtual gating eliminated, current recovery
would approach 100%. A plot of current recovery vs. QBP for the same device shown in
Figure 4-1 before and after passivation is illustrated in Figure 4-2.
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Figure 4-2: Current recovery data vs. QBP for a 1 × 100 µm2 HEMT before and after
C2F6 plasma treatment and passivation.

4.2.1.2 Drain Current Transient Measurements

Upon completion of the pulsed IDS vs. VDS curve measurements, three transient
measurements were performed by pulsing the DUT from VGS QBP = -5 V, VDS QBP = 25
V to (VGS, VDS) = (-2 V, 10 V), (0 V, 10 V), and (2 V, 10 V), respectively. For each
transient measurement, 512 samples were averaged using pulse lengths of 0.1, 0.2, 0.5, 1,
2, 5, 10, 20, 50, 100, 200, 500, and 1000 µs, separated by 1 ms, to generate plots of
pulsed IDS vs. pulse length. The drain current transients of unpassivated 1 × 100 µm2
HEMT devices exhibited non-exponential return to steady state values, which
corresponded to characteristic emission times (duration for IDS to return to IDSS/e) of
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trapped negative charge that ranged from 200 µs to 750 ms in most devices, with a
median value of 45 ms. With such long emission times, the pulse separation should have
ideally been set to the values greater than 743 ms to allow for complete equilibration;
however, in order to make measuring time reasonable for throughput of samples, the
pulse separation had to be set lower than desired at 1 ms. Figure 4-3 illustrates the
transient response of a 1 × 100 µm2 HEMT/sapphire pulsed from VDG QBP = 11 V before
and after passivation with SF6 plasma pre-treatment.
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Figure 4-3: Drain current transient response of a 1 × 100 µm2 HEMT/sapphire pulsed
from VDG QBP = 11 V before and after passivation with SF6 plasma pre-treatment.
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4.2.2 dc I-V Measurements

To address other critical device parameters such as gate leakage current and
breakdown voltage, dc I-V characterization was performed using a Keithley 4200
Semiconductor Characterization System (SCS) with pre-amplifiers on two of the four
source-measurement units (SMU) to ensure accurate measurement of low level currents.
A Karl-Suss probe station provided the means for Quater Research and Development
micromanipulators to position needle probes on individual transistor probe pads. The
probe station stage was capable of heating up to temperatures of approximately 250 ºC,
and a type-K thermocouple was used to measure the surface temperature of heated
devices. As indicated in Appendix C on the HEMT Electrical Characterization Run
Sheet, there were 8 standard dc I-V tests that were used to determine approximately 11
different parameters.
The “Gate_IV” test was used to measure off-state gate leakage current.
Minimizing gate leakage current is important to reduce the presence of hot electrons in
the high electric field region of the device. It is suspected that these hot electrons may be
responsible for the generation of new trapping centers or for the filling of existing surface
states.1 The measurement technique, adapted from the Air Force Research Laboratory
RF device team’s procedure, involves grounding the source contact, fixing the gate
voltage at -5 V, and ramping the drain voltage from 0 V to 45 V. Gate leakage current,
IG,leak, was measured as the current passing through the gate contact and then plotted
versus drain-gate voltage. For easy comparison purposes, the value of IG,leak was often
reported at VDG = 33 V (VDS = 28 V, VGS = -5 V).
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The test named “Breakdown” was used to measure off-state device breakdown.
One of the main advantages to using this wide bandgap material system is that its
breakdown strength is higher than silicon and GaAs. If a device suffers from premature
breakdown at low operating voltages (10 – 40 V) as a result of surface
treatment/passivation, there is no advantage to using GaN over existing Si or GaAs
technology. In a similar manner to the gate leakage current test, the source was grounded
and VGS was set to -5 V. However, instead of sweeping a voltage, 1 mA/mm of current
was forced into the drain electrode and the resulting breakdown voltage, VBR was
measured as the drain to gate voltage difference. This test was performed on the shorter
width, 1 × 50 µm2 gate devices to help decrease the number of breakdown cases due to
extrinsic defects.
Interdevice isolation current, IISO, was measured on two 6 × 100 µm2 gap isolation
test structures per sample, using the test “Iso_6um_IV.” This test grounded the LO
terminal of the structure, and then swept the HI electrode voltage, VISO, from 0 to 60 V.
During the voltage sweep, the current measured at the HI electrode was defined and
plotted as IISO. For comparison purposes, the value of IISO was often reported at VISO =
33 V.
To measure the ungated HEMT channel sheet resistance, RS, of the, 140 × 140
µm2 van der Pauw structures were used. At each corner to the van der Pauw square, a 10
× 10 µm2 ohmic contact was used to create contact to the 2DEG. The Keithley 4200 SCS
program “vdp_test” made a series of 8 four-point probe measurements where 0.1 mA was
forced between 2 adjacent contacts and a voltage was measured between the other 2
electrodes. After all eight measurements were taken using different permutations of
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electrodes, the program calculated an average Rs in units of Ω/□. To increase averaging
accuracy, each measurement series was repeated 10 times and added to a running
average. In all characterization performed immediately before and after passivation, van
der Pauw measurements were used to obtain Rs instead of CTLM measurements, due to
their faster execution and analysis.
CTLM measurements were made on each HEMT sample after the ohmic metal
annealing step to verify ohmic behavior and proper contact resistance using a Keithley
238 Source-Measure Unit located in Professor Suzanne Mohney’s laboratory in Steidle
building. Within each individual CTLM test structure, there were six gap spacings of 2,
4, 6, 9, 12, and 15 µm with constant inner circular contact radius of 50 µm. Four-point
probe measurements (with 2 forcing and 2 sensing probes) were used to determine the
resistance of each gap by sweeping current from –10 mA to 10 mA and measuring the
induced voltage. Analysis of the data was completed by iteratively fitting resistance
versus gap spacing to an approximation of the theoretical relationship involving Bessel
functions, shown in Eq. 4-2, that was described by Marlow and Das2 and the transfer
length, LT, definition shown in Eq. 4-3.
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In Eq. 4-2 ro is the inner circular contact radius, and Rd is the measured resistance for a
particular gap spacing, d. In addition to extracting Rs, specific contact resistance, ρc, was
also calculated in units of Ω cm2, and used to compute the more commonly cited “contact
resistance” term of ρc/LT with units of Ω mm.
The tests “Idssat_Vgs_OFF2ON” and “Idssat_Vgs_ON2OFF” were used to
measure the saturated drain to source current (IDS,Sat) as a function of gate voltage. Each
test swept the gate voltage between VGS = -5 V (off-state) to VGS = 2 V (on-state),
however, in opposite directions to observe any hysteresis. VDS was set at 6 V, to ensure
the IDS was in saturation, governed by Eq. 4-4, where C'ox is the effective gate
capacitance per area due to the barrier layer (similar to Cox for the MOSFET).3 Analysis
of the data from these tests was completed by plotting the (IDS,Sat)1/2 vs. VGS, and
extrapolating the linear section of the graph down to the x-axis to determine the threshold
voltage, VTH.

By taking the derivative of IDS,Sat with respect to VGS, the mutual

transconductance, gm, could be plotted vs. VGS. The maximum mutual transconductance,
gm,max, was recorded as the maximum of the gm curve, which usually occurred at values of
VGS between -1 to -0.5 V for HEMT/SiC devices.

WCox' µ n (VGS − VTH )
=
2
L

2

I DS ,Sat

4-4

Lastly, the “Ids_Vds” test was used to generate a set of IDS vs. VDS curves, with
gate voltages varying from off to on state. With the source grounded, the test swept VDS
from 0 to 10 V for fixed gate voltages stepped from -5 V to 2 V in 1 V increments, and
measured drain current. Saturated drain-source current, IDSS, was obtained from these
curves as the drain current at VDS = 10 V, VGS = 0 V. The maximum drain-source
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current, Imax, was defined as the measured drain current at VDS = 10 V, VGS = 2 V, which
may contain a considerable component of forward biased Schottky diode gate current.

4.2.3 Hall Effect Measurements

Hall Effect measurements were performed on 140 × 140 µm2 van der Pauw
structures using a custom, LabView based Hall Effect system located in Professor Joan
Redwing’s laboratory in Hosler building. During the duration of this project, the Hall
Effect system received substantial upgrades to the hardware and software components. A
National Instruments USB data acquisition (DAQ) card with numerous digital
input/output terminals and two 0 to 5 V analog outputs was interfaced to provide the
capability for gated Hall Effect measurements. Since the old sample holder, consisting of
4 screw-clamped probe needles affixed to a PC-board with leads, did not have a fifth lead
for a gate contact, double-sided PC-board holders were designed and fabricated.
Illustrated in Figure 4-4, the new Hall Effect sample holders had copper leads that were
electroplated with Au at the PSU Nanofab to provide a suitable surface for wirebonding.
Wirebonding of individual die was performed in Professor Susan Trolier-McKinstry’s in
MRL building, using a Kulicke & Soffa Model 4129 Deep Access Manual Wedge
Bonder system and 1 mil Au wire.
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Figure 4-4: Hall Effect sample holder for wire-bonded electrical connection.
The most major software improvement made to the existing system, involved
switching the Hall mobility and sheet carrier density/type algorithm from the National
Institute of Standards and Technology (NIST) method to the American Society for
Testing and Materials (ASTM) method. One disadvantage of the NIST algorithm was
that it did not correct for non-square sample geometry. In the ASTM method, sample
shape asymmetry was accounted for by calculating a geometrical factor, f, from the
relationship in Eq. 4-5, where Q is a ratio of resistances measured from opposite corners
of the van der Pauw structure. f values approaching 1 indicate a highly symmetric van
der Pauw structure.
⎡1
⎛ 0.693 ⎞⎤
Q −1
f
⎟⎟⎥
=
arccosh ⎢ exp⎜⎜
Q + 1 0.693
⎝ f ⎠⎦
⎣2

4-5

The details of the ASTM method used for conducting Hall Effect measurements is
available in their published report.4 The important points to highlight about the technique
are that Rs is calculated using the same procedure as mentioned in the dc I-V section,

108
sheet carrer concentration, ns, and type are determined using two sets of measurements
under positive and negative magnetic field flux, and Hall mobility, µH, can be calculated
from these values using Eq. 4-6 when a single carrier type dominates.

µH =

1
qn s R s

4-6

4.2.4 RF Small Signal Measurements

Another critical device parameter is operating reliability.

While extensive

reliability testing requires a fair amount of equipment to control and monitor
environmental conditions, small signal measurements still provide useful data to observe
extended operation of these devices. Scattering (S-) parameters of single gate HEMT
devices were acquired with an Anritsu Lightning 37269D Vector Network Analyzer and
Cascade RF probes. On-wafer open, short, thru, and load calibration was performed prior
to measuring each set of samples. Input reflection coefficient (S11), forward transmission
coefficient (S21), reverse transmission coefficient (S12), and output reflection coefficient
(S22) were typically measured between 40 MHz and 10 GHz and then plotted as shown in
Figure 4-5. Each complex coefficient had magnitude and phase components.
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Figure 4-5: Vector Network Analyzer measurement screen output of C2F6 plasma treated,
passivated 1 × 100 µm2 HEMT.
To track the operating performance of HEMTs over several hours of time, the
small signal forward current gain, |h21|, was calculated using sampled S-parameters and
Eq. 4-7. HEMTs were dc biased at VGS = 0 V, VDS = 8 V, resulting in approximately 400
mA/mm of dc drain current density.

h 21 =

- S21
(1 - S11 )(1 + S22 ) + S12 ⋅ S21

4-7
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4.2.5 Capacitance-Voltage Measurements

C-V measurements were used to determine the dielectric constant of SiNx films in
MIS capacitors. An HP 4284 Precision LCR Meter at the PSU Nanofab and an Agilent
E4980A Precision LCR Meter in our laboratory were used to measure capacitors at 1
kHz, signal level = 1 V, and 0 V bias. Typical capacitance and dielectric constant values
for 50 µm diameter circular MIS capacitors with SiNx film thickness of 80 nm were 6 pF
and 7, respectively.

4.2.6 Summary of Electrical Characterization Results for Unpassivated Devices

Table 4-1 summarizes average and standard deviation values for unpassivated
HEMT devices on sapphire and SiC. The values of IG,leak and VBR were not measured for
HEMT/Sapphire samples, due to the overwhelming convolution with IISO. |h21| was also
not measured for HEMT/Sapphire samples, since the network analyzer was not acquired
until after experimentation with that sample type was completed.
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Table 4-1: Summary of unpassivated HEMT/Sapphire and HEMT/SiC devices.
Pulsed I-V Parameters

Parameter
Current Recovery at
VDG QBP = 11V
Current Recovery at
VDG QBP = 30 V

Units

HEMT/Sapphire

HEMT/SiC

%

10 ± 2

12 ± 5

%

0

0

dc I-V Parameters

Parameter
IDSS
IMAX
VTH
gm,max
IISO(VISO=33V)
IG,leak(VDG=33V)
VBR
ρc
ρc/LT

Units
mA/mm
mA/mm
V
mS/mm
mA/mm
mA/mm
V
Ω cm2
Ω mm

HEMT/Sapphire
448 ± 15
567 ± 13
-4.2 ± 0.1
132 ± 60
9.4 × 10-4
N/A
N/A
2.7 ± 0.7 × 10-6
0.41 ± 0.06

HEMT/SiC
332 ± 34
592 ± 62
-2.4 ± 0.1
122 ± 8
2.1 ± 0.7 × 10-7
1.3 ± 0.5 × 10-7
79 ± 8
4.1 ± 1.4 × 10-6
0.45 ± 0.10

Hall Effect Parameters

Parameter
Rs
ns
µH

Units
Ω/□
cm-2
cm2/V s

HEMT/Sapphire
594 ± 78
9 ± 2 × 1012
1218 ± 141

HEMT/SiC
477 ± 26
8 ± 1 × 1012
1610 ± 55

RF small signal Parameters

Parameter
|h21| at 2 GHz

Units
dB

HEMT/Sapphire
N/A

HEMT/SiC
-1.9

4.3 Material Characterization Methods

There were two goals associated with the materials characterization component of
this research project. The first objective was to develop an understanding of how the
HEMT surface and SiNx/HEMT interface chemistry was modified by plasma exposure,
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using XPS, AES, and PL measurements. The second objective was to observe how SiNx
film characteristics varied with changes in the deposition parameters.

This was

accomplished by FTIR, ellipsometry, and thin film stress measurement techniques. In
addition to these techniques, profilometry and FESEM were used at various points in the
fabrication process and in photolithography process development.

4.3.1 X-ray Photoelectron Spectroscopy

XPS measurements were performed at PSU’s Materials Characterization
Laboratory (MCL) on a Kratos Analytical Axis Ultra XPS system with the assistance of
staff members Bob Hengstebeck and Tad Daniel.

The XPS system used a

monochromatized Al Kα x-ray source (Photon energy = 1486.6 eV) to excite core shell
electrons in a sample to kinetic energies of 1486.6 eV minus the core shell binding
energy (BE). The excited photoelectrons that escape the sample’s surface are steered
using magnetic lens to a hemispherical sector analyzer. The analyzer uses an electric
field to change the trajectory of photoelectrons with a particular band of energy into a
detector. A simplified schematic representation of the XPS system is shown in Figure 46. Since the incident x-ray energy is known and the kinetic energy of the electron can be

measured at the detector, the BE can be calculated as the difference between the two.
XPS is a highly surface sensitive technique due to the very shallow penetration depth
(~10 – 100 Å) of the Al Kα x-ray into most solid materials, and because of the limited
escape depth of low to moderate kinetic energy photoelectrons.
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Hemi-spherical Sector Analyzer

Magnetic Lens

∆V
X-rays

Electron
Multi-Channel
Electron Detector

Figure 4-6: Simplified X-ray Photoelectron Spectroscopy system schematic.
Experimental samples were often prepared in the PSU Nanofab and then
transported and loaded into the XPS load lock within 10 minutes to minimize exposure to
ambient atmosphere. Once the load lock was pumped down to < 1 × 10-6 Torr, a door
was opened to the main chamber and a transfer rod was used to move the sample holder
onto a robotic stage. After retracting the transfer rod and closing the door to the load
lock, the ultra-high vacuum (UHV) chamber was pumped down to base pressure of 10-9 –
10-10 Torr. After optimizing sample height and position, a survey scan from BE = 0 eV to
BE = 1250 eV was measured using step size of 1 eV, pass energy of 80 eV, and sampling
dwell time of 200 ms. From the survey scan, windows around relevant peaks were
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defined for subsequent high-resolution scans. Each high-resolution scan was measured
using step size of 0.1 eV, pass energy of 20 eV, and dwell time of 1000 – 2000 ms
(depending on signal strength).
Analysis of experimental XPS data was performed using CasaXPS version
2.3.12Dev9 curve fitting software. While the energy precision of the XPS system was
very good, the accuracy of the measured BE was often shifted slightly due to charging or
other internal voltage losses. To accommodate the artificial shift in data, calibration to
the C 1s photoelectron peak (BE = 285 eV) was used as a reference. Peak fitting of the
high-resolution scan data was performed by defining a region around the peak of interest
and then generating components. Each component could then be constrained in terms of
position, full-width half-maximum (FWHM), Gaussian-Lorentzian shape, and/or area.
Based on relative sensitivity factors (RSFs), the areas of each component were weighted
to give a value of atomic species concentration on the sample’s surface. Chemical shifts
greater than 0.1 eV in individual photoelectron peaks were used to determine local
bonding information of atomic species.

For RSF and chemical shift information

reference standards, such as commercially available GaF3 or AlF3 powders, were
measured in the XPS system.
The presence of an overlying hydrocarbon contamination layer on sample
surfaces is commonly observed in XPS, due to adsorbed species from ambient
atmosphere exposure. Depending on the thickness of this contamination layer, d, the
signal from each element in spectra can be attenuated differently due to varying electron
inelastic mean free path, λ, values. The value of d can be estimated from the measured
atomic composition of carbon, assuming that all carbon comes from the organic
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contamination layer, by Eq. 4-8 where λC1s,C is the effective electron attenuation length
for carbon 1s electrons in the hydrocarbon overlayer, θ is the photoelectron emission
angle relative to the surface normal, and x is the measured atomic % of carbon.
x ⎞
⎛
d = −λC1s ,C cosθ ⎜1 −
⎟
⎝ 100 ⎠

4-8

λ has been calculated for a wide range of photoelectron kinetic energy (KE) and fit to a

power law relationship expressed in Eq. 4-9.5

λ = 0.016(KE )0.7608

4-9

If one assumes that the overlying hydrocarbon layer is fairly uniform in thickness (which
may not always be true), a quantitative correction can be made to obtain more accurate
representation of atomic concentrations at the sample’s actual surface. This carboncorrection has been detailed by Smith,6 and is presented in Eq. 4-10. The corrected
atomic composition, Icorr, is given as a function of the measured atomic composition,
Imeas, and the other calculated values of Eq. 4-8 and Eq. 4-9.

⎛ d ⎞
I corr = I meas exp⎜
⎟
⎝ λ cosθ ⎠

4-10

4.3.2 Auger Electron Spectroscopy

One of the disadvantages of XPS is that it has limited spatial resolution, due to the
inability to focus x-rays to very small spot sizes. Instead of x-rays, AES utilizes a beam
of accelerated electrons to generate Auger electrons in a sample, which allows for
excellent lateral resolution down to tens of nanometers with approximately the same
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sensitivity as XPS. The Auger electrons are created when an incident electron excites a
core shell electron to a high energy state, which eventually relaxes and emits a photon.
That photon is sometimes absorbed by another core shell electron on a nearby atom that
causes the emission of an Auger electron with a characteristic energy.
For our research project, AES was used to provide atomic concentration data as a
function of depth into a SiNx/Al0.32GaN/GaN 140 × 140 µm2 van der Pauw structure that
had been treated with an SF6 plasma treatment prior to SiNx encapsulation. Without
proper reference samples, the RSF values that were used were only approximate. The
AES measurements of our sample were conducted by staff member Bangzhi Liu

4.3.3 Photoluminescence Measurements

PL measurements were conducted using Professor Joan Redwing’s custom built
PL system in Hosler building.

Incident photon excitation of the electrons in

approximately top 50 nm of the sample was carried out by a series of mirrors and a JDS
Uniphase Nd-YAG (λ = 265 nm) pulsed laser. Luminescence produced as electrons
relaxed to lower energy states was focused through a quartz lens into motor-driven
variable monochromator and then collected using a photomultiplier tube.

Lock-in

amplification was used to increase the sensitivity of the system.
Lab-View based software controlled the monochromator and sampling time.
Typical scans detected wavelengths in the range of 650 nm to 275 nm, capturing the
defect band “yellow luminescence” present in GaN, near-band-edge GaN emission, and
near-band-edge AlGaN emission. Step size was typically 0.5 nm. After scan completion,
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a comma-separated value data file was created and used to plot PL intensity versus
wavelength.

4.3.4 Fourier Transform Infrared Spectroscopy

Characterization of the SiNx films used in Chapter 6 included FTIR measurements
conducted by MCL staff member Josh Stapleton using a Bruker IFS 66/S FT-IR
Spectrometer.

FTIR can be operated in several different configurations, but each

measures the amount of infrared radiation absorbed by a sample at specific energies
across a range of incident radiation wave numbers of 4000 to 400 cm-1 (λ = 2.5 – 25 µm).
Scanning of the incident IR energy was accomplished with a Michelson interferometer.
Absorption peaks in the generated spectrum correspond to different local vibrational
modes, such as stretching or wagging of asymmetric bonds. Based on the characteristic
frequency of vibration, specific bonding configurations can be determined from
experimental data.
SiNx films for our study were grown on semi-insulating GaAs pieces (during the
same passivation deposition for HEMT samples) in order to have an IR transparent
substrate, suitable for transmission FTIR. A bare GaAs test piece from the same wafer
was used as a reference sample for background subtraction. Curve fitting of absorption
peaks was performed with Optics User Software (OPUS).
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4.3.5 Thin Film Stress Measurements

To investigate SiNx intrinsic film stress properties, the Tencor Flexus 2320 Thin
Film Stress Measurement System was used in MRI building. The Flexus 2320 was used
to make wafer curvature measurements, by deflection measurements of a laser, before
and after the deposition of a thin film. The system software then used the difference in
curvature and Stoney’s equation, Eq. 4-11, to determine the total stress, σT, of the
deposited film. In Eq. 4-11, Es, νs, and ts are the substrate’s Young’s modulus, Poisson’s
ratio, and thickness, respectively. R is the thin film/substrate measured curvature and tf is
the thin film thickness. The estimated thermal stress, σth, that occurred during cooling
down to room temperature was calculated using Eq. 4-12, where αf and αs were the
thermal expansion coefficients of the film and substrate, respectively, νf was the
Poisson’s ratio, and (Tdep. – Tmeas.) was the difference in growth and room temperature.
2

Es
ts
×
σT =
(1 - ν s ) 6 ⋅ t f ⋅ R

σ th =

Ef
× (α − α ) × (Tdep. − Tmeas. )
(1 - ν f ) f s

4-11

4-12

4" diameter, 525 µm thick, single-side polished Si wafers were used as the
substrates for deposited SiNx films. Each wafer was measured at 0º and 90º theta rotation
in the Flexus 2320 before and immediately after deposition of the thin film, to check for
anisotropy. After obtaining the total stress for each thin film, the intrinsic film stress, σf,
was calculated by subtracting the estimated thermal stress, σth, from σT. By adding the
estimated σth resulting from SiNx and GaN thermal expansion coefficient differences to
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σf, a rough estimate of the stress caused by a passivation film on a HEMT sample was
computed.

4.3.6 Ellipsometry

Ellipsometry of SiNx films was performed on two different systems. For quick
feedback on growth rate and refractive index during process development, a
monochromatic (λ = 633 nm), Gaertner L116C Variable Angle Ellipsometer located in
the PSU Nanofab was used. For higher accuracy thickness and refractive index data, a
J.A. Woollam VASE Spectroscopic Ellipsometer was used. Since the spectroscopic
ellipsometer uses white light instead of a single wavelength laser, amplitude and phase
polarization change data is collected across a wide range of visible light frequencies. A
model constructed in the software consisting of a Cauchy film on a Si substrate was fit to
experimental data to obtain thickness, Cauchy film coefficients, and refractive index
versus wavelength behavior. Cauchy film coefficients An, Bn, and Cn were related to
refractive index, n, by Eq. 4-13.
n(λ ) = A n +

Bn

λ

2

+

Cn

λ4

4-13

4.3.7 Profilometry

During isolation etching, the Tencor 500 Profilometer, located in the PSU
Nanofab, was used to measure mesa step heights. A magnified image taken with a builtin video camera was used to align the stylus perpendicular to a step. Scan speed, force,
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and distance could be adjusted prior to measuring data. After a measurement, cursors
could be used to level the plotted data and measure step heights using averaged lower and
upper values. The profilometer was occasionally used to measure baked photoresist
thickness.

4.3.8 Field-Emission Scanning-Electron Microscopy

The Leo 1530 FESEM in the PSU Nanofab was used primarily in
photolithography process development. By using a special sample holder with a 60º
orientation clamp, cross-sectional views of photoresist and LOR layers could be observed
and measured in the microscope. In general, the best way to obtain in-focus images was
found to be zooming in to a higher magnification than was desired, obtaining the best
focus and stigmation, and then zooming back out to the sought after magnification. Also,
to avoid the problems associated with charging of the sample, a thin Au film was
sputtered onto the sample after it was loaded in the holder.
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Chapter 5
Pre-Passivation Surface Treatment Study

5.1 Introduction

As the pulsed I-V results illustrated in Figures 2-3, 4-1, 4-2 , and 4-3 indicate, the
unpassivated HEMTs used in this study suffer from the effects of virtual gating. Such
virtual gating is potentially disastrous for high frequency performance, and is commonly
mitigated with an encapsulating passivation layer. In our initial exploratory studies, we
found that the ability of a passivation layer to reduce virtual gating was highly dependent
on how the surface was prepared immediately prior to depositing a SiNx film. To
investigate this phenomenon further, the pre-passivation surface treatment study was
developed with the ultimate goal of identifying (or ruling out) potential mechanisms
responsible for the reduction of RF dispersion in AlGaN/GaN HEMTs by SiNx
passivation.
The overlying approach to this study is fairly straightforward: characterize an
unpassivated HEMT die, apply an experimental surface treatment, deposit a standard
SiNx passivation film, and then re-characterize using the exact same transistors/test
structures and observe the changes. The initial set of exploratory experimental surface
treatments used on HEMT/sapphire samples consisted of both wet-chemical and plasma,
and was chosen from a practicality standpoint, i.e. to use common process gases or
aqueous chemicals that would be used during other steps in the fabrication process. A
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smaller set of 6 plasma treatment chemistries was selected for application to HEMT/SiC
samples to more thoroughly investigate individual mechanisms for passivation.

In

general, chemically-similar treatments applied to both HEMT/sapphire and HEMT/SiC
samples yielded equivalent results.
Two additional sub-studies were conducted after reviewing the data presented in
sections 5.3 and 5.4, to provide investigation into a thin (~2 nm) SiNx cap/HEMT
interface and the reversibility of passivation. After analysis and consideration of all
electrical and material characterization results, several conclusions about the roles of
carbon, hydrogen, fluorine, and oxygen atomic species’ involvement in the HEMT
passivation process were formulated and will be discussed at the end of this chapter. The
discussion section will also include comments regarding the possibility of a surface
conduction layer at the SiNx/HEMT interface providing an electron access pathway to
surface traps.

5.2 Experimental Details

Before the application of each experimental surface treatment, each HEMT die
went through a sequence of electrical characterization outlined in the “HEMT
characterization run sheet,” located in Appendix C. During this sequence of electrical
testing, individual transistors were used only once for a given test to reduce history
effects. The position of each tested transistor, referred to as “Device ID” and denoted by
row (A – D)/column (1 – 20), was recorded so post-passivation characterization could
test the same device. The number of devices measured per test varied and was often
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chosen based on a compromise between throughput and gaining statistical significance.
Table 5-1 lists the number of devices measured for each die before and after passivation.
Table 5-1: Typical Number of Devices Measured Per Die.
Accent DiVA 225EP Pulsed I-V System

Static IDS vs. VDS
Pulsed IDS vs. VDS series
Drain Current Transient

4
4
2

Keithley 4200 Semiconductor Characterization System

IDS,sat vs. VGS
IDS vs. VDS
Gate Leakage
Interdevice Isolation Current
Breakdown Voltage
Van der Pauw Resistivity

2
2
4
2
10 - 15
2

The average characterization time for the testing sequence of one die was approximately
2 – 3 hours. For unpassivated devices, measurement times increased drastically for gate
leakage and interdevice isolation current tests due to the low levels (pA range) of current.
For HEMT/sapphire devices, 4 CTLM patterns were measured instead of the 2 van der
Pauw structures to obtain Rs.
The last fabrication step of each unpassivated HEMT die was a Remover PG (Nmethyl-2-pyrrolidone based) cleaning process stripping of the protective photoresist used
during dicing. After electrical characterization, each die received an experimental wetchemical or plasma surface treatment before being passivated with a standard PECVDdeposited SiNx film. For wet-chemical treatments, the die was placed directly into a
chemical bath, and then DI rinsed and N2 dried before being loaded into the PECVD
chamber. Plasma surface treatments included a preceding 60 second BOE (10:1) dip
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followed by DI rinsing and N2 drying, before being loaded into the appropriate plasma
chamber. Table 5-2 lists the plasma tools used and experimental conditions for each
surface treatment investigated in this study.
Table 5-2: Experimental Wet Chemical and Plasma Pre-passivation Surface Treatments.
HEMT/sapphire Wet Chemical Treatments

Chemistry
BOE (10:1) (NH4F:HF:DI)
CD-26 (TMAH)
NH4OH:H2O2:DI (1:4:20)

Temperature (º C)
25
25
50

Duration (s)
60
120
300

HEMT/sapphire Plasma Treatments

Chemistry

Tool

Type

NH3
N2
NH3:N2 (1:2)
N2O:N2 (4:1)
SiH4
O2
O2
O2
O2
SF6
SF6:O2 (1:1)
SF6:O2 (1:1)

P-5000 B
P-5000 B
P-5000 B
P-5000 B
P-5000 B
P-5000 A
P-5000 A
P-5000 A
i-Speeder
i-Speeder
i-Speeder
i-Speeder

in situ
in situ
in situ
in situ
in situ
in vacuo
in vacuo
in vacuo
ex situ
ex situ
ex situ
ex situ

Temp.
(º C)
300
300
300
300
300
100
100
100
25
25
25
25

Pressure
(mTorr)
2700
2700
2700
2700
2700
1000
1000
1000
20
10
10
10

Plasma Power Duration
(W)
(s)
300
30
300
30
300
120
300
120
300
30
200
10
200
30
200
60
ICP:400/RF:40
30
ICP:400/RF:40
30
ICP:400/RF:40
30
ICP:400/RF:40
600

HEMT/SiC Plasma Treatments

Chemistry

Tool

Type

C2F6
H2
NH3
O2
Cl2
BCl3

P-5000 B
P-5000 B
P-5000 B
P-5000 A
DPS
DPS

in situ
in situ
in situ
in vacuo
ex situ
ex situ

Temp.
(º C)
300
300
300
50
25
25

Pressure
(mTorr)
1000
1000
2700
1000
7
7

Plasma Power
(W)
200
200
35
200
ICP:500/RF:0
ICP:300/RF:0

Duration
(s)
30
30
30
30
30
30
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The plasma tools that were used for pre-passivation surface treatments have been
separated into three classification types for easier reference when presenting data. In situ
treatments were performed in the exact same Applied Materials P-5000 PECVD cluster
tool plasma chamber (Chamber B) as where the SiNx was deposited. In vacuo treatments
were classified as those where the sample received a treatment in Chamber A of the P5000 cluster tool, and was then transferred under low vacuum with inert gas purge
through a load lock by a robotic arm to the PECVD Chamber B. Chamber A had
identical parallel-plate reactor geometry to Chamber B, but had the advantage of O2
process gas availability and could be kept at a much lower temperature than Chamber B,
which was set to 300 ºC for SiNx deposition. Ex situ treatments were performed outside
of the P-5000 cluster tool, primarily on two different plasma tools. For HEMT/sapphire
samples, ex situ treatments were performed using an Adixen AMS 100 i-Speeder
magnetically-enhanced ICP etch tool located in EE West building. For HEMT/SiC
samples, ex situ treatments were performed in the Applied Materials DPS system
discussed earlier in chapter 3.

In each of the ex situ cases, samples were always

encapsulated with SiNx as fast as possible (minutes to a few hours depending on location)
in order to reduce the surface exposure to ambient atmosphere.
In addition to the all of the passivated samples that received the treatments listed
in Table 5-2, several control experiments were also completed (without SiNx passivation)
to verify that the observed effect was a result of treatment and SiNx passivation, and not
the treatment alone. For HEMT/sapphire devices, control experiments included a 60 s
BOE (10:1) dip/DI rinse/N2 dry, an ex situ 30 s SF6 plasma, and 5 minutes of sitting in P5000 Chamber B at 300 ºC at 2.7 Torr with N2 flowing. Similar control experiments
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using HEMT/SiC samples included a 60 s BOE (10:1) dip/DI rinse/N2 dry, an in situ 30 s
C2F6 plasma, and exposing HEMT samples with 1 and 2 nm GaN capping layers to 5
minutes of 400 ºC annealing under N2 ambient in an RTA. All of the control samples,
with the exception of the fluorine containing plasma treatments had no effect on
unpassivated device electrical characteristics. Both fluorine containing plasma treatments
resulted in a reduction in ungated HEMT channel sheet resistance, but left other
parameters such as interdevice isolation current, gate leakage current, breakdown voltage,
and pulsed I-V current recovery at the same values.

5.3 Electrical Characterization Results

During the preliminary portion of this study, HEMT/sapphire samples were used
to investigate a variety of plasma chemistries and conditions. While relevant data from
select HEMT/sapphire samples led to the refinement of a subsequent set of treatments
and testing for HEMT/SiC samples, other exploratory samples did not turn out as
expected.

For example, most of the in situ treatments involving N2 or NH3 were

conducted at too high of a plasma power, which caused a large degradation in Rs that
rendered pulsed I-V and dc I-V measurements inconsequential. In other cases results
were redundant or no trend was observed, as with the in vacuo O2 plasma treatment series
that produced nearly identical electrical results after 10, 30 and 60 seconds of exposure.
While something could be learned from each sample, many of the cases will be omitted
in the following electrical characterization results in order to emphasize the relevant data
on the more state-of-the-art HEMT/SiC samples.
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5.3.1 Pulsed I-V

A general observation that emerged from the results of this study was that a
variety of plasma surface treatments could be used in conjunction with SiNx passivation
to improve the HEMT pulsed I-V performance. By adding a C2F6, NH3, O2, or Cl2
plasma treatment after BOE 10:1 dipping, the passivation efficacy was significantly
enhanced. Figure 5-1 shows HEMT pulsed I-V current recovery data before passivation,
after SiNx passivation with BOE (10:1) treatment, and after SiNx passivation with in situ
C2F6 plasma treatment.

■ Unpassivated
▲ BOE (10:1)
● C2F6 plasma

100%

Current Recovery

80%
60%
40%
20%
0%
0

5

10

15

20

25

30

VDG QBP (V)

Figure 5-1: Current recovery vs. VDG quiescent bias point for 1 × 100 µm2 HEMTs
before passivation, after SiNx passivation with BOE (10:1) treatment, and after SiNx
passivation with in situ C2F6 plasma treatment.
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In the case of the unpassivated device, the occupancy of electron trapping centers
at VDG > 24 V is enough to cause the drain current to be completely pinched off with onstate electrode pulse widths of 200 ns. With SiNx passivation of the BOE (10:1) treated
HEMT surface, there is a slight increase in current recovery, with a value of
approximately 29% at the highest VDG QBP. By adding an in situ C2F6 plasma treatment
after BOE (10:1)/DI rinse/N2 dry, passivation results were significantly improved with
approximately 78% current recovery at the highest VDG QBP. Even though this value did
not reach 100%, the results certainly produce a usable device that takes advantage of
GaN material characteristics. The pulsed IDSS values for the zero-electric field QBP and
VDG QBP = 30 V for the in situ C2F6 plasma case were 347 mA/mm and 446 mA/mm,
respectively.
Other plasma chemistries that produced similar results to C2F6 in HEMT/SiC
samples included O2, Cl2, and to some extent NH3. In the lower plasma power NH3 case
current recovery was comparable to the C2F6 case for low to moderate values of VDG
QBP, but then dropped off significantly at higher electric fields. Table 5-3 shows pulsed
I-V current recovery for two VDG QBP data points before and after passivation with a
variety of surface treatments. Spectroscopic ellipsometry measurement of the refractive
index of the passivation film that was used is also provided; n = 1.88, 1.90, and 1.99
corresponded to NH3/SiH4 flow rate ratios of 10, 3.3, and 2, respectively. In the majority
of cases, the largest drop in current recovery occurred during the initial gate voltage QBP
ramp down (0 V ≤ VDG QBP ≤ 5 V). Qualitatively this effect could be explained by
higher quantities of electrons driven out and away from the increasingly repulsive gate,
across the HEMT surface or into the barrier layer towards the grounded source and drain.
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Once the gate voltage is fixed at -5 V, additional positive potential added to the drain
electrode continues to pull electrons out across the surface, increasing the lateral electric
field gradient.
Table 5-3: Current Recovery Data for Select Experimental Surface Treatments.

HEMT/SiC

HEMT/sapphire

Surface Treatment [SiNx refractive index]
CONTROL: ex situ SF6:O2 (1:1) Plasma
CONTROL: 5 min 300 ºC at 2.7 Torr
60 sec BOE (10:1)
[n = 1.88]
60 sec BOE (10:1)
[n = 1.99]
ex situ SF6 Plasma
[n = 1.88]
ex situ SF6 Plasma
[n = 1.99]
ex situ O2 Plasma
[n = 1.88]
ex situ O2 Plasma
[n = 1.99]
ex situ SF6:O2 (1:1) Plasma [n = 1.88]
ex situ SF6:O2 (1:1) Plasma [n = 1.99]
CONTROL: in situ C2F6 Plasma
CONTROL: 5 min 400ºC, 1 nm GaN cap
CONTROL: 5 min 400ºC, 2 nm GaN cap
60 sec BOE (10:1)
[n = 1.90]
in situ C2F6 Plasma
[n = 1.90]
ex situ Zero Bias Cl2 Plasma [n = 1.90]
ex situ Zero Bias BCl3 Plasma [n = 1.90]
in vacuo O2 Plasma
[n = 1.90]
in situ NH3 Plasma
[n = 1.90]

Pre-passivation
Current Recovery (%)
VDG QBP
VDG QBP
= 11 V
= 30 V
8±8
N/A
6±3
N/A
10 ± 2
N/A
13 ± 2
N/A
13 ± 9
N/A
11 ± 2
N/A
10 ± 5
N/A
7±1
N/A
10 ± 0
N/A
13 ± 8
N/A
3±1
0
4±2
0
7±3
0
4±2
0
10 ± 2
0
13 ± 4
0
15 ± 1
0
14 ± 1
0
2±1
0

Post-passivation
Current Recovery (%)
VDG QBP = VDG QBP =
11 V
30 V
6±1
N/A
6±1
N/A
17 ± 2
N/A
40 ± 9
N/A
89 ± 4
N/A
96 ± 4
N/A
91 ± 1
N/A
91 ± 1
N/A
87 ± 2
N/A
83 ± 3
N/A
7±1
0
3±0
0
6±2
0
41 ± 7
29 ± 9
89 ± 4
78 ± 5
83 ± 4
69 ± 4
46 ± 19
22 ± 20
86 ± 1
75 ± 1
86 ± 3
47 ± 5

Note: Error bars represent one standard deviation in measured data.

The control sample cases show that neither fluorine containing plasma treatment,
nor annealing alone could improve pulsed I-V performance.

This implies that the

reduction of virtual gating in the device is caused by one or more mechanisms involved
with the deposition or effect of the SiNx passivation layer. The fact that several different
plasma chemistries produce similar results suggests that individual atomic species, such
as F, Cl, and O may not be involved directly in passivation, but instead may prepare the
surface in a way to allow for better chemical reactivity with the SiNx hydride precursors.

130
5.3.2 RF Small Signal Performance

RF small signal measurements were performed to obtain realistic device operation
data for the HEMT/SiC samples used in this study. Figure 5-2 illustrates the small signal
current gain, |h21|, versus frequency for passivated HEMTs with two different treatments.
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Figure 5-2: RF small signal current gain, |h21|, versus frequency for passivated 1 × 100
µm2 HEMT/SiC treated with BOE (10:1) only and an in vacuo O2 plasma measured in
the dark.
Unpassivated devices had performance similar to the BOE (10:1) case, with forward
transmission gain that degraded several dB over 120 hours of operation. The in vacuo O2
plasma treated passivated sample showed consistent performance after 20 hours of
operation with |h21| = 8.0 dB at 2 GHz. (Keep in mind that these are 1 × 100 µm2 devices,
not designed for outstanding high frequency performance.) Measurements of the rest of
the HEMT/SiC samples, showed that RF small signal current gain performance generally
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correlated with pulsed I-V current recovery. This trend has been observed previously in
the literature.1

5.3.3 dc I-V

Figure 5-3 illustrates the values of interdevice isolation current and gate leakage
current for various surface treatments applied to HEMT/SiC samples. (The error bars
represent one standard deviation in measured value.)
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Figure 5-3: Post-passivation interdevice isolation current (measured at VISO = 33 V) and
gate leakage current (measured at VDG = 33 V) for HEMT/SiC devices exposed to
various surface treatments.
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In every single passivated case, both IISO and IG,leak degraded several orders of magnitude
regardless of pre-passivation surface treatment. Interesting cases to note include the BOE
(10:1), C2F6 plasma, and Cl2 plasma treated samples. Despite differing from the other
HEMT/SiC treatment cases in terms of pulsed I-V performance, the BOE (10:1) showed
an equivalent, or in some cases larger, amount of IISO and IG,leak increase from
unpassivated values. The C2F6 and Cl2 plasma treatments produced the least degradation,
which resulted in values of IISO and IG,leak that were 1 – 2 orders of magnitude lower than
the worst cases. The BCl3 treated die had significant SiNx delamination occur over the 48
hour period following passivation that resulted in an inaccurate representation of
passivated device electrical parameters, so its data was excluded.
Breakdown voltage data for passivated devices is presented in Figure 5-4.
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Figure 5-4: Post-passivation breakdown voltage (measuring VDG with VGS = -5 V and
forcing ID = 1 mA/mm) of HEMT/SiC devices exposed to various surface treatments.
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(The error bars represent one standard deviation in measured value.) With the way that
breakdown voltage was defined, the C2F6 and Cl2 plasma treated samples outperformed
the other passivated samples with values of 68 ± 11 V and 68 ± 7 V, respectively. It
should be noted that in all of the passivated samples, the 1 mA/mm of drain current was
found to travel from drain to gate as opposed to the unpassivated sample where the forced
drain current travelled primarily to the source, assumedly by buffer layer leakage. For
the HEMT/SiC control experiment samples, no significant changes were observed for
gate leakage current, interdevice isolation current, or breakdown voltage.
Another observation that arose from the data in Figure 5-3 was that in every
passivation case, interdevice isolation current magnitude was higher than the measured
gate leakage current magnitude. This brings up the potentially concerning possibility of
the probe pad to probe pad isolation current (outside of the device mesa) obscuring gate
leakage measurements. To test this scenario, the SiNx was removed in between mesas of
the C2F6 plasma treated sample, using the “ISO” level lithography as a mask for dry
etching. The results will be discussed later in section 6.6 of Chapter 6.

5.3.3.1 Sheet Resistance

It was discovered during exploratory testing with the HEMT/sapphire samples,
that suspected plasma induced damage could occur when using 300 W plasma power
with certain gaseous chemistries. When applying a 120 s NH3:N2 (1:2) plasma, 30 s N2
plasma, or 30 s NH3 plasma as a pre-passivation surface treatment, passivated HEMT
channel sheet resistance increased by greater than 5000%, 4200%, and 140%,
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respectively. Degradation in HEMT sheet resistance due to Ar plasma exposure has been
reported previously by Khan et al.2 The suspected damage mechanism could be related
to the generation of defects or lattice disarray by energetic ion bombardment of nitrogen.
Zhang et al. have observed preferential sputtering of N from AlGaN surfaces when
exposed to N2 plasmas.3 This result led to the use of lower plasma power treatments in
our study.
Quite the opposite effect from the N2/NH3 plasmas was seen with SF6:O2 (1:1)
plasmas. Figure 5-5 shows a variety of HEMT/sapphire devices subjected to 30 seconds
of SF6:O2 (1:1) plasma exposure with different induced biases. Sheet resistance was

Figure 5-5: Sheet resistance vs. plasma-induced dc bias for HEMT/sapphire before and
after SF6:O2 (1:1) plasma exposure.
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determined by 4 CTLM patterns per die. The error bars represent one standard deviation
in measured data. Even up to induced biases of 160 V, corresponding to ICP coil/RF
bottom electrode powers of 500 W/60 W, sheet resistance was observed to decreased by
6 – 19 %. While this result appeared anomalous at the time, the in situ C2F6 plasma
control experiment for the HEMT/SiC treatments also showed a remarkable decrease in
sheet resistance from untreated values.

Measured by van der Pauw method, sheet

resistance changed from 523 Ω/□ to 453 Ω/□ for the in situ C2F6 plasma control sample.
Another interesting case involving sheet resistance alteration was the H2 plasma
treatment. The pulsed I-V data for the H2 plasma treatment was omitted from Table 5-3
due to the severe Rs degradation that reduced the drain current to unobservable values
after passivation. While plasma power was still moderately high for this treatment at 200
W, it seems unlikely that such a light element would be capable of damaging the GaN
crystal structure by bombardment. Instead, it was suspected that excited hydrogen had
been incorporated either interstitially, or in complexes with other defects, resulting in
fixed negative charge that would deplete the 2DEG.4

To test the stability of the

incorporated hydrogen, the sample was annealed in an RTA for 5 minutes at 400 ºC.
Figure 5-6 shows the evolution of sheet resistance from before passivation, to after H2
plasma/passivation, and then after subsequent 400 ºC annealing. Remarkably, the sheet
resistance recovers to about 3 times the pre-passivation value after the annealing.
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Figure 5-6: Ungated HEMT channel sheet resistance for HEMT/SiC van der Pauw
structure before passivation, after H2 plasma/passivation, and after 5 minutes of 400 ºC
annealing in N2.

5.4 Material Characterization Results

In order to observed changes in HEMT surface chemistry due to the experimental
treatments, XPS, AES, and PL were utilized.

After materials characterization was

completed, results were compared to electrical data from similarly processed metalized
samples to identify any correlations. These correlations provided insight in the possible
mechanisms of passivation discussed at the end of this chapter.
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5.4.1 XPS Measurements of HEMT/Sapphire Treated Surfaces

The samples that were used for this portion of the study were taken from the same
wafer as the HEMT/sapphire samples, but were not metallized due to the poor lateral
resolution of XPS. The sampling area of the Kratos XPS tool is roughly 3 mm in
diameter – too large to sample in between metal electrodes on our chips. In order to
replicate surface conditions to the electrically measured samples, the non-metallized
samples were given identical experimental BOE (10:1) dip + plasma treatments and then
were transported to the XPS tool as quickly as possible. After loading samples into the
XPS, a survey scan of each surface was performed to identify the elements present and
then subsequent high resolution scans were taken of the identified elemental peaks.
While each element’s sensitivity limit is different in XPS, in general, atomic surface
concentrations could be determined to within 0.1 at. % error. Carbon-contamination
corrected atomic surface concentrations for untreated, BOE (10:1) treated, and other
plasma treated HEMT/sapphire samples are listed below in Table 5-4. The rightmost 2
columns of Table 5-4 give the measured carbon atomic % and the estimated organic
contamination overlayer thickness, d. The electron take-off angle, θ, was 0º relative to
the sample surface normal.
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Table 5-4: XPS Atomic Surface Concentration After Carbon Correction.
Surface
Treatment

Ga 2p

F 1s

O 1s

N 1s

Al 2p

C 1s

d(Å)

Untreated

23.3

0.0

11.1

42.2

23.3

20.2

8.0

BOE (10:1)

29.9

2.9

4.1

44.8

18.1

14.4

5.5

O2 Plasma

32.5

12.1

34.1

11.4

9.9

5.4

1.9

SF6:O2 (1:1)
Plasma

20.7

33.3

8.4

22.7

14.4

5.8

2.1

SF6 Plasma

24.0

34.0

7.2

20.6

13.8

7.5

2.8

NH3 Plasma

16.3

3.9

19.5

43.8

16.5

5.8

2.1

NH3:N2 (1:2)
Plasma

14.4

6.2

25.2

36.0

16.5

6.0

2.2

Three trends or observations can be seen in this data. First, there is a significant
decrease in surface carbon concentration in all of the plasma treated cases compared to
the untreated or BOE (10:1) only treated case. This trend correlates with the pulsed I-V
data, in that treatments that result in lower carbon concentration have been shown to
result in improved current recovery after passivation. While pulsed I-V data was not
obtained for the high power NH3:N2 (1:1) and NH3 plasma HEMT/sapphire cases due to
degradation in Rs, the low power NH3 plasma treatment produced improved current
recovery after passivation of a HEMT/SiC sample.
The second observation is that oxygen concentration does not appear to
immediately correlate with pulsed I-V performance. It may be important to note that
both of the NH3 containing plasmas resulted in a substantial 19 – 25 at. % amount of
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oxygen. As NH3 is a precursor for SiNx deposition, background O2 or H2O impurities
present in the NH3 gas could certainly result in higher oxygen incorporation into the
surface, especially if dangling bonds were present as a result of ion bombardment
damage.

The BOE (10:1) only treated sample, had the lowest oxygen levels at

approximately 4.1 at. %.
The third trend that can be observed in the XPS data is that the amount of fluorine
incorporated into the HEMT surface is an order of magnitude higher in the SF6
containing plasma treated samples, compared to the BOE (10:1) only treated sample.
High resolution scans of Al 2p and Ga 2p3/2 peaks, shown in Figure 5-7, reveal that
fluorine is incorporating in the form of Al-F and Ga-F bonds. In the Ga 2p3/2 signal plots,
the Ga-N and Ga-O signals were modeled as one component, due to their small BE
separation (< 0.5 eV). There was no detectable sulfur present on the surface in any of the
SF6 containing plasma treated samples.
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Figure 5-7: XPS high resolution scans of Al 2p and Ga 2p3/2 peaks for untreated, SF6:O2
(1:1) plasma, and SF6 plasma treated Al0.32Ga0.68N surfaces.

5.4.2 AES Depth Profiling of Passivated HEMT/Sapphire Device

While the XPS data in the previous section provided interesting insight into
chemistry changes that occurred as a result of plasma treatment, further questions arose
about stability of the modified surface chemistry during deposition of the SiNx
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passivation layer. The first investigation of SiNx/HEMT interface was performed by
using an AES depth profile. The window for analysis was positioned within a 140 × 140
µm2 van der Pauw structure on an 80 nm SiNx [n = 1.99] passivated HEMT/sapphire
metalized sample that had been treated with an ex situ SF6 plasma prior to encapsulation.
Figure 5-8 plots the atomic concentrations of various elements as a function of sputter
time.
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Figure 5-8: AES Depth Profile of SiNx (n = 1.99) on SF6 plasma treated 23 nm
Al0.32GaN/GaN HEMT/sapphire.
The AES depth profile results indicate that both fluorine and oxygen are present
at the SiNx/AlGaN interface, however, not in as high of atomic percentages as was
observed with XPS before passivation. Since RSF values were not calibrated with
specific SiNx or AlGaN/GaN reference standards, the error in the plotted values could be
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significant, but the data still gives a qualitative picture of the structure. Noticeably
lacking from the entire depth profile is any detectable carbon.

5.4.3 Photoluminescence of H2 Plasma Treated and Annealed HEMT/SiC Sample

The effect of the H2 plasma on HEMT/SiC PL was studied to look for clues to
help explain the severe Rs degradation. The non-metalized test piece that was used was a
piece taken from the edge of the same wafer as the metalized samples. The same sample
was measured before and after 30 s H2 plasma treatment, and also after a subsequent 5
minute 400 ºC anneal in N2. Figure 5-9 shows the progression of the PL spectra.
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Figure 5-9: Photoluminescence spectra of HEMT/SiC non-metallized sample before, after
H2 plasma at 300 ºC, and after 5 minutes of subsequent 400 ºC annealing.
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Comparing the untreated PL to the H2 plasma treated spectra, the first obvious
difference is the lack of suspected AlGaN near-band-edge (NBE) luminescence (at
approximately λ = 335 nm) in the latter. The H2 plasma treated sample also exhibits a
decreased GaN NBE luminescence (at approximately λ = 365 nm), but not a large change
in the yellow luminescence (YL) (between 425 nm < λ < 625 nm) commonly observed in
GaN PL studies. The YL band is typically associated with deep acceptors, suspected to
be complexes formed with gallium vacancies.

Kucheyev et al. found that ion

implantation of C or H into GaN resulted in increased YL cathodoluminescence that they
suspected was VGa – H or VGa – C related.5 Only after the annealing step was the YL
observed to increase with an associated slight reduction in GaN NBE emission.

5.5 Thin SiNx Capping Layer Investigation

To further investigate the chemical composition and bonding nature at the
SiNx/HEMT interface, an XPS study was designed to “look through” a thin SiNx capping
layer on a HEMT/SiC sample. Since the sampling depth limit of XPS is approximately 5
– 10 nm, the SiNx film thickness was targeted to be 2 nm, which corresponded to 1.7 s of
growth time using NH3/SiH4 = 3.3 and power = 50 W. While the film could potentially
not be continuous at this thickness, XPS data would still be useful in showing chemical
bonding shifts and qualitative concentrations of atoms. Three different pre-passivation
treatment cases were examined with and without 2 nm SiNx cap: untreated, BOE (10:1),
and an in situ C2F6 plasma. In addition to non-metalized samples, two metalized device
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samples (1 & 2 nm GaN cap) were placed in the same run as the in situ C2F6 plasma +
SiNx cap sample to observe any electrical effects caused by the thin SiNx.

5.5.1 Electrical Characterization Results

A full set of electrical characterization was carried out on both metalized die
before and after passivation with in situ C2F6 plasma + 2 nm SiNx cap. The 1 nm GaN
cap HEMT sample device results are presented below, but both metalized samples had
nearly identical results. Figure 5-10 shows pulsed I-V current recovery data for several
HEMTs before and after passivation.
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Figure 5-10: Pulsed I-V current recovery for HEMT/SiC devices before and after in situ
C2F6 plasma treatment + 2 nm SiNx cap.
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While the current recovery values at the highest VDG QBPs were lower than the in

situ C2F6 plasma treatment + 80 nm SiNx passivated case, overall the performance was
substantially improved. Interdevice isolation current values increased approximately two
orders of magnitude from 3.6 × 10-7 mA/mm to 6.6 × 10-5 mA/mm, much less than the
standard passivation film sample’s value of 3.6 × 10-2 mA/mm. Gate leakage current also
increased about one order of magnitude from 2.7 × 10-7 mA/mm to 3.3 × 10-6 mA/mm.
Breakdown voltage decreased slightly from 78 ± 15 V to 68 ± 11 V after passivation.

5.5.2 XPS Results

Table 5-5 shows the XPS measured atomic concentrations of surface species
present for the three treatment cases, after carbon contamination overlayer correction.
Note that the Ga concentration is higher than the values observed with the
HEMT/sapphire samples, due to the presence of the 2 nm GaN cap. Similar to the ex situ
SF6 plasma case, the in situ C2F6 plasma also results in a fair amount of fluorine being
incorporated into the HEMT surface. While not as dramatic as the SF6 plasma treated Ga
2p3/2 splitting, the C2F6 plasma treated sample Ga 2p3/2 signal showed peak widening
from FWHM of 1.39 eV to 1.95 eV, suspected to be related to Ga-F bonding. The same
correlation between pulsed I-V performance and reduced carbon concentration was
observed again in this set of samples. Figure 5-11 shows C 1s peaks for all three cases.
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Table 5-5: XPS Atomic Surface Concentration After Carbon Correction for HEMT/SiC
Samples.
Surface
Treatment

Ga 2p

F 1s

O 1s

N 1s

Al 2p

C 1s

d(Å)

Untreated

45.6

0.5

9.7

44.9

6.3

18.6

7.3

BOE (10:1)

46.0

4.1

4.8

39.0

6.2

18.6

7.3

C2F6 Plasma

35.2

14.0

12.5

32.9

5.3

6.1

2.2
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Figure 5-11: C 1s XPS signal for untreated, BOE (10:1) treated, and C2F6 plasma treated
HEMT/SiC samples.
XPS measurement of the thin SiNx capped samples experienced no problems with
charging or not being able to see signal from the underlying GaN layer. Since the layer
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structure that was being sampled was relatively complex and unknown (surface
roughness, thicknesses, etc.) quantitative analysis of the atomic composition was not
performed. The qualitative results of interest included the presence of a strong fluorine
signal, indicating its stability during initial SiNx deposition (which was in agreement with
the AES results.) The observed Ga 2p3/2 peak for the C2F6 plasma treated + SiNx capped
sample was wider than the untreated, passivated sample, with values of 1.77 eV and 1.38
eV, respectively.
There was no discernable difference between the Si peaks across all three samples
that could have been indicative of a passivation bonding mechanism. The N 1s peak
showed a slight shoulder on the higher BE side, but was consistent in all three samples.
Perhaps the most important finding to come out of this series of samples was again
related to the presence of carbon. Figure 5-12 shows the C 1s photoelectron signals for
the untreated + SiNx cap, BOE (10:1) + SiNx cap, and the C2F6 plasma + SiNx cap
samples. Compared to the untreated or BOE (10:1) case, the C2F6 plasma sample had a
significantly reduced C 1s peak area, measuring approximately 40 % less than the others.
One final observation that was made was that O 1s peak area for BOE (10:1) +
SiNx cap and C2F6 plasma treated + SiNx cap were very similar, at 11337 and 12048,
respectively. This may imply that O2 or H2O impurities present in the NH3 may oxidize
the surface or create an oxygen dilute SiON film. It should be noted that there was no
purifier used on the NH3 gas line to remove oxygen containing species before the gas was
flowed into the PECVD chamber.
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Figure 5-12: C 1s XPS signal for untreated, BOE (10:1) treated, and C2F6 plasma treated
HEMT/SiC samples passivated with 2 nm SiNx capping layer.
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5.6 Passivation Reversibility Investigation

During the SiNx film deposition study, which will be discussed in the next
chapter, a simple experiment was performed to see how passivated device electrical
characteristics would change after removing the SiNx layer. To remove the passivation
layer, several HEMT/SiC samples were placed in 48 – 51% HF for 30 seconds and then
rinsed with DI and dried. Electrical characterization showed that after removing SiNx,
each device had returned to pre-passivation values. In addition to the dc I-V change, the
pulsed I-V current recovery also returned to its highly virtual gated state, nearly identical
to unpassivated device behavior. The reversibility of passivation by means of BOE
(10:1) removal of SiNx has recently been reported in the literature by Romero et al.6

5.7 Passivation Mechanism Discussion

This section will discuss the plausibility of various mechanisms and their
supporting or discrediting evidence based on the experimental data presented in this
chapter. It may be important to clarify that any conclusions drawn in this section are
specific to the devices used in this study and are not necessarily applicable to all GaN
based HEMTs.

Different epitaxial layer growth methods (MOCVD vs. MBE) or

fabrication processing techniques used could result in unique populations of trapping
defects that may not be affected in the same way that the devices in this study were. By
combining the insight provided by the materials characterization techniques XPS, AES,
and PL with electrical characterization data, the following sub-sections discuss general
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passivation mechanism concepts and specific roles that various atomic species exhibit in
the HEMT surface treatment/passivation process.

5.7.1 Surface Conduction Layer Providing Access to Traps

A possible mechanism that would allow for a pathway between the gate and
surface electron trapping centers is the formation of a near surface conduction layer. This
is a commonly considered possibility because of the ubiquitous increase in gate leakage
current that is caused as a result of SiNx deposition. Such a conductive pathway would
allow for faster discharge of electron trapping centers, presumably through direct
tunneling or Poole-Frenkel emission,7-9 and reduce the virtual gating effect.
However, the experimental pulsed I-V performance did not appear to have any
correlation to gate leakage current observed in this study. For example, with nearly
equivalent levels of IG,leak density, the BOE (10:1) and in vacuo O2 plasma treatments
exhibited extreme differences in pulsed I-V testing. While we have not verified with
special test structures that the measured IG,leak is dominated by the lateral surface current
component, we do not expect that the vertical current was very significant since the
barrier layers of our heterostructures were not intentionally doped. Also, any changes in
vertical leakage current would be hard to explain since the gate metal shielded that
portion of the device during surface treatment/passivation. Strain induced changes are
another possibility, but the 2 nm SiNx did produce a measureable increase in IG,leak, and it
is suspected that there was not considerable stress applied from such a thin, possibly noncontinous film. Additional support against the formation of a conductive surface layer
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being responsible for improved transient performance has also been observed by Tan et

al. whom have witnessed an improvement in gate-lag ratio as a result of reduced lateral
surface leakage.10
High frequency current access pathways through the SiNx passivation layer could
potentially be another possible avenue for electron trap discharge. PECVD SiNx could
certainly contain Si clusters or a high density of defects to support tunneling transport in
a high frequency sense. From a dc I-V standpoint, the n = 1.88 and n =1.90 films used in
the study had very good insulating and breakdown properties, and will be discussed in
Chapter 6.

5.7.1 Role of Carbon

Based on consistent evidence from XPS and pulsed I-V data, surface carbon
containing species effectively inhibit mitigation of RF dispersion by SiNx passivation of
HEMT devices. Several different plasma chemistries including SF6, SF6:O2 (1:1), C2F6,
Cl2, O2, NH3, and NH3:N2 (1:2) are capable of reducing the carbon concentration, but can
also result in excited species incorporation on the surface or plasma induced damage.
The correlation between reduced carbon concentration by plasma treatment and improved
transient characteristics is consistent with other recent studies in the literature.11,12 Unlike
silicon surface cleaning, Standard Clean 1 (1:1:5 NH3OH:H2O2:H2O @ 85ºC)

is

ineffective at removing organic contaminants on GaN.13 Since plasma processing is used
throughout

the

HEMT

fabrication

procedure,

implementation

of

a

plasma
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cleaning/surface modification step prior to device passivation is certainly a commercially
viable step.
The results of the experimental control ex situ SF6 plasma and in situ C2F6
plasma treatments imply that the electron trapping centers that cause virtual gating are
not directly related to the carbon contamination overlayer present on untreated HEMT
surfaces. In both control sample cases, carbon levels were observed to decrease by a
factor of three from the untreated value, however, the pulsed I-V response did not
change. This suggests that residual organic contamination on the HEMT surface may
impede the mechanism responsible for mitigating RF dispersion that occurs during
PECVD deposition of SiNx. The significant improvement in pulsed I-V performance
after deposition of the thin SiNx capping layer supports the argument that the passivation
mechanism is related to chemical modification of the HEMT surface, as opposed to being
related to a strain effect.

5.7.2 Chemical Modification of HEMT Surface Electron Trapping Centers

Chemical modification of the HEMT surface could affect several trap
characteristics that would alter pulsed I-V transient behavior. Eq. 5-1 describes the
characteristic emission time constant, τ, for an electron emitted from a single deep-level
trap to the conduction band.14
⎛ EC − ET ⎞
⎟
⎝ kT ⎠

τ = ( N Cσ nυthn )−1 exp⎜

5-1
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EC – ET is the trap energy level with respect to the conduction band energy, NC is the
effective density of states in the conduction band, σn is the electron cross section area,
and υthn is the electron thermal velocity.
Since the unpassivated HEMT devices in this study did not exhibit drain current
transients that fit the exponential relationship described earlier in Eq. 2-1, it can be
hypothesized that the observed virtual gating effect is caused by electron emission from a
multitude of traps with various energy levels and/or electron capture cross sections. One
possible explanation for the presence of an energetic distribution of defects is related to
the significant density of threading dislocations.15 If threading dislocations terminate at
the HEMT surface in a variety of directions or local densities, point defects associated
with them at the surface could potentially have different characteristic or energy levels.
Figure 5-13 shows the relationship from Eq. 5-1 plotted for three different emission time
constants, assuming υthn = 6 × 106 cm/s for Al0.27GaN. The dotted line window denotes
the range of commonly reported electron capture cross sections.
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Figure 5-13: Electron capture cross section versus deep trap energy level in Al0.27GaN for
various characteristic emission time constants.
If it is assumed that virtual gating in our HEMT devices is due to electron
emission from a distribution of shallow and deep level defects, the mechanism by which
PECVD deposition of SiNx reduces RF dispersion by chemical modification of the
surface can be categorized into three types. The first type of mechanism may involve
reducing the population of trapping centers with time constants on the order of
milliseconds to seconds. The second possibility is that the SiNx deposition process could
leave the number of trapping centers constant, but reduce the trap’s energy separation
from the conduction band, EC - ET. Lastly, the third type of mechanism may increase the
electron capture cross section of the defects responsible for slow electron emission. The
second and third mechanism types would result in faster emission of trapped electrons,
while the first would reduce electron trapping altogether.
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5.7.3 Role of Fluorine

The control experiments with ex situ SF6 plasma and in situ C2F6 plasma
treatments imply that fluorine incorporation is not directly responsible for RF dispersion
mitigation in passivated HEMTs. Instead, fluorine incorporation into the surface and
possibly barrier layer does consistently produce an increase in the conductivity of the
2DEG. The mechanism for this electrical result is not immediately obvious but could be
related to passivation of acceptor type defects, resulting in a relative increase of electron
concentration in the barrier layer. With reduced acceptor compensation, these electrons
could diffuse over the heterojunction conduction band offset, and increase the sheet
carrier concentration in the 2DEG. Other possible mechanisms include fluorine being
incorporated interstitially or causing a change in spontaneous polarization at the HEMT
surface. A reduction in upward band bending at the surface of GaN after exposure to a
XeF2 plasma has been reported and was attributed to the presence of Ga-F type
bonding.16
Another possible effect of halogen species bonding to surface Ga or Al, is that Ga
– F , Al – F , and Ga – Cl non-volatile species,13 may produce a HEMT surface that is
less prone to adsorption of organic surface contaminants. In the ex situ SF6 plasma and

ex situ Cl2 plasma treatment cases, samples were exposed to ambient atmosphere for a
few hours and minutes, respectively, but still resulted in excellent pulsed I-V
performance after passivation.
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5.7.4 Role of Hydrogen

The lesson to be learned from the sheet resistance degradation caused by the H2
plasma is that excited atomic hydrogen can have a significant impact on electrical
characteristics. Since the size of the element is fairly small, excited H+ ions have the
ability to travel deep into heterostructures, even at fairly low induced biases.

The

elimination of the AlGaN NBE PL signal suggests that hydrogen was most likely
implanted to a depth comparable to the GaN cap + barrier layer thickness of 20 nm at a
modest plasma power of 200 W. One possible explanation for the disappearance of the
alleged “AlGaN NBE luminescence” could be related to hydrogen passivation of a
shallow defect in the AlGaN bandgap that previously emitted luminescence when an
electron transitioned between the defect and the conduction or valence band.
The presence of hydrogen could often be overlooked in these types of studies, as
XPS and AES are incapable of measuring H concentration. FTIR studies are capable of
observing H-containing complexes, and have found H to be stable in GaN up to
temperatures less than 600 ºC.17 Since 2 of the 3 commonly used SiNx precursors are
both hydrides, there is a good possibility that a significant amount of atomic hydrogen is
generated from NH3 and SiH4 during passivation film plasma deposition.

In all

experimental plasma treatments containing NH3, the sheet resistance always increased.
Even for the low 35 W power NH3 plasma treatment, sheet resistance increased from 490
± 9 Ω/□ to 2706 ± 99 Ω/□ after passivation.
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5.7.5 Role of Oxygen

While no specific trends emerged in either the XPS or electrical data to explicitly
confirm the role of oxygen’s involvement in passivation, there were none that suggested
oxygen had a deleterious affect either. In terms of pulsed I-V performance, high surface
oxygen concentrations on the ex situ O2 plasma treated HEMT/sapphire sample did not
inhibit the SiNx film’s ability to reduce virtual gating. Pulsed I-V results for the in vacuo
O2 plasma treated HEMT/SiC sample were also excellent, showing consistent behavior
across sample types.
The AES depth profile results showed a few atomic percent of oxygen at the
SiNx/HEMT interface of the ex situ SF6 plasma treated, passivated HEMT/sapphire
sample. With no detectable carbon at this interface, the oxygen present may have been
involved in some type of bonding that could chemically modify surface defects. DiSanto

et al. have shown that a UV/ozone treatment can be used to eliminate slow transients with
time constants on the order of seconds in HEMT devices.15 The presence of oxygen in
every passivation case that was observed with AES and XPS can be explained by the
absence of a purifier on the NH3 line of the PECVD cluster tool, allowing O2/H2O
contamination from the NH3 source to enter the deposition chamber.
The reversibility of this passivation mechanism is supported by the XPS evidence
that shows that oxygen surface concentration is reduced after exposure to BOE (10:1). In
removing the SiNx passivation layer, the HF present may have also removed any surface
oxygen that was involved with reduction/modification of slow electron trapping center
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populations, essentially recreating the original electron trapping defect and subsequently
the virtual gating effect.

5.7.6 Role of Nitrogen

The use of N2 plasmas was not thoroughly investigated in this study, but their use
as pre-passivation surface treatment certainly should be regarded with caution. High
power N2 plasma exposure is suspected to cause lattice damage, as evidenced by
experimental Rs degradation, and was possibly caused by preferential sputtering of the
HEMT surface.3 Since N2 is frequently used as a carrier gas for PECVD SiNx deposition,
plasma power during HEMT passivation should be kept low to minimize ion
bombardment of the heterostructure.
Atomic nitrogen provided from either NH3 or N2 plasma species during the SiNx
deposition could be involved with passivation of VN defects, which have been predicted
and observed to be deep level defects in AlGaN.14,18 However, the reversibility of this
mechanism does not appear to be as feasible as the oxygen case, weakening the argument
that it is the primary method for reducing RF dispersion.

5.8 Summary

After examination of all the electrical and materials characterization data obtained
during this study, no single type of chemical species was deemed solely responsible for a
unified passivation mechanism. Such a resolution may be unreasonable to expect, given
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that the presence of a distribution of defect types is likely responsible for the nonexponential transients observed in device electrical data. What has been concluded is that
passivation, in general, must alter defects in one of three ways. The first possibility is
that a particular treatment/passivation procedure could reduce the population of trapping
centers with time constants on the order of milliseconds to seconds. The second is that a
treatment/passivation would change the energy level of the trap, bringing it closer to the
conduction band. The third possibility is that a treatment/passivation would cause the
electron capture cross section to increase. Options two and three would result in a faster
characteristic emission from deep level traps, while the first would result in reduced
electron trapping.
Along with potential mechanisms for passivation, several conclusions were made
about individual atomic species or concepts that were studied. In relation to carbon, the
presence of an organic contamination layer appears to inhibit the effectiveness of SiNx
passivation in terms of reducing virtual gating. While preventing passivation, the organic
contamination layer itself was not suspected of causing RF dispersion. After passivation,
the formation of a surface conduction layer near the SiNx/HEMT interface was suspected
to cause an increase in IG,leak, but did not show a correlation with improved pulsed I-V
performance.
Both fluorine and hydrogen species, implanted or incorporated into the HEMT
during plasma exposure, were found to have an effect on ungated channel sheet
resistance.

Fluorine incorporation led to increased density of the 2DEG, whereas

hydrogen severely degraded Rs.

Neither hydrogen nor fluorine was suspected to

chemically contribute to the passivation mechanism(s) responsible for reducing virtual
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gating. Accelerated nitrogen species had a similar effect on HEMT Rs as hydrogen,
assumed to be caused by ion bombardment and damaging of the HEMT surface or
heterostructure crystallinity.
With no clear trend discrediting oxygen from playing a role in the passivation
mechanism, it could be one of the few remaining atomic species that could be directly
involved with chemically bonding to surface point defects or indirectly involved by
removing organic contamination prior to passivation. Support for oxygen playing a
direct role in passivation may be evident from the fact that other groups have successfully
used various oxides such as Sc2O3 or MgO as passivation films19 and UV/ozone
treatments to reduce slow transients.15

Additionally, Miller et al. has shown by

conductive AFM that localized areas of gallium oxide form near dislocation-related
conduction paths in n-type GaN when an electric field is applied to the surface under an
atmospheric ambient environment.20
While the choice of pre-passivation surface treatment can alter pulsed I-V
performance greatly, its effect on dc I-V leakage currents and breakdown characteristics
was minimal. Instead, by varying the SiNx film deposition conditions with a standard
pre-passivation surface treatment it was found that dc I-V characteristics can change
greatly, and can be optimized to obtain excellent pulsed I-V performance and improved
dc I-V leakage currents.

The results from the SiNx film deposition study will be

presented in the next chapter.
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Chapter 6
PECVD SiNx Film Deposition Study

6.1 Introduction

While the results from the pre-passivation surface treatment study provided some
insight into the mechanisms involved with alleviation of virtual gating, several new
questions arose regarding the origins of gate leakage and interdevice isolation currents.
Relatively independent of pre-passivation surface treatment, these dc I-V currents were
observed to increase 5 – 7 orders of magnitude after encapsulation in SiNx.

This

increase, in IISO especially, demonstrates one of the greatest ironies involved with this
research project; how can a moderately conductive channel be formed by a dual-layer
structure consisting of two highly resistive materials, SiNx and GaN?
Figure 6-1 shows the potential leakage paths of electrical current in the HEMT
and in the isolation test structure. For gate leakage current after passivation, there are 6
potential components consisting of conduction through the SiNx layer, along the
SiNx/HEMT interface, and vertical conduction from the gate to the 2DEG. For IISO there
are 3 possible components including current through the bulk, near the interface of
SiNx/GaN, and through the SiNx layer. If designed properly, the SiNx dielectric can be
made highly resistive to conduction, effectively ruling out ISiN,S, ISiN,D, and IISO,SiN. For
unpassivated devices, IISO,B is measured routinely and is also in the tens of picoamps
range for the HEMT/SiC devices used in this study. If such assumptions are carefully
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made, the interdevice isolation current near SiNx/GaN component, IISO,S, can be explicitly
studied. Furthermore, it is possible that insight into the IISO,S component of interdevice
isolation current could translate to an understanding of the SiNx/HEMT interface
components, IS,S and IS,D, of gate leakage current.

(a)
SiNx
AlGaN

Source

ISiN,S Gate

ISiN,D

IS,S
IV,S

IS,D
IV,D

Drain

GaN
(b)
Iso LO

Iso HI
IISO,SiN
IISO,S
IISO,B

Figure 6-1: Leakage paths for (a) gate and (b) interdevice isolation currents.
Since extended exposure of the HEMT surface to 300 W plasmas involving N2
and NH3 had previously degraded Rs in the prior study, concern was raised about the use
of the standard 300 W PECVD SiNx recipe. As a potential solution, the plasma power
was reduced to 50 W, the NH3/SiH4 flow rate ratio was changed to 10, and growth time
was increased to grow an 80 nm thick layer. Post-passivation results revealed similar, if
not better, pulsed I-V performance to the 300 W case, but with an order of magnitude
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worse leakage current characteristics. This change prompted investigation into the effect
of changing the plasma power and precursor flow rate ratio during SiNx film deposition.
Conversely to the previous pre-passivation treatment study, the approach of the
PECVD SiNx film deposition study involved electrically testing each die, applying a
standard pre-passivation surface treatment, passivating with an experimental SiNx film,
and then re-measuring the device characteristics. Pulsed I-V and dc I-V tests were
performed during this study; however, gate leakage current and breakdown voltage data
have been omitted from this chapter due to their convolution with interdevice isolation
current in the higher magnitude IISO cases. The convolution effect will be discussed in
more detail in the Passivation Reversibility sub-section of this chapter and the leakage
paths were illustrated earlier in Figure 2-7.
Investigation into the mechanism(s) involved with the observed changes in
interdevice isolation current warranted materials characterization of the SiNx films used
in this study. Ellipsometry, FTIR, and thin film stress measurement techniques were used
to obtain thin film optical properties, chemical bonding information, and intrinsic stress
properties, respectively. In addition to these experimental techniques, two-dimensional
simulation of the isolation test structure was performed with Synopsys Sentaurus Device
Simulator to model possible mechanisms.

6.2 Experimental Details

The experimental procedure that was used for the SiNx film deposition study was
essentially identical to the methodology used in the Chapter 5 study. Using pulsed I-V
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and dc I-V tests, each sample was characterized prior to surface treatment/passivation.
The standard HEMT pre-passivation surface treatment that was used was the in situ C2F6
plasma treatment, which was performed in the same PECVD chamber as where the
passivation layer was deposited. The 30 second, 200 W standard in situ C2F6 plasma
treatment was performed at temperature and pressure of 300 ºC and 1 Torr, respectively.
Immediately following the surface treatment, SiNx process gases were flowed for 30
seconds while pressure stabilized to 2.7 Torr. Fixed variables for the deposition of
experimental SiNx films included T = 300ºC, P = 2.7 Torr, electrode gap spacing = 400
mils, carrier N2 gas flow rate = 2000 sccm, and NH3 flow rate = 100 sccm. The
deposition parameters that were modified from sample to sample included plasma power,
which was 50, 125, or 300 W, and NH3/SiH4 flow rate ratio. NH3/SiH4 flow rate ratio
was varied to values of 2, 3.3, and 10, by changing the SiH4 flow rate to 50, 30, and 10
sccm, respectively. A summary of the 5 experimental films, with identification codes for
reference, which were examined in this study is presented in Table 6-1. After SiNx
passivation was completed, vias were etched to provide access for characterization.
Table 6-1: Experimental SiNx Film Deposition Conditions.
Film Type ID
S1
S2
S3
S4
S5

Plasma
Power (W)
50
50
50
125
300

NH3/SiH4
Ratio
2
3.3
10
3.3
3.3

Growth
Rate (Å/s)
15.0
13.1
10.6
20.4
27.6

n
(λ = 633 nm)
2.094
1.953
1.845
1.891
1.901
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6.2.1 SiNx MIS Capacitor Investigation

The five experimental films in Table 6-1 were selected to cover a wide range of
electric field breakdown and leakage current characteristics, as measured from SiNx MIS
capacitors. Capacitors were fabricated on approximately 1 inch square pieces of highly
conductive (resistivity < 0.005 Ω cm) (100) p-Si that had 200 nm of e-beam evaporated
and annealed Al used as the backside contact. Optical characterization of each PECVD
deposited film was performed in order to obtain accurate dielectric thickness values with
the J.A. Woolam Spectroscopic Ellipsometer located in EE West building.
Photolithographic definition, e-beam evaporation of 200 nm of Al, and liftoff of 50, 100,
and 200 µm circles and squares formed the top contact of the MIS capacitors.
Measurement of the MIS capacitor electrical characteristics was performed with a
Keithley 4200 SCS and two needle probes (for force and sensing.) The probe station
chuck vacuum was used to pull the sample down to make solid electrical contact with the
conductive chuck surface, which was connected to one of the 4200 SCS SMUs. After
placing needle probes on a capacitor, current was measured while the top contact voltage
was swept at a rate of -5 V/s from 0 V to negative values to avoid depletion distortion of
the effective dielectric thickness in the p-type substrate. By inputting the measured
thickness for each film, the Keithley calculated and plotted the capacitor leakage current
versus electric field strength. By measuring fifteen 100 µm diameter capacitors per
sample, average values of intrinsic breakdown field and leakage current at 7 and 10
MV/cm were acquired and shown in Table 6-2 for a variety of dielectric films. Figure 62 shows the I-V characteristic of MIS capacitors measured using SiNx film type S5.
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Table 6-2: SiNx MIS Capacitor Film Properties.
Temp. NH3/SiH4
(ºC)
Ratio

2
2.5
3.3
5
10
10
10
10
2
2.5
3.3
5
10
10
10

300
300
300
300
50
100
150
300
300
300
300
300
50
100
150

Breakdown
E-Field
(MV/cm)
8.7
10.5
12.6
12.3
12
12.2
11.9
12.8
7.8
10
12.3
12.4
12.1
11.9
12.2

ICap @
Thickness
(7 MV/cm)
(Å)
(A)
8.E-04
1060
4.E-06
891
2.E-09
826
2.E-09
795
1.E-08
1000
1.E-08
996
2.E-08
1025
3.E-09
1275
1.E-02
781
5.E-05
734
2.E-09
750
2.E-09
765
1.E-08
1005
1.E-08
1002
1.E-08
999

n
(λ=633nm)

1.986
1.945
1.899
1.875
1.785
1.820
1.864
1.875
2.1
2.008
1.940
1.909
1.828
1.867
1.891

Icap [A]

300
300
300
300
300
300
300
300
400
400
400
400
400
400
400

Power
(W)

Electric Field [MV/cm]

Figure 6-2: DC I-V leakage current vs. applied electric field for 100 µm diameter MIS
capacitors with 83 nm thick SiNx layer deposited at power = 300 W and NH3/SiH4 = 3.3.
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Figures 6-3 and 6-4 illustrate trends in the electrical data with respect to SiNx
refractive index (for λ = 632 nm) for 300 W plasma power films.

Figure 6-3: SiNx Breakdown Electric-Field vs. refractive index measured on
approximately 80 nm thick SiNx MIS capacitors grown at 300 W, 300 ºC.
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Leakage Current (A)

0.01
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ICap @ 10 MV/cm (A)

0.001
0.0001
1E-5
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1.875
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1.965
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1.995

Figure 6-4: Capacitor leakage current vs. refractive index at 7 and 10 MV/cm for 100 µm
diameter SiNx MIS capacitors grown at 300 W, 300 ºC.
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6.2.2 TCAD Device Simulation

Version Z-2007.03 of Synopsys Sentaurus Device Simulator was used to model
the effects of varying trap and charge populations in a two-dimensional cross section of
the 6 × 100 × 1.7 µm2 (gap length × gap width × GaN thickness) interdevice isolation
test structure. Figure 6-5 shows the mesh and geometry of the 2D model. Ohmic
contacts were made on opposite ends of the GaN layer as a simplification of the actual
mesa contacts. Mesh spacing was constant in the x-direction at 0.1 µm and variable in
the y-direction with GaN bulk spacing of 60 nm and near SiNx(or ambient)/GaN interface
spacing equal to 7 nm.

Iso_Hi

SiNx or Ambient

Iso_Lo

GaN

Figure 6-5: Interdevice isolation test structure TCAD model with mesh.
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During modeling, simultaneous solution of the Poisson (Eq. 6-1), electron
continuity (Eq. 6-2), and hole continuity (Eq. 6-3) equations was performed at each mesh
point. Variable definitions are located in Appendix 1.

∇ ⋅ ε∇φ = −q( p − n + N D + N A ) − ρ trap

6-1

r
∂n
∇ ⋅ J n = qRnet + q
∂t

6-2

r
∂p
− ∇ ⋅ J p = qRnet + q
∂t

6-3

For each simulation, the Poisson equation was solved initially with both electrode
voltages equal to 0 V. The Poisson solution was then used as the starting point for the
solver to simultaneous solve all three equations. To generate quasistatic interdevice
isolation current data, the “Iso_Lo” electrode was fixed at 0 V, while the “Iso_Hi”
terminal was incrementally stepped up in voltage to 60 V. Appendix D shows an
example of the command file that was used to perform each simulation. Since the device
simulator was invoked by command line operation, batch files were used to perform
series of simulations.
Design of the conceptual model for GaN was an important step in achieving an
accurate representation of the actual GaN epitaxial material used in this study. As
evidenced by the pulsed I-V results in the previous chapter, commercially available
AlGaN and GaN are far from perfect, with significant densities of dislocations and
defects. Based on literature reported values and our experimental work, a conceptual
model of resistive GaN was constructed.
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The literature commonly states that MOCVD grown GaN has an n-type
background carrier concentration.1,2 More specifically in 2002, Kucheyev et al. state that
Emcore Inc. GaN material grown by MOCVD on sapphire substrates was shown to have
free electron concentration of slightly less than 1 × 1016 cm-3.1 The background n-type
conductivity is suspected to be caused by the presence of substitutional ON defects or
nitrogen vacancies, VN. Both of these defects are predicted and observed to be relatively
shallow donors at ET = EC – 0.07 eV for VN and ET = EC – 0.033 for ON.3 In order to test
this commonly held assumption, the isolation structure was modeled with varying bulk
densities of shallow donor ON defects. The results, illustrated in Figure 6-6, show that
background concentration of shallow donor defects, NDT, would have to be less than 1 ×
107 cm-3 to produce IISO close to experimentally observed values.

Simulated IISO at 33 V (A)

1E+0
1E-2
1E-4
1E-6
1E-8
1E-10
1E-12
1E+6

Experimental
1E+8

1E+10

1E+12

1E+14

1E+16

(cm-3-3)

N
NDT
D (cm )

Figure 6-6: Simulated IISO (VISO = 33 V) vs. single energy level shallow donor (EC – ET =
0.033 eV) defect population in GaN.
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With such unreasonably low values for NDT, it is clear that the conceptual model
for GaN must be more complex, containing a significant population of acceptors to
compensate for the background electrons.

Based on the photoluminescence data

presented earlier in Figure 5-9, and from literature that discusses yellow luminescence in
GaN, a Gaussian distribution of deep acceptor traps, centered at ET = EC – 2.3 eV with
sigma equal to 0.25 eV was added to the conceptual model. The origin of these deep
acceptors is often thought to be related to gallium vacancy complexes formed with other
impurities such as carbon or hydrogen.1,4 To be consistent with Kucheyev et al.,1 the
density of shallow donor defects was set to 1 × 1016 cm-3 and the concentration of deep
acceptors was varied over a wide range. Figure 6-7 illustrates that when NA is equal to or
less than ND electron current dominates and creates unreasonably high IISO.

Simulated IISO at VISO = 33 V (A)

1E-2

Total Current

1E-4

Electron Current
Dominates

1E-6

Hole Current
Dominates

1E-8
1E-10

Experimental

1E-12
1E-14
1E-16
1E-18
1E+15

1E+16

1E+17

1E+18

1E+19

-3

NA (cm )

Figure 6-7: Simulated IISO vs. Gaussian distributed deep acceptor traps for GaN with
background shallow donor (EC – ET = 0.033 eV) concentration of NDT = 1 × 1016 cm-3.
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Only when NA is greater than ND does the simulated IISO current compare to experimental
values. The selection of 1 × 1016 donor traps/cm3 and 1 × 1018 acceptor traps/cm3 were
chosen for our GaN material model because it produced comparable IISO vs. VISO curves
to experimental data for unpassivated devices.

6.3 Electrical Characterization Results

There are a very limited number of studies in the literature investigating mesa to
mesa interdevice isolation current. This is primarily because the industry’s choice for
device isolation is shifting to the more effective, planarity-maintaining implant isolation
method. Without knowledge of the trends that could exist in a particular parameter,
electrical testing was kept fairly comprehensive to look for changes in a similar manner
to the pre-passivation treatment study.

6.3.1 Interdevice Isolation Current

After analyzing the collected electrical data for each of the 5 SiNx film types used
in this study, the most dominant trends to appear were exhibited in interdevice isolation
current. Figure 6-8 shows the values of IISO measured at VISO = 33 V before and after
treatment/passivation with each of the SiNx films. After passivation, all measured IISO
values were higher than unpassivated ones, but each film’s change varied. For samples
with fixed plasma power = 50 W, the IISO increased more than 5 orders of magnitude as
NH3/SiH4 ratio went from 2 to 10.
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Figure 6-8: Interdevice Isolation Current at VISO = 33 V before and after passivation with
various PECVD plasma power and NH3/SiH4 flow rate ratio conditions.
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For the series where NH3/SiH4 ratio was fixed at 3.3, the IISO also increased
monotonically with increasing plasma power from 50 to 300 W. None of the samples
experienced any problems with film delamination or significant deviation in measured
values.

6.3.2 Pulsed I-V

Before passivation, the average pulsed I-V current recovery at VDG QBP = 11 V
for the samples in this study was 14 ± 4 %. Figure 6-9 shows pulsed I-V current recovery
data at VDG QBP = 11 V after treatment and passivation. Within experimental error, all
of the samples had nearly identical performance with values of approximately 90 %.

100%

93%

91%

Current Recovery
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88%

85%
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20%

10
3.3
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NH3/SiH4 Ratio

Figure 6-9: Pulsed I-V current recovery at VDG QBP = 11 V for HEMT/SiC samples
passivated with various PECVD plasma power and NH3/SiH4 flow rate ratio conditions.
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6.4 Materials Characterization Results

After the anomalous changes in interdevice isolation current were observed, FTIR
and thin film stress measurements were used to characterize each SiNx film type. The
results from each technique helped to provide evidence that either supported or
discredited hypotheses for a potential mechanism to explain the observed change in
isolation behavior.

6.4.1 FTIR Spectroscopy Results

FTIR measurement of plasma deposited SiNx films is by no means a novel form
of study. Since SiNx is used as a dielectric, a diffusion barrier, and/or a protective layer
for a variety of technologies, studies of this material have been around for decades. One
of the most commonly cited papers about interpretation of PECVD SiNx FTIR data was
written by Lanford and Rand in 1978.5

In their study, Lanford and Rand use resonant

nuclear reaction to determine the concentration of hydrogen in SiNx films (20 – 25 at. %),
and then calculated calibration factors allowing infrared transmission spectra to be used
in hydrogen analyses. The determined IR absorption cross sections for the Si-H and N-H
sites were 7.4 × 10-18 cm2 and 5.3 × 10-18 cm2, respectively. The ratio of the two cross
sections can be used to determine the relative proportion of H incorporated as Si-H and
N-H bonds.
Figure 6-10 displays the FTIR spectra of 4 out of the 5 SiNx film types grown on
semi-insulating GaAs substrates. Film type S3 was measured in a different data set.
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Figure 6-10: FTIR spectra of 4 of the 5 SiNx films used in this study. Film type S3 was
measured in a separate data set.
GaAs was chosen as a substrate due to its IR transparency, to allow for transmission
mode FTIR measurement of the SiNx film. Film thicknesses were approximately 70 – 80
nm. The Si-N, Si-H, and N-H stretching modes were observed at 831, 2160, and 3350
cm-1, respectively. Table 6-3 shows peak integration area data for each measured film.
Table 6-3: FTIR peak integration areas for SiNx films deposited on GaAs substrates.
Film
Type

Si-N Area (a.u.)
[630–1325 cm-1]

Si-H Area (a.u.)
[2008–2288 cm-1]

N-H Area (a.u.)
[3235–3435 cm-1]

S1
S2
S3
S4
S5

12.408
13.044
13.782
17.602
15.064

1.355
0.96
0.128
1.161
0.469

0.168
0.226
0.551
0.343
0.276

% H bonded as:
Si-H
85
75
14
71
55

N-H
15
25
86
29
45
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Exact calibration of H content was not performed, so absolute quantities are not known
for these samples. However, an interesting trend occurred in the relative amount H
incorporated as N-H bonding, illustrated in Figure 6-11. Please note the z-axis log scale.

%H as N‐H bonding
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45%
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25%
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NH3/SiH4 Ratio
2

15%
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3.3

10

PECVD Plasma Power (W)
Figure 6-11: Percentage of hydrogen incorporated as N-H bonds detected by FTIR in
various SiNx thin films.
This trend resembles the same effect that is observed with interdevice isolation current
data after passivation. A similar effect has been published earlier.6

6.4.2 Thin Film Stress Measurements

Since the AlGaN and GaN wurtzite crystal structure exhibits piezoelectric
behavior, strain induced changes in polarization could lead to the generation of SiNx/GaN
sheet charge. Due to the cost prohibitive nature and limited availability of large area,

180
free-standing GaN substrates, 4 inch diameter, 525 µm thick (100) silicon substrates were
used to approximate the intrinsic film stress properties of the experimental SiNx. By
using Eq. 4-12 and values7,8 of ESiNx = 156 GPa, νSiNx = 0.23, αSiNx = 5 × 10-6 ºC-1, αSi =
2.6 × 10-6 ºC-1, Tdep. = 261 ºC (estimated temperature of wafer, not chuck), Tmeas. = 25 ºC
the film stress due to thermal expansion difference of SiNx and Si during cool down was
estimated to be +115 MPa (tensile). For SiNx grown on GaN, αGaN = 3.17 × 10-6 ºC-1 was
used to obtain an estimated value of σth = +87 MPa.7
Table 6-4 lists the experimentally measured values for total stress, σT, and the
calculated values for thermal stress, σth, and intrinsic film stress, σf. Positive values
indicate a tensile stress and negative values indicate a compressive stress. The highest
plasma power SiNx film type S5 was observed to be the only case with compressive
intrinsic film stress at the highest magnitude of approximately 1.1 GPa. The other 4 SiNx
films had tensile intrinsic film stress values ranging from 63 – 288 MPa. By adding the
intrinsic film stress to the estimated thermal stress, Figure 6-12 illustrates the estimated
total stress SiNx grown on GaN.
Table 6-4: Thin Film Stress Results for SiNx Deposited on 4”, 525 µm Si (100)
substrates.
Film
Type ID
S1
S2
S3
S4
S5

Plasma
Power (W)
50
50
50
125
300

NH3/SiH4
Thickness (Å)
Ratio
2
671
3.3
668
10
741
3.3
638
3.3
798

σT
(MPa)
+178
+301
+403
+197
−984

σth
σf
(MPa) (MPa)
+115
+63
+115
+186
+115
+288
+115
+82
+115
-1099
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Figure 6-12: Estimated total film stress for SiNx deposited on GaN for various film
deposition conditions. Positive values indicate tensile film stress.

6.5 SiNx Passivation Layer Thickness Investigation

Two series of samples were used to investigate the effects of varying SiNx
passivation film thickness while using the standard in situ C2F6 plasma pre-passivation
surface treatment. The first set utilized SiNx film type S2 and included the thin (~2 nm)
capping SiNx film (partially discussed in Chapter 5) and an 80 nm thick passivation layer.
Figure 6-13 shows that the thin SiNx capping layer caused the interdevice isolation
current at VISO = 33 V to reach an intermediate value between unpassivated and 80 nm
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thick SiNx passivated devices. The average pulsed I-V current recovery at VDG QBP = 11
V was 84% and 93% for the thin SiNx capped and 80 nm SiNx sample, respectively.

Isolation Current (mA/mm)

1.E-2
1.E-3
1.E-4
1.E-5
1.E-6
1.E-7
1.E-8
Unpassivated

2 nm SiNx

80 nm SiNx

Figure 6-13: Interdevice isolation current at VISO = 33 V for unpassivated, 2 nm, and 80
nm SiNx layers grown using film type S2 (power = 50 W, NH3/SiH4 = 3.3).
The second series of samples that investigated SiNx thickness utilized film type
S5 and were grown to 80, 250, and 500 nm. The standard in situ C2F6 plasma treatment

was used prior to passivation in each sample. In terms of all dc I-V and pulsed I-V
characterization, the results from all three thicknesses were the same, within experimental
error. Figure 6-14 illustrates the interdevice isolation current for the unpassivated and
three SiNx thickness cases.
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Figure 6-14: Interdevice isolation current at VISO = 33 V for unpassivated, 80 nm, 250
nm, and 500 nm SiNx layers grown using film type S5 (power = 300 W, NH3/SiH4 = 3.3).

6.6 Passivation Reversibility

To determine whether the effects of passivation were permanent or reversible, a
simple experiment was conducted that involved removing the SiNx passivation layer from
samples and re-measuring subsequent electrical characteristics. To remove the SiNx,
samples were placed in 48 – 51 % HF solution for 30 seconds, then rinsed in DI water,
and dried. The result of this action was that in all cases, except for the high plasma
power film type S5 case, the pulsed I-V and dc I-V electrical characteristics returned to
the same values that they possessed before passivation. In the case of film type S5, all
values returned to unpassivated levels except for the interdevice isolation current.
Figure 6-15 shows IISO for before passivation and after having SiNx passivation removed.
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Figure 6-15: Interdevice isolation current at VISO = 33 V for samples before passivation and
after SiNx passivation layer removal.
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Taking the SiNx removal one step further, another experiment was conducted to
selectively remove passivation film in between mesas to simultaneously achieve stable
pulsed I-V performance and low isolation current. To pattern the sample that utilized
film type S1 for dry etching, the “ISO” lithography mask level was used. Once the
passivated active device mesas were protected with photoresist, the sample was exposed
to a CF4:O2 (4:1) ICP plasma to remove the SiNx. After removing the photoresist, device
parameters were measured using dc I-V and pulsed I-V.
Figure 6-16 shows interdevice isolation current and gate leakage current after
passivation and selective SiNx removal. By comparing the passivated and selective SiNx
removal cases, the large deviation in gate leakage current can potentially be attributed to
convolution with interdevice isolation current. The remaining SiNx layer on top of the
active device mesas continued to passivate well, as pulsed I-V current recovery was high.
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Figure 6-16: Interdevice isolation and gate leakage currents before and after passivation
and selective SiNx removal in between mesas.
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6.7 Interdevice Isolation Current Mechanism Discussion

After examining the experimental and modeling results presented in this chapter,
a few general conclusions can be made about the potential mechanism(s) responsible for
the increase in interdevice isolation current after passivation. First, it can be reasonably
argued that the interdevice isolation current pathway for film type S2 – S5 passivated
samples is physically located at the top of the GaN buffer, near the SiNx/GaN interface
(corresponding to IISO,S in Figure 6-1b.) This conclusion can be reached after ruling out
GaN bulk and SiNx layer conduction components.

The GaN bulk component was

determined by isolation current measurements of unpassivated samples, which had values
in the picoamp range, and the SiNx layer conduction component was estimated from MIS
capacitor electrical data.
As an example of how SiNx layer conduction can be ruled out as a dominant
current path in film types S2 – S5, take for instance the MIS capacitor data for film type
S3. MIS capacitor data for film type S3 showed very good insulating properties with a

leakage current density of 0.00013 A/cm2 at 7 MV/cm. If this same current density was
assumed to flow laterally through the SiNx passivation layer on top of the isolation test
structure under an electric field of 0.055 MV/cm (VISO = 33 V across 6 µm), the
estimated current would be only 10 pA. However, after passivation of HEMT samples
with film type S3, interdevice isolation current increased the most out of all film types
(∆IISO = 0.73 mA), suggesting that conduction must be occurring outside of the SiNx film.
While an MIS capacitor using film type S1 was not fabricated, data for the film
grown at 400 ºC with n = 2.1 indicates that more significant leakage through the SiNx
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films with higher refractive indices could potentially explain the increase in IISO for the
HEMT sample using S1 passivation. In these types of Si-rich films, it is possible that
current is flowing through amorphous Si pathways. If the S1 sample is neglected and
only films with n ≤ 1.953 are considered, interdevice isolation current can be assumed to
be near the SiNx/GaN interface and potential mechanisms to explain the formation of this
conductive layer can be explored.

6.7.1 TCAD Simulation Insight into Interdevice Isolation Current

Alteration of the SiNx/GaN interface donor type defect sheet density, NDT, and
SiNx/GaN interface charge sheet density, σint, in TCAD simulation of the interdevice
isolation test structure was found to have a large effect on the conductivity of an electron
inversion layer near the SiNx/GaN interface. Please note that in our model, NDT could
describe either the sheet density of donors (i.e. substitutional ON) or donor type defects
(i.e. VN). In both cases, our model assumes that every member of NDT has contributed an
electron to the total carrier density. The results of modeling indicated that either high
NDT alone or a combination of increased NDT and positive σint would cause electron
inversion at the SiNx/HEMT interface leading to simulated current values on the same
order of magnitude as experimentally observed values.
Figure 6-17 shows the energy band diagram and electron density of an extreme
case where NDT = 1 × 1013 cm-2 (uniformly distributed between EC – 0.1 eV < ET < EC –
0.5 eV) and σint = 5 × 1012 q·cm-2. The simulated IISO at VISO = 33 V in this case was
approximately 0.1 mA, on the same order of magnitude as the experimental value of 0.73
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mA for film type S3. For simulated cases where NDT = 1 × 1013 cm-2 and σint = -1.81 ×
1013 q·cm-2 (equivalent to the charge induced by the spontaneous polarization of GaN),
IISO (VISO = 33 V) returned to single picoamp values of hole dominated current as the
conductive surface electron layer was depleted. As an example of how positive σint
values alone were not able to induce a conductive layer, a simulation with NDT = 0 cm-2
and unreasonably high σint = 1 × 1015 q·cm-2 resulted in only 1 × 10-20 A of electron
current.
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Figure 6-17: TCAD simulation of energy band diagram for SiNx/GaN with interface charge
of 5 × 1012 cm-2 and energetically distributed donor trap population of 1 × 1013 cm-2.
The following subsections will discuss specific mechanisms that could change
NDT and σint during passivation.

190
6.7.2 Generation of Donors or Donor-Type Point Defects

One potential mechanism that could result in the formation of a near SiNx/GaN
interface conductive layer is the generation of donors or donor-type defects. The two
most commonly discussed donor type defects are substitutional oxygen on nitrogen sites,
ON, and nitrogen vacancies, VN. As mentioned in Chapter 2, both VN and ON are defects
in GaN with shallow energy levels of EC – 0.07 eV for VN3,9 and EC – 0.033 eV for ON.9
While ion bombardment generation of VN during PECVD deposition of SiNx is
certainly a possibility at higher power levels,10 creation of the defect does not seem
probable at 50 W plasma power or consistent with results observed in the passivation
reversibility experiments. In order to be reversible, generated VN populations would have
to be chemically modified when exposed to aqueous HF solution.

Based on the

additional XPS data not presented in Chapter 5, section 5.4.1, Ga-F bonding was not
observed to occur in the BOE (10:1) only treated sample, which had a residual fluorine
surface concentration of 2.9 at. %.
Since oxygen was suspected to play a potential role in the passivation of defects
that caused virtual gating, it is possible that oxygen incorporation on the GaN surface as
ON type defects during passivation could increase NDT at the SiNx/GaN interface.
Evidence to support this possibility is found in the XPS results from sections 5.4.1 and
5.5.2 indicate that C2F6, NH3, and NH3:N2 (1:2) plasmas all result in increased oxygen

content at the HEMT surface. Since each sample in the SiNx film deposition study
received an in situ C2F6 plasma treatment before passivation with NH3, N2, and SiH4
precursors, there are certainly several opportunities for excited O-related species formed
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from O2 or H2O impurities to adsorb to the GaN surface at 300 ºC.

Passivation

reversibility is certainly supported with XPS results showing clearly that BOE (10:1) is
capable of reducing oxygen concentrations on the semiconductor surface.
Another argument that favors the possibility of ON over VN type defects is the role
that each would play in significant population on the HEMT surface or in the AlGaN
barrier layer. Oxygen in AlGaN has been reported to be a “DX-like” defect, similar to
the DX defect observed in AlGaAs, which is only effective at low temperatures (< 150 K
in AlGaN).11 Unlike oxygen DX-like defects, the generation of nitrogen vacancies could
potentially produce increased virtual gating with deep trap energy level of EC – 0.37
eV.12,13 Since pulsed I-V current recovery is excellent after passivation with every film
type in this study, it seems unlikely that generation of VN by surface
treatment/passivation plasma processing is responsible for increased interdevice isolation
current. Oxygen, which is suspected to be a contaminant due to the lack of a purifier on
the NH3 line of the PECVD cluster tool, could be responsible for increased NDT at the
SiNx/GaN interface and the subsequent formation of a conductive near interface layer.
As an aliovalent dopant, Si, could be a shallow donor if incorporated on a gallium
site. However, the trend in IISO versus NH3/SiH4 ratio does not support this argument as
the N-rich films produce higher isolation currents than the Si-rich films.

6.7.3 SiNx/GaN Interface Charge due to Chemisorbed Species

If we add to our assumptions that there exists a baseline donor type defect
population on the GaN surface (due to Cl2 generation of VN,14 native defects, or ON),
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potential mechanisms that could cause IISO to increase may be related to positive σint.
One possible mechanism that could cause the increase of σint is the chemisorption of
halogen atoms. However, while the in situ C2F6 plasma control experiment was observed
to decrease HEMT sheet resistance, there was also no observable increase in IISO.
A possibility that was not explored in simulations but could be responsible for the
magnitude of IISO in unpassivated samples is the presence of non-volatile Ga-Cl species
after mesa isolation contributing to increased surface charge. However, XPS or AES
measurements of an etched GaN surface were not conducted to investigate this
mechanism.

6.7.4 SiNx/GaN Interface Charge due to Strain-Induced Polarization

One mechanism that must be considered in any piezoelectric material system is
the effect of strain. Since the SiNx film local bonding configuration and density change
as deposition conditions are varied, the intrinsic film stress can also vary. The thin film
stress measurement results presented earlier in the chapter showed that intrinsic film
stress for the SiNx passivation layers under investigation ranged from +288 MPa (tensile)
to –1099 MPa (compressive). Judging immediately from the opposite polarity of stress
for film types S3 and S5, the two films with the largest increase in IISO, it would appear
that strain would be an unlikely mechanism for at least one of the two cases.
Given the larger magnitude of intrinsic compressive film stress in film type S5,
calculations were carried out using equations to determine what the effect of stress would
be on piezoelectric polarization, and subsequently sheet charge density σint. Since the
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intrinsic SiNx film stress was compressive, it is inferred that the near interface region of
the GaN is tensile strained. Figure 6-18 shows the equivalent forces that are balanced
when no film delamination or cracking occurs. Stress is given by Eq. 6-4, where F is
force, A is cross-sectional area, t is film thickness, and w is width.

σ=

F
F
=
A t⋅w

6-4

w

t
SiNx

F
F´

GaN
Figure 6-18: Force balancing for thin film under intrinsic compressive stress.
While the forces are equal between the SiNx and GaN at the interface, it is hard to
know how deep into the GaN the stress will be accommodated. If it is assumed that the
stress in the GaN is accommodated over 80 nm, for simplicity - the same thickness as the
SiNx layer, then the tensile stress in the GaN will be 1 GPa. By using Eq. 6-5,15 with a
value of 1 GPa of compressive stress, the in-plane strain will be 0.002224.

εx = εy =

C33
⋅σ x
(C11 + C12 )C33 − 2 ⋅ (C13 ) 2

6-5
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The values of Ckl are elastic constants for GaN, found in Ambacher et al.16 Taking the
calculated strain and placing it into the equation for piezoelectric polarization, Eq. 6-6,
where ekl are piezoelectric constants for GaN, a value of –1.88 × 1012 q·cm-2 was
obtained.
⎛
C ⎞
PPE = 2ε x ⎜⎜ e31 − e33 13 ⎟⎟
C33 ⎠
⎝

6-6

The total σint that would result from the piezoelectric and spontaneous polarizations in
both materials is given by Eq. 6-7.

σ int = [PSP (GaN ) + PPE (GaN )] − [PSP ( SiN x ) + PPE ( SiN x )]

6-7

Since SiNx is assumed to be an amorphous material without polarization, the third and
fourth term drop out of the equation, and the only two that are left are the spontaneous
polarization of GaN, –1.81 × 1013 q·cm-2, and the piezoelectric polarization, –1.88 × 1012
q·cm-2. The total σint = –1.998 × 1013 q·cm-2 shifts further negative, to a value that would
be more likely to deplete a near interface conduction layer, not induce one.
While a film with an intrinsic tensile stress may be expected to increase σint, the
magnitude by which its effect is amplified depends on the depth of GaN that
accommodates the applied force on the surface. If the force is accommodated throughout
the entire thickness of the GaN buffer layer, the polarization induced sheet charge at the
SiNx/GaN interface will be neglible.
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6.7.5 SiNx Layer Fixed Charge

The last potential mechanism to be considered in this study is the effect of fixed
charge in the SiNx layer. Since SiNx is a plasma-enhanced process that takes place at
relatively low temperatures, in terms of CVD, there is a great propensity for defects to
form in the material. In addition to hydrogen, which is typically incorporated in densities
of mid 1021 cm-3 – mid 1022 cm-3,5,6,17 the amorphous nature and skewed stoichiometry of
SiNx creates scenarios where dangling bond point defects can exist in substantial
populations.

Located uniformly throughout the insulating film or near the

SiNx/semiconductor interface,18 these defects can become charged under electrical stress
or exposure to UV radiation and remain charged for very long times (hours to days). A
SiNx film with a net positive fixed charge density deposited on top of our GaN buffer
could exhibit a field effect that would induce a conductive electron layer near the
interface.

Further discussion about the feasibility of positive fixed charge being

responsible for the observed increase in interdevice isolation current is presented in the
next few paragraphs.
In Krick et al., an electron-spin resonance (ESR) study of PECVD SiNx grown at
different temperatures and compositions was performed.19 For films grown at 250 ºC, the
ESR-determined density of paramagnetic defects was between 0.8 – 1 × 1018 cm-3, after
each sample was exposed to UV radiation to excite trapped electrons. The authors also
observed the presence of a silicon dangling bond, back-bonded to three nitrogen atoms,
which they termed “K-center.” By using corona biasing to stress the films, they saw that
the silicon dangling bond could exhibit three charge states, positive, neutral, or negative.
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Since the K-center fixed charge state could be either positive or negative, it is difficult to
draw conclusions about the effect that this type of defect would have in our SiNx films
without performing ESR or another type of characterization to investigate.
However, in a paper by Robertson, the dangling bond defect on a nitrogen atom in
PECVD SiNx was discussed.20 Unlike the K-center defect, the nitrogen dangling bond is
predicted to have only a neutral and negative charge state. The relevance that this
characteristic has to our study is in how the net fixed charge would change if that
nitrogen dangling bond was passivated with hydrogen. Depending on the details of the
film stoichiometry and initial populations of fixed charge defects, increasing passivation
of nitrogen dangling bonds with hydrogen could lead to a net increase in fixed positive
charge, due to the reduction nitrogen dangling bond charge which can only exist in a
negative or neutral state. (The resulting increase in fixed positive charge would likely be
related to the uncompensated positively charged K-centers in the film.)
Recalling the trend that was observed in our FTIR data, the increase in IISO
correlated fairly well with the relative amount of N-H bonding present in the film. To
explore the quantities of fixed charge that were necessary to cause this suspected effect,
several TCAD simulations were used to vary the fixed charge concentration in the SiNx
layer from 2 – 3 × 1018 cm-3 in increments of 1017 cm-3 (with NDT = 1 × 1013 cm-2). The
results of the simulation are illustrated in Figure 6-19. At any values less than 1 × 1018
cm-3 of positive fixed charge, the negative spontaneous polarization of GaN caused the
surface electron layer to be depleted and the isolation current to return to bulk values.
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Qf = 3 × 1018 cm-3

Qf = 2 × 1018 cm-3

Figure 6-19: TCAD simulation of IISO vs. VISO with SiNx positive fixed charge density
ranging from 2 × 1018 cm-3 to 3 × 1018 cm-3 in increments of 1017 cm-3.
First of all, it is important to point out that this model is not perfect. The purpose
of showing the results from Figure 6-19 is to establish that reasonable fixed charge
densities could have an effect that modulate the observed IISO over several orders of
magnitude. As far as absolute magnitude, the fixed charge densities in the model may be
slightly high, but the relative change is more reasonable. Kanicki et al. have observed
positive fixed charge density ranging from 3 – 9 × 1016 cm-3 in N-rich SiNx films after
exposure to UV radiation.18 The non-linearity in the bottom two simulated curves is
likely due to the shallower portion of the distribution of donor type defects, and the
associated direct or Poole-Frenkel tunneling out of such traps.21-23 By comparing the
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simulated results to all of the IISO experimental results in Figure 6-20, there is certainly
error in terms of shape, but a closer match in terms of the range of currents covered.
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Figure 6-20: Experimental interdevice isolation current vs. isolation voltage data for
unpassivated, 2 nm SiNx capped, and passivated 6 × 100 µm2 isolation test structures.
While the rise in current is fairly fast for the 2 nm SiNx capped sample, the fact
that it reaches an intermediate value between unpassivated and the 80 nm SiNx passivated
sample could support a fixed charge argument. The series of thicker SiNx films may also
support a fixed charge mechanism, as the field effect exhibited by subsequently added
film thickness with the same charge density would decrease as it moved farther away
from the SiNx/GaN interface.
Another technique that could have been used to investigate the presence of fixed
charge in our SiNx films would have been C-V. However, the MIS capacitors that were
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fabricated in our study used a highly doped substrate that did not allow for observation of
a significant depletion width. Another potential problem could be the high levels of
interface states, which would have to be addressed with the addition of a SiO2 interface
layer in between the SiNx and Si.

6.8 Summary

During the course of this study, an anomalous increase in interdevice isolation
current, independent of pulsed I-V current recovery, was observed after HEMT device
passivation with PECVD deposited SiNx. Different SiNx film types applied after a
standard in situ C2F6 plasma treatment resulted in varying degrees of increase in the
isolation current. Based on the electrical characterization results of MIS capacitor films
and measurement of unpassivated interdevice isolation current, it was concluded that the
isolation current pathway must be localized near the SiNx/GaN interface, in the
semiconductor.
Generation of donors or donor type defects at the SiNx/GaN interface during
passivation was verified to be a plausible mechanism for increased isolation current using
TCAD simulation. However, arguments involving passivation reversibility suggest the
higher probability of a substitutional oxygen on a nitrogen site compared to a nitrogen
vacancy defect or substitutional silicon on a gallium site. The thin SiNx capping layer
experimental results were consistent with generation of donors or donor type defects
mechanism, showing a two order of magnitude increase in interdevice isolation current.
TCAD simulation also suggested that a baseline population of donors or donor type
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defects was necessary in order to have charge carriers available to form the conductive
layer in the presence of positive sheet charge at the SiNx/GaN interface or SiNx fixed
charge.
Sheet charge at the SiNx/GaN interface could be generated in a number of ways.
Halogen chemisorption as a result of the C2F6 plasma treatment was ruled out, due to the
negligible change in interdevice isolation current observed during the control experiment.
Piezoelectric polarization calculations showed that SiNx intrinsic film stress could cause a
strain induced sheet charge at the SiNx/GaN interface; however, these arguments would
have to incorporate more details about how the exerted force from the film was
accommodated in the GaN.
Positive SiNx fixed charge, potentially correlated to the amount of N-H bonding
in the film observed by FTIR, could be responsible for inducing an electron inversion
layer in the GaN near the SiNx/GaN interface that would allow for increased interdevice
isolation current. However, further research is required to verify this hypothesis in the
form of C-V studies or gated MIS isolation test structures.
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Chapter 7
Summary and Future Work

7.1 Summary

GaN based transistor technology shows a great deal of potential as a high power,
high frequency solution to applications that have been pushing the limits of traditional
GaAs or Si devices. However, while record performance shows that progress has been
made, a need still exists for further study of the mechanisms responsible for some of the
fundamental problems such as RF dispersion and device leakage currents. The goal of
this thesis has been to elucidate some of the possible mechanisms involved with how the
passivation procedure reduces virtual gating and increases interdevice isolation current.
This research will enable other members of the GaN HEMT community to design novel
processing to improve the state-of-the-art.
In the first portion of thesis research, the effect of using various pre-passivation
surface treatments in conjunction with a standard PECVD SiNx passivation layer was
examined. Fully processed HEMT die were tested electrically before and after each
experimental treatment/passivation with pulsed I-V, dc I-V, small signal RF, and Hall
Effect measurement techniques.

Parallel-processed non-metalized samples from the

same wafer were used for materials characterization, which included XPS, AES depth
profiling, and PL measurements. Upon acquisition of all the experimental data, analysis
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revealed certain trends that led to conclusions about the general passivation mechanism
concepts and the roles that individual atomic species may exhibit.
Based on the drain current transient behavior of the unpassivated HEMT samples,
it was concluded that electron emission that corresponded to the discharging of a virtual
gate was due to the superposition of an energetically distributed population of trapping
centers. Traps with deeper energy levels and/or smaller electron capture cross sections
were suspected to have longer characteristic emission time constants. Based on the
transient response of successfully passivated HEMT devices, it was concluded that the
passivation mechanism(s) must involve either a reduction of the population of electron
trapping centers with time constants on the order of milliseconds to seconds, shifting the
energy levels of the traps with long time constants closer to the conduction band, or an
increase in the traps’ electron capture cross section. There was no evidence to support
the argument that surface or lateral gate leakage current provided a tunneling pathway for
electrons in deep traps to escape, as pulsed I-V did not correlate with gate leakage current
across samples with different surface treatments.
A significant trend that did emerge across all experimentally treated samples in
the study, was that the pulsed I-V performance correlated with reduced surface carbon
concentration, as determined by XPS. It was hypothesized that the organic contamination
overlayer that exists on as-processed unpassivated HEMT samples inhibits the chemical
modification of the HEMT surface that is involved in the passivation mechanism(s).
Results from a thin (~2 nm) SiNx passivation layer using an in situ C2F6 plasma treatment
also supported the argument that the passivation mechanism(s) involve chemical
modification of the HEMT surface and electron trapping centers present.
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XPS results showed that SF6 containing plasmas are capable of readily
incorporating fluorine into the HEMT surface, in concentrations as high as 30 – 35 at. %,
in the form of Al-F and Ga-F bonds. Fluorine incorporation was not as dramatically high
in the in situ C2F6 plasma treatment case, but was still 10 at. % greater than the BOE
(10:1) treated sample’s value of 4 at. %. While fluorine clearly modified the HEMT
surface chemistry and reduced ungated channel sheet resistance, its participation in the
passivation mechanism responsible for reducing virtual gating was ruled out due to
control experimental treatments without subsequent SiNx passivation.
Both hydrogen and nitrogen plasma treatments were observed to severely degrade
HEMT ungated channel sheet resistance, likely by different mechanisms. In the case of
hydrogen, PL measurements showed a reduction of the suspected AlGaN NBE emission,
indicating implantation to depths on the same order or greater than the barrier layer
thickness. High plasma power N2 surface treatments and passivation were suspected to
cause plasma damage to the heterostructure or generation of defects near the HEMT
surface. Hydrogen was not suspected to play a direct role in the passivation mechanism
responsible for reducing virtual gating.
The presence of oxygen at the interface between SiNx and the HEMT was
detected during the AES depth profiling and the thin SiNx capping layer XPS
experiments. In addition to those experiments, XPS examination of NH3 containing
plasma treated samples showed high levels of surface oxygen, indicating the presence of
contaminant O2/H2O. This contamination can be explained by the absence of a purifier
on the NH3 line of the PECVD cluster tool, and was suspected to be present during each
PECVD deposition. Oxygen’s involvement in the passivation mechanism responsible for
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reduced virtual gating could be either directly or indirectly involved. Direct involvement
could be explained by oxygen reacting with point defects on the surface that result from
the termination of threading dislocations. Indirect involvement would require the oxygen
present in the plasma to react and volatize surface organic contamination, leaving a
pristine surface with which excited SiNx precursors could react.
Despite the successful passivation of several of the plasma treatment cases and the
presence of oxygen on their treated surfaces, high oxygen concentration in the presence
of high carbon concentrations does not result in improved pulsed I-V behavior, as in the
unpassivated case. This suggests that the incorporated surface oxygen may have to be in
a particular bonding configuration or coordination in order to participate in the
passivation mechanism. Unlike the unpassivated case which has native oxides present,
O2 plasma species may possess enough energy to achieve the required bonding
arrangement responsible to reduce electron trapping. The reversible nature of SiNx
passivation, which was exhibited when removing the SiNx layer in an HF solution, is
consistent with the argument of oxygen’s involvement with the passivation mechanism.
Once oxygen is removed during HF exposure, as was seen in the BOE (10:1) treated XPS
sample, the original defect can resume electron trapping with slow emission.
In general, several different plasma chemistries were found to be suitable for prepassivation surface treatments. C2F6, Cl2, NH3, and O2 plasma treatments combined with
the standard SiNx passivation produced excellent pulsed I-V, but all exhibited similar
undesirable increases in gate leakage current and interdevice isolation current, and
subsequently decreases in measured breakdown voltage. Only when transitioning to the
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second portion of this research project, did we observe significant changes in dc I-V
leakage characteristics.
Conversely to the pre-passivation surface treatment study, the SiNx film
deposition study focused on experimenting with various SiNx film types deposited after a
standard in situ C2F6 plasma treatment was used. In addition to pulsed I-V and dc I-V
electrical testing, SiNx optical and material properties were determined by FTIR,
ellipsometry, and thin film stress measurements. In addition to experimental work,
TCAD two-dimensional simulation of the interdevice isolation test structure was used to
model the effect of changing the SiNx/HEMT interface parameters.
The most significant trend in electrical data was observed in the post-passivation
interdevice isolation current, which varied over 5 – 7 orders of magnitude depending on
the SiNx film type used. Pulsed I-V current recovery was similar across all the samples
used in the study, at values of approximately 90% at VDG QBP = 11 V.

TCAD

simulation of the interdevice isolation test structure suggested that the anomalous
increase in isolation current could be related to either generation of donors or donor type
defects, or the presence of a positive sheet charge at the SiNx/HEMT interface with a
baseline level of donors that would induce an electron inversion layer in the GaN.
Several mechanisms that could cause these effects were investigated.
Generation of donors or donor type defects was deemed to be plausible since
chemical modification of the HEMT surface during passivation was suspected to
contribute to the mechanism that reduced virtual gating. Substitutional ON shallow
energy level donors were thought to be more probable than nitrogen vacancies, VN, to
contribute to the electron carrier concentration at the surface based on arguments related
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to passivation reversibility, and the effect that each type of defect would exhibit as a
potential electron trapping center.
Assuming that there was baseline population of donors or donor type defects at
the HEMT surface, sheet charge at the SiNx/HEMT interface due to chemisorption of
halogen atoms was ruled out as a potential mechanism by the control experiments. Sheet
charge induced by piezoelectric polarization of strained GaN caused by intrinsic SiNx
film stress was confirmed to be of significant magnitude, but was of the wrong polarity
type for the 300 W plasma power film. Opposite directions of intrinsic film stress
(tensile vs. compressive) for the two SiNx film types that showed the largest increases in
interdevice isolation current, suggest that strain cannot be a likely mechanism in at least
one of the cases.
The presence of SiNx bulk fixed charge has been observed previously when used
in different applications. Depending on the defect densities and their characteristics in
GaN, a conductive electron surface layer induced by SiNx fixed charge could be a
plausible mechanism, as was suggested by TCAD simulation. An argument that requires
further investigation suggests that the relative amount of hydrogen incorporated as N-H
bonds in the SiNx films could correspond to higher populations of positive fixed charge.
When comparing the normalized amount N-H bonding, as detected by FTIR, to
interdevice isolation current results, the two exhibit strikingly similar trends. A SiNx
fixed charge argument is consistent with passivation reversibility data and the thin SiNx
capping layer experimental results.
When stepping back and looking at the entire thesis project as a whole, several
general and specific observations can be made. First, it appears that improving pulsed I-
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V performance and minimizing leakage currents can be independently controlled by
choice of pre-passivation surface treatment and SiNx passivation film type, respectively.
Second, it can be inferred that since the reduction in virtual gating is likely caused by
chemical modification of the HEMT surface during the passivation process, the GaN
surface between active device mesas could very well be chemically modified as well.
The presence of oxygen at the SiNx/HEMT interface after successful passivation suggests
that in the absence of carbon, oxygen can play a role in the mechanism responsible for
reducing virtual gating. This is argument is entirely consistent with the parallel argument
that substitutional ON donors are responsible for the increased electron carrier
concentration near the SiNx/GaN interface. Removal of oxygen in an HF solution could
potentially reverse the effects of passivation, returning the device to a pre-passivation
state.
SiNx fixed charge and stress related arguments are both plausible mechanisms for
the observed increase in interdevice isolation current, but cannot easily be explained in
terms of how they would affect electron trapping behavior. The similar increase in gate
leakage current that was seen across the samples in the pre-passivation treatment study
could be related to a number of different mechanisms including strain, SiNx fixed charge,
or chemical modification of the surface in some cases. Future work could be conducted
to test out these or any of the other mechanisms suggested in this thesis.
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7.2 Future Work

The SiNx fixed charge argument presented in Chapter 6 certainly has plenty of
opportunity for further exploration. Due to the constraints of time, further SiNx MIS
capacitor C-V studies were not carried out to try and observe shifts in threshold voltage
for different film types. Such a study would have to be carefully designed to account for
high densities of interface states, and would probably require the use of a thin SiO2 layer
in between Si and SiNx. Estimation of the SiNx/GaN density of interface states would
also be important for determination of the SiNx fixed charge effect.
Another possible investigation related to fixed charge is the electrical testing of a
gated MIS isolation test structure, which uses the passivation layer as the insulator. By
varying the potential applied to the gate of the structure while flowing interdevice
isolation current, varying degrees of SiNx fixed charge could be simulated. If there was a
large variation in interdevice isolation current as a result of the gate voltage changes,
SiNx fixed charge could be confirmed as a probable mechanism.
The last topic that was not thoroughly explored in this project was the role of
nitrogen in the passivation process. Initial exploratory testing in this study utilized N2
plasmas with too high of power. Further investigation into the chemical role that excited
nitrogen would play in passivation could be carried out simply by reducing the plasma
power used. Additional benefit may also be gained from testing out SiON films of
varying composition to simultaneously see the tradeoff between oxygen and nitrogen.
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Appendix A
Variables and Acronyms

φ

Electrostatic Potential [V]

|h21|

Small Signal Forward Current Gain [dB]

An, Bn, and Cn

Cauchy Film Coefficients [µm, µm2, µm4]

Ckl

Elastic Constants [GPa]

C'ox

Effective Gate Capacitance per Area [F/cm2]

d

Gap Spacing in CTLM [µm]

d

Carbon Contamination Overlayer Thickness [Å]

ekl

Elastic Coefficients [C/m2]

Ebr

Breakdown Field [MV/cm]

EG

Energy Bandgap [eV]

Es

Young’s modulus

fmax

Maximum Frequency of Oscillation [Hz]

fT

Unity Gain Frequency [Hz]

Icorr

Carbon-Corrected Atomic Composition [%]

IDS

Drain to Source Current [mA/mm]

IDS,Sat

Saturated Drain to Source Current [mA/mm]

IDSS

Saturated Drain to Source Current at VDS = 10 V [mA/mm]

IG,leak

Gate Leakage Current [mA/mm]

IGS

Gate to Source Current [mA/mm]

IISO

Interdevice Isolation Current [mA/mm]

IISO,B

GaN bulk component of IISO [mA/mm]

IISO,S

HEMT/SiNx interface component of IISO [mA/mm]

IISO,SiN

SiNx layer component of IISO [mA/mm]

IMAX

Maximum Drain to Source Current [mA/mm]

Imeas

Measured Atomic Composition [%]
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IS,D

SiNx/HEMT interface component of IG,Leak from drain to
gate [mA/mm]

IS,S

SiNx/HEMT interface component of IG,Leak from source to
gate [mA/mm]

ISiN,D

SiNx layer component of IG,Leak from drain to gate
[mA/mm]

ISiN,S

SiNx layer component of IG,Leak from source to gate
[mA/mm]

IV,S

Vertical component of IG,Leak from drain to gate [mA/mm]

IV,S

Vertical component of IG,Leak from source to gate [mA/mm]

JFOM

Johnson’s Figure of Merit

Jn

Electron Current Density [A/cm-2]

Jp

Hole Current Density [A/cm-2]

k

Boltzmann’s Constant [eV/K]

LT

Transfer Length [µm]

n

Electron Concentration [cm-3]

n

Refractive Index

NA

Ionized Acceptor Concentration [cm-3]

NC

Effective Conduction Band Density of States [cm-3]

ND

Ionized Donor Concentration [cm-3]

NDT

SiNx/GaN Interface Donor Trap Density [cm-2]

ni

Intrinsic Carrier [cm-3]

ns

Sheet Carrier Concentration [cm-2]

NV

Effective Valence Band Density of States [cm-3]

p

Hole Concentration [cm-3]

P

Pressure [Torr]

Pout

Output Power Density [W/mm]

q

Elementary Charge of an Electron [C]

R

Thin Film/Substrate Curvature

Rd

Resistance of Gap Spacing “d” in CTLM [Ω]
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RNET

Net Electron-Hole Recombination Rate [cm-3 s-1]

ro

Inner Circular Radius in CTLM [µm]

Rs

Ungated HEMT Channel Sheet Resistance [Ω/□]

T

Temperature [ºC]

Tdep.

Thin Film Deposition Temperature [ºC]

tf

Thin Film Thickness [µm]

Tmeas.

Thin Film Stress Measurement Temperature [ºC]

ts

Substrate Thickness [µm]

VBR

Breakdown Voltage [V]

VDG

Drain to Gate Voltage [V]

VGS

Gate to Source Voltage [V]

VISO

Isolation Voltage [V]

vsat

Carrier Saturation Velocity [cm/s]

VSG-G

Side-Gate to Gate Voltage [V]

VTH

Threshold Voltage [V]

x

Atomic Composition [%]

αf

Thin Film Thermal Expansion Coefficient [ºC-1]

αs

Substrate Thermal Expansion Coefficient [ºC-1]

ε

Electrical Permittivity

εr

Relative Permittivity

Θ

Thermal Conductivity [W/cm K]

λ

Photoelectron Inelastic Electron Mean Free Path [nm]

λC1s,C

Effective Electron Attenuation Length for C 1s Electrons in
an overlying hydrocarbon contamination layer [nm]

µH

Hall Mobility [cm2/V s]

µn

Electron Mobility [cm2/V s]

νs, νf

Poisson’s ratio

ρ

Resistivity [Ω cm]

ρc

Specific Contact Resistance [Ω cm2]

ρtrap

Trap and Fixed Charge Density [cm-3]
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σint

SiNx/GaN Interface Charge Density [q·cm-2]

σn

Electron Capture Cross Section Area [cm2]

σT

Total Stress of the deposited film [GPa]

σf

Intrinsic Film Stress [GPa]

σth

Thermal Stress [GPa]

τ

Characteristic Emission Time Constant [s]

υthn

Electron Thermal Velocity [cm/s]

AES – Auger Electron Spectroscopy
AFM – Atomic Force Microscopy
ASTM – American Society for Testing and Materials
BE – Binding Energy
BOE – Buffered Oxide Etch
C-V – Capacitance–Voltage
CTLM – Circular Transfer Length Method
DAQ – Data AQuisition
dc – Direct Current
DI - DeIonized
DLTS – Deep-Level Transient Spectroscopy
DPS – Decoupled Plasma System
DUT – Device Under Test
E-Beam – Electron Beam
ECR - Electron Cyclotron Resonance
ESR – Electron Spin Resonance
FTIR – Fourier Transform InfraRed spectroscopy
FWHM - Full-Width Half-Maximum
GLR – Gate-Lag Ratio
GSG – Ground-Signal-Ground
GUI – Graphical User Interface
HEMT – High-Electron-Mobility Transistor
HFET – Heterostructure Field-Effect Transistor
ICP – Inductively-Coupled Plasma
IPA – IsoPropyl Alcohol or Isoproponal
I-V – Current–Voltage
KE – Kinetic Energy
MBE – Molecular-Beam Epitaxy
MCL – Materials Characterization Laboratory
MIS – Metal-Insulator-Semiconductor
MOCVD – Metal-Organic Chemical Vapor Deposition
MOVPE – Metal-Organic Vapor Phase Epitaxy
MOSFET – Metal-Oxide-Semiconductor Field-Effect Transistor
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NBE – Near-Band-Edge
NIST – National Institute of Standards and Technology
OPUS - OPtics User Software
PECVD – Plasma-Enhanced Chemical Vapor Deposition
PL - Photoluminescence
PR - PhotoResist
RIE – Reactive-Ion Etch
RPM – Rotations Per Minute
RSF – Relative Sensitivity Factors
RTA – Rapid Thermal Annealing
SCS – Semiconductor Characterization System
SiNx – non-stoichiometric Silicon Nitride
SKPM – Scanning Kelvin Probe Microscopy
SLL – Single-Layer Liftoff
SMU – Source-Measurement Unit
TCS – Transient Current Spectroscopy
TEM – Transmission Electron Microscopy
TLM – Transfer Length Method
UHV – Ultra-High Vacuum
XPS – X-ray Photoelectron Spectroscopy
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Appendix B
Heterostructure Material Vendor Data Sheets

AlGaN/GaN HEMTs on Sapphire:
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GaN capped AlGaN/GaN HEMTs on SiC:
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Appendix C
HEMT Fabrication and Characterization Forms

C.1 AlGaN/GaN HEMT Fabrication Process Outline
1. Pre-process Clean
a. Soak sample in Remover PG at 60ºC for 5 min followed by 1 min in
ultrasonic bath
b. Soak in IPA 1 min
c. Rinse in DI and blow dry with N2
2. Ohmic Level Lithography
- Do practice run on Si to ensure exposure has not changed since previous run
Mask: FET02A (‘OHMIC’ level)
Resists: LOR 5A, AZ-701 MiR
Hot Plates: 170 ºC, 90 ºC
Developer: CD-26
a. Spin LOR 5A at 6000 RPM with 3000 RPM ramp rate for 45 sec
i. NO DYNAMIC SPIN
ii. flood surface with LOR and immediately begin spin before LOR dries
b. Bake at 170 ºC for 10 min
i. yields ideal undercut
c. Spin AZ701 at 6000 RPM with 3000 RPM ramp rate for 45 sec
i. NO DYNAMIC SPIN
ii. flood surface, immediately spin
d. Bake 90 ºC for 1 min
e. Perform EDGE BEAD REMOVAL if necessary
Parameters: MA6 using Hard Contact
i. Use “Edge Bead Removal Mask”
ii. Align substrate edge with matching mask edge
iii. Expose 6 – 8 sec
iv. Develop 60 - 120 sec
1. Softbaked, unexposed AZ701 is tolerant of CD-26 developer
and subsequent processing should not be affected
v. DI Rinse, N2 dry
f. Exposure
Parameters: MA6 using Low Vac Contact
i. Use “OHMIC” level of FET02A mask
ii. Align substrate edges with Ohmic level edges
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iii. Expose 4.5 sec
iv. Develop 60 sec
v. DI Rinse, N2 dry
g. Inspect with microscope
3. Ohmic Level Metallization
Metal Stack: Ti/Al/Ni/Au (150/1000/500/500Å)
a. Sample Preparation
i. 60 sec BOE (10:1) etch
ii. DI rinse, N2 dry
iii. LOAD IMMEDIATELY IN EVAP. CHAMBER
b. Deposit Metal Stack: Ti/Al/Ni/Au (150/1000/500/500Å)
c. Lift-off
i. PG Remover soak at 60 ºC for > 5 min – NO ULTRASONIC
ii. DI rinse and N2 blow dry
iii. 5 sec in CD-26 to remove LOR
iv. DI rinse, N2 dry
d. Inspect with microscope

Figure C-1: Micrograph of HEMT ohmic pads following metal deposition
4. Ohmic Level Anneal
a. Start Up
i. Turn on Gettering Furnace (30 min warm-up)
ii. Turn on chillers: RTA Chiller and Pyrometer Chiller (20 min warmup)
iii. Load sample, allow 10 min N2 purge prior to anneal
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b. Anneal Recipe
i. Set point: 875 ºC, ramp: 75 ºC/s
ii. Time: 60 sec
iii. N2 flow set at 2 L/min
iv. Allow 10 min cool down with N2 flow
c. Shut down – turn off everything… no particular order.

Figure C-2: Micrograph of test structures following 60 sec RTA anneal at 875 ºC
5. Ohmic Contact Measurements
a. Use CTLM Structure to measure resistance as a function gap width
i. Gap Widths: 2, 4, 6, 9, 12, 15 µm
ii. Measure 4 sets of CTLM sturctures
b. Input data into folder with Dave Meyer’s Excel template for data analysis
i. Place the template xls file into the same directory with 2,4,6,9,12,15(ad). It’s important to have a .dat file for each gap size in a set,
otherwise the macro will stop in the middle of opening the series.
ii. Open Excel, then open your template from within excel (don’t double
click it in Windows explorer.) You have to open it this way to get the
right working directory. Enable macros, then don’t update data import.
iii. Hit Alt-F8 to bring up the macro menu, and run
Open_Plot_CTLM_Data_A2D. When completed, click on the ‘CTLM
A’ tab.
iv. Hit Alt-F8, and run Extract_R_Values.
v. Click on each ‘Calc’ tab to make sure the R values got entered
correctly and see which ones are in error. Delete rows of error
suspected measurements.
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vi. Click on ‘Calc A”, hit Ctrl-m to run the Rc_Calc macro. Once
completed click on ‘Calc B’ and Ctrl-m, etc. for C and D
vii. Hit Alt-F8, and run “Generate_Summary”
6. HEMT Mesa Isolation Lithography
Mask: FET02A (‘ISO’ level)
Resists: SPR3012
Hot Plates: 95ºC, 130ºC
Developer: CD-26

a. Spin SPR3012 at 5000 RPM with 10000 RPM ramp rate for 45 sec
i. NO DYNAMIC SPIN
b. Bake at 95ºC for 30 sec
c. Exposure
Parameters: MA6 using Low Vac Contact
i. Use “ISO” level of FET02A mask
ii. Align Ohmic level and ISO level
1. Alignment marks are at the corner of each die
2. Align center marks. Each marker on either side of center
indicates a shift of 1/10 µm in alignment toward that direction.

Alignment
Marks

Figure C-3: Image of alignment marks for OHMIC and ISO levels
iii. Expose 5.5 sec
d. Develop 60 sec in CD-26
e. DI Rinse, N2 dry
f. Inspect with microscope
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g. Reflow Resist for tapered edge
i. Bake sample at 130ºC for 2 min
ii. Edge profile will shift from sharp step to gradual slope to reduce
electric field crowding around mesa edges
7. HEMT Mesa Isolation Etch
Tool: Applied Materials Decoupled Plasma System (DPS) – ICP etch tool
Recipe: GAN
a. Recipe Settings
Combination should yield
i. 60 sccm Cl2
-100V bias on sample
ii. 6 mT total pressure
iii. ICP Coil power: 300W
iv. RF power: 50 W
b. Etch 30 sec.
i. Etch rate is ~ 1380 Å /min. Anticipated step height of ~ 690Å.
ii. If etching does not occur, try increasing RF power to 100 W and
reducing etch time to 15 sec.
c. Step Height Verification
i. Strip resist
1. PG Remover @ 60 – 80 ºC for 5 min with 1 min ultrasonic
2. IPA – 2 min ultrasonic
3. DI Rinse, N2 dry
d. Use Tencor Profilometer to measure step height
8. Gate Level Lithography
- Do practice run on Si to ensure exposure has not changed since previous run
Mask: FET02A (‘GATE’ level)
Resists: LOR 2A, AZ-701 MiR
Hot Plates: 170 ºC, 90 ºC
Developer: CD-26
a. Spin LOR 2A at 6000 RPM with 3000 RPM ramp rate for 45 sec
i. NO DYNAMIC SPIN
ii. flood surface with LOR and immediately begin spin before LOR dries
b. Bake at 170 ºC for 10 min
i. yields ideal undercut
c. Spin AZ701 at 6000 RPM with 3000 RPM ramp rate for 45 sec
i. NO DYNAMIC SPIN
ii. flood surface, immediately spin
d. Bake 90 ºC for 1 min
e. Perform EDGE BEAD REMOVAL
Parameters: MA6 using Hard Contact
i. Use “Edge Bead Removal Mask”
ii. Align substrate edge with matching mask edge
iii. Expose 6 – 8 sec
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iv. Develop 60 - 120 sec
1. Soft-baked, unexposed AZ701 is tolerant of CD-26 developer
and subsequent processing should not be affected
v. DI Rinse, N2 dry
f. Exposure
Parameters: MA6 using Low Vac Contact
i. Use “GATE” level of FET02A mask
ii. Alignment marks are at the corner of each die
iii. Align center marks. Each marker on either side of center indicates a
shift of 1/10 µm in alignment toward that direction.
iv. Expose 4.5 sec
v. Develop CD-26
vi. DI Rinse, N2 dry
g. Inspect with microscope
9. Gate Level Metallization
Metal Stack: Ni/Au (500/1000Å)
a. Load into evaporator chamber and pump down
b. Deposit Metal Stack: Ni/Au (500/1000Å)
c. Lift-off
i. PG Remover soak at 60 ºC for > 5 min – NO ULTRASONIC
ii. DI Rinse, N2 dry
iii. 5 sec in CD-26 to remove LOR residue
iv. DI Rinse, N2 dry
d. Inspect with microscope
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Figure C-4: Micrograph of gate level processed 6 mm × 6 mm HEMT chip
e. Perform unpassivated electrical characterization
10. HEMT Pre-passivation Surface Treatment
Tools: Applied Materials P-5000 PECVD Cluster Tool
• Chamber A process gases: O2
• Chamber B process gases: C2F6, NH3, N2O, N2, H2
Applied Materials DPS
• Process gases: Cl2, BCl3
Adixen i-Speeder Magnetically Enhanced ICP Plasma Tool
• Process gases: SF6, O2
a. Sample Preparation
i. 60 sec BOE (10:1) etch
ii. DI Rinse, N2 dry
iii. LOAD IMMEDIATELY IN PLASMA CHAMBER
b. Perform plasma treatment – standard treatment time = 30 sec.
i. Use low plasma power, if possible, to minimize ion bombardment
ii. Unload and transfer immediately to PECVD chamber to minimize
exposure to ambient atmosphere.
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11. HEMT PECVD SiNx Passivation
Tools: Applied Materials P-5000 PECVD Cluster Tool – Chamber B

a. Standard SiNx Film (n = 1.95) Deposition Conditions:
i. Temperature = 300 ºC
ii. Pressure = 2.7 Torr
iii. Plasma Power = 300 W
iv. 100 sccm NH3, 30 sccm SiH4, 2000 sccm N2
v. Duration = 25 seconds Æ Thickness approximately 80 nm
b. The standard passivation film produces a slightly bluish color on the HEMT
sample surface.

Figure C-3: Micrograph of passivated HEMT sample
12. HEMT SiNx Via Level Lithography
Mask: FET02A (‘ISO’ level)
Resists: SPR3012
Hot Plates: 95ºC
Developer: CD-26

a. Spin SPR3012 at 9000 RPM with 10000 RPM ramp rate for 45 sec
i. NO DYNAMIC SPIN
ii. High spin speed accommodates smaller individual chip size
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b. Bake at 95ºC for 30 sec
c. Exposure
Parameters: MA6 using Low Vac Contact
i. Use “NITRIDE VIA” level of FET02A mask
ii. Align to Ohmic level markers
1. Alignment marks are at the corner of each die
2. Align center marks. Each marker on either side of center
indicates a shift of 1/10 µm in alignment toward that direction.
iii. Expose 5.5 sec
d. Develop 60 sec in CD-26
e. DI Rinse, N2 dry
f. Inspect with microscope
13. HEMT SiNx Via Etch
Tool: Applied Materials DPS
Recipe: MEYERCF4
a. Recipe Settings
Combination should yield
i. 50 sccm CF4, 15 sccm O2
-90 V bias on sample
ii. 7 mT total pressure
iii. ICP Coil power: 500W
iv. RF power: 50 W
b. Etch 75 sec.
i. Etch rate is ~ 30 Å/s. An over-etch of 100% is used.
c. Strip resist
i. Acetone Bath
ii. IPA
iii. DI Rinse, N2 dry
d. Inspect with microscope
e. Perform passivated electrical characterization
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C.2 HEMT Electrical Characterization Run Sheet
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C.3 HEMT dc I-V Quick Reference Sheet
IDS,sat vs. VGS Curve

Test names:

Idssat_Vgs_OFF2ON, Idssat_Vgs_ON2OFF

Setup:

SMU 1 = Gate, SMU 2 = Drain, SMU 3 = Source

Description:

Sweep VG from -5 V to 2 V (OFF2ON) or from 2 V to -5 V
(ON2OFF). Set VD = 6 V (or somewhere in saturation) and VS =
0 V. Calculate and plot SQRT(IDS,sat) vs. VGS.

Analysis Yields: Maximum Mutual Transconductance
gm,max is the peak of gm vs. VGS curve.
Threshold Voltage
VTH is the x-intercept of the fit of linear section of

sqrt(IDS,sat) vs. VGS curve.
IGS vs. VDG Curve

Test name:

Gate_IV

Setup:

SMU 1 = Gate, SMU 2 = Drain, SMU 3 = Source

Description:

Set VS = 0 V and VG = -5 V (or VG below VTH) . Ramp VD up
from 0 V to 45 V. Plot IG,leak vs. VDG.

Analysis Yields: Gate Leakage Current
IG,leak is defined as gate current at VDG = 33 V (VDS = 28 V).
IDS vs. VDS Curve

Test name:

Ids_Vds

Setup:

SMU 1 = Gate, SMU 2 = Drain, SMU 3 = Source

Description:

Set VS = 0 V. Sweep VD from 0 V to 10 V. Step VG from -5 V
to 2 V in 1 V increments and repeat VD sweep. Plot IDS vs. VDS.

Analysis Yields: Saturated Drain-Source Current
IDSS is defined as IDS(VGS = 0 V, VDS = 10 V).
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Maximum Drain-Source Current
Imax is defined as IDS(VGS = 2 V, VDS = 10 V).
Off-state Breakdown Test

Test name:

Breakdown

Setup:

SMU 1 = Gate, SMU 2 = Drain, SMU 3 = Source

Description:

Set VS = 0 V and VG = -5 V (or VGS below VTH) . Force ID = 1
mA/mm and measure VDS.

Analysis Yields: Breakdown Voltage
VBR is defined as VDG (VG = -5 V, VS = 0 V, ID = 1

mA/mm).
Interdevice Isolation Test

Test name:

Iso_6um_IV

Setup:

SMU 1 = Iso Structure Contact 1, SMU 2 = Iso Structure
Contact 2

Description:

Set Contact 2 = 0 V. Sweep Contact 1 from 0 V to 60 V.
Measure current flowing through each contact.

Analysis Yields: Interdevice Isolation Current
IsoI is defined as current through contact one at V1 = 33 V.
Van der Pauw Resistivity

Test name:

vdp_test (in HEMT_Rs project)

Setup:

SMU 1 = VDP 1, SMU 2 = VDP 2, SMU 3 = VDP 3, SMU 4 =
VDP 4

Description:

Series of 8 measurements are taken and used to calculate sheet
resistance and resistivity if film thickness is known. Current
should be adjusted to obtain approximately 10 mV for each
individual reading.

Analysis Yields: Sheet Resistance
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RS is calculated in Ω/□.

Circular Transfer Length Method

Test name:

CTLM (in HEMT_Rs project)

Setup:

SMU 1 Force & Sense = CTLM inner contact, SMU 2 Force &
Sense = CTLM outer contact

Description:

Series of 6 resistance measurements can be analyzed to
determine sheet resistance, specific contact resistivity, and
transfer length.

Analysis Yields: Sheet Resistance
RS is calculated in Ω/□.
Specific Contact Resistivity
ρC is calculated in Ω cm2.
Transfer Length
LT is calculated in µm.
“Contact Resistance”
ρC/ LT is calculated in Ω mm.
Notes:

1.) SMU 1 and SMU 2 have pre-amps that allow them to measure low currents (pA
to nA) accurately. SMU 4 has high current capability (max 1 A instead of 100
mA).
2.) All measurements are typically completed with microscope light on.
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Appendix D
Example of Command File for Synopsys Sentaurus Device Simulator
Electrode {
{ Name="Iso_Hi" Voltage=0 AreaFactor=100 Resist=4.6E-6}
{ Name="Iso_Lo" Voltage=0 AreaFactor=100 Resist=4.6E-6}
}
File {
* Input files
Grid
= "n2_msh.grd"
Doping = "n2_msh.dat"
Parameter = "pp4_des.par"
* Output files
Current = "Iso_control.plt"
Plot
= "Iso_control.tdr"
Output = "Iso_control.log"
}
Physics {
*Hydro(eTemp)
*Thermodynamic
Mobility (DopingDep eHighfieldsaturation(CarrierTempDrive)
hHighfieldsaturation )
EffectiveIntrinsicDensity (Nobandgapnarrowing)
Fermi
Recombination(SRH)
RecGenHeat
Aniso(Poisson)
}
Physics (Material="Nitride") {
Traps (FixedCharge Level Conc=1e18 )
}
Physics (MaterialInterface="Nitride/GaN") {
Charge(Conc=-1.81E13)
Traps(
*****Nitrogen Vacancies in undoped GaN (Ioffe value for energy
*0.1 or 0.03 or other)
*(Donor Level Conc=3.6e12 EnergyMid=0.07 EnergySigma=0
*FromCondBand eXSection=1.6e-18 hXSection=1e-15)
*****Oxygen Related Donor (Nd = 1E16 EnergyMid=0.033 due to
*background from H2O/O2 in NH3 precursor, 0.033 eV referenced in
*Look et al. 2003)
(Donor Uniform Conc=2.5E13 EnergyMid=0.3 EnergySigma=0.2
FromCondBand eXSection=1e-15 hXSection=1e-15)
)
}
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Physics (Material="GaN") {
Traps (
*****Meyer PL data trap - YL trap (if in bottom half of bandgap)
(Acceptor Gaussian Conc=1e18 EnergyMid=2.3 EnergySigma=0.25
FromCondBand eXSection=1e-15 hXSection=1e-15)
*****Nitrogen Vacancies in undoped GaN (0.07 eV Look et al. 2003
*(0.37 eV in Al0.28GaN-Hasegawa))
(Donor Level Conc=1e16 EnergyMid=0.07 EnergySigma=0 FromCondBand
eXSection=1.6e-18 hXSection=1e-15)
*****Oxygen Related Donor (Nd = 1E16 due to background from
*H2O/O2 in NH3 precursor, 0.033 eV referenced in Look et al.
*2003)
(Donor Level Conc=1E16 EnergyMid=0.033 EnergySigma=0 FromCondBand
eXSection=1e-15 hXSection=1e-15)
************************************ Unused Traps
*****Pearton Paper Trap
*(Acceptor Level Conc=5e17 EnergyMid=0.8 EnergySigma=0
*FromCondBand eXSection=1e-15 hXSection=1e-15)
*
*****Binari Review Paper Traps
*(Acceptor Level Conc=1.8e18 EnergyMid=1.8 EnergySigma=0
*FromCondBand eXSection=1e-18 hXSection=1e-18) *Trap1
*(Acceptor Level Conc=1e17 EnergyMid=2.85 EnergySigma=0
*FromCondBand eXSection=1e-15 hXSection=1e-15) *Trap2
*
*****Gallium Vacancies in undoped GaN (Ioffe value for energy
*0.03 or other)
*(Acceptor Level Conc=1e14 EnergyMid=0.14 EnergySigma=0
*FromValBand eXSection=1e-15 *hXSection=1e-15)
************************************
)
}

Plot {
Potential Electricfield/Vector
ElectricField
eDensity hDensity
eCurrent/Vector hCurrent/Vector
TotalCurrent/Vector
SRH Auger Avalanche
eMobility hMobility
eQuasiFermi hQuasiFermi
eGradQuasiFermi hGradQuasiFermi
eEparallel hEparallel
eVelocity hVelocity
DonorConcentration Acceptorconcentration
Doping SpaceCharge
ConductionBand ValenceBand
BandGap Affinity
xMoleFraction
eTemperature hTemperature
eTrappedCharge hTrappedCharge
eInterfaceTrappedCharge
hInterfaceTrappedCharge
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}

eGapStatesRecombination
hGapStatesRecombination
DeepLevels
PE_Polarization/vector
PE_Charge

Math {
Extrapolate
Iterations=20
Digits=8
ErrRef(electron) = 1E5
ErrRef(hole) = 1E5
RHSmin=1e-15
RHSmax=1e30
RHSfactor=1e20
*Traps(Damping=100)
CDensityMin=1e-30
eDrForceRefDens = 1e4
hDrForceRefDens = 1e4
DirectCurrentComputation
RelTermMinDensity = 1e4
}
Solve {
Coupled (Iterations=100000 LinesearchDamping=0.0001) {Poisson}
*Save(Fileprefix="poisson_test ")
*Load(Fileprefix="poisson_test")
Coupled (Iterations=100000) { Poisson Electron Hole }
Plot(FilePrefix="Zero_Bias")
****************************************************************
* Ramp Iso Voltage Up to Iso_Hi = 60 V
****************************************************************
NewCurrent="SiNx_p1E18_"
Quasistationary (
InitialStep=0.001 Minstep=1e-10 MaxStep=0.05 Increment=1.5
Goal {Name="Iso_Hi" Voltage=60}
) {
Coupled {Poisson Electron Hole }
*Coupled {Poisson Electron Hole eTemperature}

}

}
****************************************************************
* Iso_Hi = 60 V plot
****************************************************************
Plot(FilePrefix="Iso_Hi_60V_bias")
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