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ABSTRACT: Low energy electrons may provide mechanisms to enhance thin
ﬁlm growth at low temperatures. As a proof of concept, this work demonstrated
the deposition of gallium nitride (GaN) ﬁlms over areas of ∼5 cm2 at room
temperature and 100 °C using electrons with a low energy of 50 eV from an
electron ﬂood gun. The GaN ﬁlms were deposited on Si(111) wafers using a
cycle of reactions similar to the sequence employed for GaN atomic layer
deposition (ALD). Trimethylgallium (Ga(CH3)3, TMG), hydrogen (H) radicals
and ammonia (NH3) were employed as the reactants with electron exposures
included in the reaction cycle after the TMG/H and NH3 exposures. A number
of ex situ techniques were then employed to analyze the GaN ﬁlms.
Spectroscopic ellipsometry measurements revealed that the GaN ﬁlms grew
linearly with the number of reaction cycles. Linear growth rates of up to 1.3 Å/
cycle were obtained from the surface areas receiving the highest electron ﬂuxes.
Grazing incidence X-ray diﬀraction analysis revealed polycrystalline GaN ﬁlms with the wurtzite crystal structure. Transmission
electron microscopy (TEM) images showed crystalline grains with diameters between 2 and 10 nm depending on the growth
temperature. X-ray photoelectron spectroscopy depth-proﬁling displayed no oxygen contamination when the GaN ﬁlms were
capped with Al prior to atmospheric exposure. However, the carbon concentrations in the GaN ﬁlms were 10−35 at. %. The
mechanism for the low temperature GaN growth is believed to result from the electron stimulated desorption (ESD) of
hydrogen. Hydrogen ESD yields dangling bonds that facilitate Ga−N bond formation. Mass spectrometry measurements
performed concurrently with the reaction cycles revealed increases in the pressure of H2 and various GaN etch products during
the electron beam exposures. The amount of H2 and GaN etch products increased with electron beam energy from 25 to 200 eV.
These results indicate that the GaN growth occurs with competing GaN etching during the reaction cycles.

1. INTRODUCTION
Gallium nitride (GaN) is an important wide band gap
semiconductor that has many applications in optoelectronics1,2
and high power electronics.3,4 However, bulk GaN single
crystals are not easily produced using conventional methods.5
GaN devices rely on GaN heteroepitaxy on other substrates.6
This situation increases the importance of depositing GaN
using vapor phase processes such as metalorganic chemical
vapor deposition6−8 (MOCVD), hydride vapor phase epitaxy9
(HVPE), and molecular beam epitaxy10 (MBE) techniques.
Unfortunately, these vapor phase processes require high
temperatures. For example, temperatures of 800−1100 °C are
needed for GaN growth using MOCVD with trimethylgallium
(TMG) or triethylgallium (TEG) and NH3.6−8 These high
temperatures preclude GaN deposition on many thermally
sensitive substrates and device structures. One goal of this work
was to develop a method to lower the temperature of GaN thin
ﬁlm growth.
© 2016 American Chemical Society

Another goal of this work was to deﬁne a GaN atomic layer
deposition (ALD) process at low temperatures using
sequential, self-limiting surface reactions. ALD techniques are
able to deposit thin ﬁlms conformally with atomic layer
control.11 The sequential surface reactions utilized for GaN
ALD also allow for the addition of nonthermal enhancement
between or during the sequential reactions. Thermal GaN ALD
was initially reported using either TMG or TEG and NH3 as
the reactants at temperature ranging from 450 to 900 °C.12−14
The use of a hot ﬁlament to decompose the NH3 also produced
GaN ALD ﬁlms at 250−350 °C using TEG and NH3.15 GaCl
and NH3 were used as the reactants for GaN ALD at
temperatures from 350 to 400 °C.16,17 Slightly higher
temperatures of 500−750 °C were required for GaN ALD
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using GaCl3 and NH3.18,19 TMG and a NH3 plasma has also
been used for GaN ALD at temperatures from 185 to 385
°C.20,21 In this work, TMG, hydrogen (H) radicals and NH3
were employed as the reactants with electron exposures
included in the reaction sequence after the TMG/H and
NH3 exposures to lower the required temperatures for GaN
ALD. TMG was employed instead of TEG because of its higher
vapor pressure.
The electron exposures were used for nonthermal enhancement of GaN ALD by electron stimulated desorption
(ESD).22,23 ESD can be used to desorb a variety of surface
species, such as hydrogen and halogens, from surfaces.22,23 In
particular, the ESD of hydrogen from GaN is an eﬃcient
process.24,25 Earlier studies have reported an ESD cross section
for hydrogen from GaN(0001) of 2 × 10−17 cm2 at 90 eV.24
This ESD cross section is much higher than previously reported
ESD cross sections for hydrogen from Si(100).26−30 ESD can
occur via the Menzel−Gomer−Redhead31,32 (MGR) or
Knotek−Feibelman33,34 (KF) mechanisms. The ESD of
hydrogen will create free dangling bond sites on the surface.
These dangling bond sites can be created at temperatures much
lower than 250−500 °C where hydrogen desorbs thermally
from GaN surfaces.35−37 The dangling bond sites are expected
to promote bond formation with other reactants with little or
no activation barrier to facilitate thin ﬁlm growth at low
temperatures.
A similar ESD approach has been pursued for nanoscale
patterning on silicon surfaces.38 This work is based on the
ability of electrons from the scanning tunneling microscope
(STM) to desorb hydrogen by ESD from silicon surfaces. 28,30,38,39 Hydrogen is observed to desorb from
Si(100)-2 × 1 surfaces and leave behind silicon dangling
bonds.28,30,38,40 The reactive dangling bonds can adsorb other
reactants such as Al, Fe(CO)5 or O2.26,41,42 The remaining
hydrogen serves as a mask to prevent adsorption. Hydrogen
ESD has been employed to form Al,42 Fe43 and oxide41
nanoscale patterns on Si(100) surfaces. In contrast, the
approach in this paper uses ESD after sequential TMG/H
and NH3 reactant exposures to grow GaN thin ﬁlms. This
procedure also uses an electron ﬂood gun for hydrogen ESD
over surface areas of ∼5 cm2.
The proposed stepwise sequence of the surface reactions for
low temperature GaN growth is shown in Figure 1. A hydrogen
atom exposure after the TMG exposure is intended to replace
the −CH3 groups with hydrogen. Electron beam exposures at
50 eV after the TMG/H and NH3 exposures are expected to
desorb hydrogen and form dangling bonds on the GaN surface.
Using this proposed stepwise sequence of reactions, GaN ﬁlm
growth on Si(111) wafers was conducted at room temperature
and 100 °C. Because of the high reactivity of the dangling
bonds, the GaN ﬁlm growth was performed in an ultrahigh
vacuum (UHV) chamber to minimize competitive adsorption
from other reactants such as H2O. Mass spectrometry was also
employed to analyze the gas species resulting from the ESD
during the reaction sequence.
The GaN ﬁlms were then analyzed using a variety of ex situ
techniques. The thickness of these GaN ﬁlms were measured
using spectroscopic ellipsometry (SE). The crystallinity of the
GaN ﬁlms was characterized using grazing incidence X-ray
diﬀraction (GIXRD). The size of the crystallites in the GaN
ﬁlms was established using high resolution transmission
microscopy (HRTEM). The composition of the GaN ﬁlms
was measured using X-ray photoelectron spectroscopy (XPS).

Figure 1. Proposed growth mechanism for electron-enhanced GaN
growth using sequential surface reactions.

These analysis techniques can reveal if low temperature growth
of crystalline GaN ﬁlms is possible using electron enhancement
at low electron energies of 50 eV.

2. EXPERIMENTAL SECTION
2.1. Vacuum Chamber. The low temperature GaN ﬁlm growth
was conducted in an UHV chamber that was attached to a load lock
chamber. Figure 2 shows a schematic of the UHV chamber and the

Figure 2. Experimental schematic of vacuum apparatus.
load lock. The core of this UHV chamber is a 4.5″ spherical cube
(Kimball Physics Inc.). A magnetic sample transfer arm (Thermionics)
is attached to the load lock chamber. A gate valve separates the load
lock and main chamber. The chamber was pumped with a
turbomolecular pump (HiPace 300C, 260 L/s for N2, Pfeiﬀer Vacuum
Technology AG) during the reaction cycles and additionally with an
ion pump (TiTan 100L Variable Element, 100 L/s, Gamma Vacuum)
between experiments.
The sample stage (Thermionics) was heated using a temperatureregulated ﬁlament. This ﬁlament was controlled using a LabVIEWbased proportional-integral-derivative (PID) control. Without heating,
the temperature of the sample stage was at room temperature. With
the ﬁlament heating, the sample stage could be raised to 400 °C. The
sample stage included three compression clips that secured the
Si(111) wafers and a thermocouple to measure the temperature. The
sample stage was grounded to prevent charge build-up.
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on the sample stage was transferred into the main chamber. The
silicon substrate on the sample holder and the main chamber were
again irradiated with UV light for 1 h. Prior to deposition, the Si(111)
wafer was also cleaned using a 100 s hydrogen atom beam exposure at
a ﬂux of (1−5) × 1015 H atoms cm−2 s−1.
For comparison, GaN ﬁlms were also deposited on the Ga-face of
single-crystal GaN(0001) substrates (Kyma Technologies) provided
by the Naval Research Laboratory. The Ga-face was employed because
the previous studies of hydrogen ESD on GaN substrates were
performed on the Ga-face of GaN(0001).45 The GaN(0001)
substrates were N+ (Si doped) with a maximum oﬀ-cut of 0.33
degrees. To clean the single-crystal GaN wafers, the samples were
dipped in dilute HF (50:1 H2O:HF) for 5 min at 27 °C, rinsed with
deionized water, dipped in Nanostrip at 80 °C for 10 min, rinsed again
with deionized water, and then blown dry with nitrogen.46 The GaN
wafers were then attached to a Si(111) wafer using 9 mm diameter
carbon adhesive tape (SPI Supplies). After transfer to the vacuum
chamber, the sample was further cleaned with 30 cycles of the
following reaction sequence: 5 s TMG exposure; 5 s purge; 30 s HABS
exposure; 5 s purge; and a 300 s HABS exposure. These conditions
were close to previous in situ cleaning procedures reported for GaN
samples.46
2.3. Ex situ Film Analysis. The GaN ﬁlms were analyzed using a
variety of ex situ techniques. The ﬁlm thickness, index of refraction, n,
and extinction coeﬃcient, k, were determined using a spectroscopic
ellipsometer (Model M-2000, J.A Woollam Co., Inc.). The SE data was
ﬁtted with a Tauc-Lorentz model using the CompleteEASE software
package (J.A. Woollam Co., Inc.) to obtain the ﬁlm thickness and
optical properties.
The crystallinity of the GaN ﬁlms was determined using grazing
incidence X-ray diﬀraction (GIXRD) at the Naval Research
Laboratory. The diﬀraction patterns were obtained with an X-ray
diﬀractometer (SmartLab System, Rigaku) using Cu Kα irradiation at
an incident angle of 0.3°. The diameter of the GaN crystallites was
estimated based on the width of the diﬀraction peaks using the
Scherrer formula.47
The TEM images of the GaN ﬁlms were recorded at the National
Institute of Science and Technology in Boulder (NIST-Boulder). The
cross-sectional samples for TEM were prepared by focused ion beam
(FIB) Ga milling (Auriga Dual Beam FIB, Carl Zeiss)48 after
deposition of a protective platinum layer. Low-energy Ar ion milling
at 850 eV was used to remove the FIB-induced surface damage. The
samples were imaged at 200 kV in a high resolution transmission
electron microscopy (HRTEM) instrument (JEM-ARM200F TEM,
JEOL).48 This HRTEM contained an aberration-corrected probe for
scanning transmission electron microscopy (STEM).
The ﬁlm composition was determined by X-ray photoelectron
spectroscopy (XPS) analysis using an X-ray photoelectron spectrometer (PHI 5600) at the University of Colorado. The spectrometer used
a monochromatic Al Kα source at 1486.6 eV. The pass energy was
29.35 eV and the step size was 0.25 eV. An electron beam neutralizer
was used during the XPS measurements. XPS depth-proﬁling and
surface carbon removal were conducted using argon ion sputtering.
The XPS data was collected using AugerScan (RBD Instruments). The
XPS data was analyzed in CasaXPS (Casa Software Ltd.).

A beam of low energy electrons was produced using an electron
ﬂood gun with a yttria-coated iridium ﬁlament (Model EGA-1012,
Kimball Physics Inc.). The electron ﬂood gun could produce electron
energies from 5 to 1000 eV at electron currents from 1 to 2000 μA.
Electrons from the electron gun were incident on the Si(111)
substrate at 55° from the surface normal. The distance between the
end of the electron gun and the Si(111) substrate was approximately
2.5 cm. Each electron beam exposure was conducted for ∼120 s. The
chamber pressure during the electron exposures was ≤1 × 10−7 Torr.
Precursors were introduced into the UHV chamber through
miniature microdispensing pulse valves (Parker Hanniﬁn Corp.).
Prior to introduction, the NH3 and H2 lines were passed through
hydride and hydrogen gas puriﬁers (Entegris Inc.), respectively. The
valves were open for 100 ms to dose the TMG and NH3 precursors.
The pressure transients in the vacuum chamber during the TMG and
NH3 exposures were each ∼1 mTorr.
A hydrogen atom beam source (HABS) (MBE-Komponenten
GmbH) was used to produce the hydrogen radicals. The hydrogen
radicals were formed by cracking H2 using a tungsten capillary at 1900
°C. The chamber pressure during the hydrogen atom beam exposure
was ∼1 × 10−5 Torr with ∼1 sccm of H2 ﬂowing through the HABS.
The working distance from the end of tungsten capillary in the HABS
to the Si(111) substrate was ∼20 cm. The hydrogen radical ﬂux was
incident on the Si(111) substrate at an angle of 55° from surface
normal. The HABS was expected to have a ﬂux of (1−5) × 1015 H
atoms cm−2 s−1 based on the operating conditions. Hydrogen radical
exposures covered a surface area of ∼5 cm2. The hydrogen atom
exposure time was typically 100 s. Shorter hydrogen atom exposure
times led to more carbon incorporation in the GaN ﬁlms.
The UHV chamber also was equipped with a mass spectrometer
(PrismaPlus QMG 220 M with C-SEM detector, Pfeiﬀer Vacuum
Inc.). This mass spectrometer could measure mass signals up to m/z =
200 amu. This mass spectrometer also has an internal ion current-topressure calibration that allows partial pressures to be estimated from
ion currents. The mass spectrometer is located in the top right-hand
side of Figure 2. The HABS is positioned just left of center in the top
portion of Figure 2. The electron gun is shown in Figure 2 in the front
lower left of the UHV chamber. A z-translation stage allowed the
electron ﬂood gun to be extended and retracted to accommodate the
sample transfer arm. The ion pump is located underneath the main
UHV chamber. The turbomolecular pump is positioned in back of the
UHV chamber on the right-hand side behind the mass spectrometer.
After the completion of most of the work presented in this paper, an
in situ ellipsometer (Film Sense, FS-1 Multi-Wavelength Ellipsometer)
was installed on the chamber. This in situ ellipsometer provided a
method to study the eﬀect of reaction parameters on the growth rate
of the GaN ﬁlm. In addition, the experimental apparatus was also
upgraded to include a small second chamber where the sample could
be analyzed using Auger electron spectroscopy using a cylindrical
mirror analyzer (RBD Instruments, microCMA Compact Auger
Analyzer). This Auger analysis chamber was separated from the
main chamber by a gate valve. The sample could be moved between
the main chamber and the Auger analysis chamber using a magnetic
transfer mechanism.
2.2. Chemicals and Materials. GaN ﬁlms were grown using
trimethylgallium (Ga(CH3)3; 99.9999%, electronics grade, Strem),
ammonia (NH3; 99.999%, anhydrous, Airgas) and hydrogen (H2;
research grade, Airgas). Films were deposited on boron-doped Si(111)
substrates (Silicon Valley Microelectronics, Inc.). The substrates were
rinsed with acetone and methanol, and cleaned with Nano-Strip
(Cyantec Corporation). The silicon native oxide was removed and the
surface was hydrogen-passivated using dilute hydroﬂuoric (HF) acid
(50:1 H2O:HF).
The silicon substrate on the sample stage was loaded into the load
lock chamber and the background pressure was reduced to 1 × 10−6
Torr. The silicon substrate on the sample stage and the surrounding
load lock chamber were then UV-irradiated for 1 h using UV lamps
(RDB Instruments) to desorb water and other surface species from the
silicon substrate and chamber walls.44 After the pressure in the load
lock was reduced to approximately 1 × 10−8 Torr, the silicon substrate

3. RESULTS AND DISCUSSION
3.1. Film Growth and Characterization Using Spectroscopic Ellipsometry. The GaN ﬁlms were grown at room
temperature (27 °C) and 100 °C using the stepwise sequence
of exposures shown in Figure 1. The exact reaction sequence
was: TMG pressure transient of ∼1 mTorr; purge of 15 s;
HABS exposure of 100 s; purge of 90 s; electron exposure of
120 s; NH3 pressure transient of ∼1 mTorr; purge of 90 s; and
electron exposure of 120 s. The electron energy was 50 eV and
the electron emission current from the ﬁlament was 150 μA.
The electron current incident on the sample during the
electron exposures was ∼75 μA for 120 s.
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Figure 3 shows a photo of a GaN ﬁlm on a Si(111) wafer
after 600 reaction cycles at 27 °C. The GaN ﬁlm was clearly

Figure 3. Photo of GaN ﬁlm grown on Si(111) substrate at 27 °C.

visible on the Si(111) wafer and appeared as a gradient of
colors ranging from light blue to dark brown. This GaN ﬁlm
has dimensions of ∼3.0 cm × 1.5 cm. The vacuum chamber
background pressure before the 600 cycles was 5 × 10−9 Torr.
During the purge portion of the reaction sequence, the
background pressure increased to ∼2 × 10−8 Torr during the
600 cycles.
After the GaN ﬁlm growth, ex situ spectroscopic ellipsometry
was used to measure the ﬁlm thickness on the Si(111) wafer.
Film thicknesses varied across the Si(111) wafer from 80 nm
close to the electron gun to 30 nm away from the electron gun.
This range of ﬁlm thicknesses is attributed to the varying
electron beam ﬂux across the surface. The electron gun emits
electrons in a Gaussian spatial distribution. The incident
electron ﬂux was 55° from the surface normal of the Si(111)
wafer. The electron beam also is diverging because of space−
charge eﬀects that are more severe at low electron energies.
These factors cause the electron beam diameter to increase with
propagation distance from the electron gun.
The electrons impacting the far side of the Si(111) wafer
travel approximately twice the distance from the electron gun
source as electron impacting the near side of the Si(111) wafer.
More uniform ﬁlm thicknesses would be obtained with incident
electron ﬂuxes that are normal to the surface. However, these
incident electron ﬂuxes from the electron gun would still have a
Gaussian spatial distribution. Electron ﬂuxes that are even more
uniform could also be obtained by extracting electrons from the
positive column of a DC glow discharge plasma.49
To determine GaN ﬁlm growth rates on the Si(111) wafer,
the ﬁlm thicknesses were measured using spectroscopic
ellipsometry at various positions along the gradient as shown
in Figure 4a. Thickness measurements were performed after
150, 250, 300, 400, and 600 reaction cycles and are summarized
in Figure 4b. Figure 4b reveals that there is a linear increase in
ﬁlm thickness versus number of reaction cycles. The slight
deviations from linearity for the thicknesses after 250 and 400
cycles may be caused by the diﬃculty in manually replicating

Figure 4. (a) GaN ﬁlm on Si(111) wafer showing three positions for
analysis using spectroscopic ellipsometry. (b) Thickness of GaN versus
number of reaction cycles at the three positions.

the same locations on the various samples. The growth rate
varied from 0.9 to 1.3 Å /cycle across the three positions shown
in Figure 4a. Slightly smaller GaN growth rates were also
observed at 100 °C.
The measured GaN growth rates from 0.9 to 1.3 Å /cycle at
room temperature are postulated to be obtained under selflimiting reactant exposures. Additional in situ ellipsometry
measurements performed after the completion of the
experimental results displayed in Figure 4 revealed that the
∼1 mTorr pressure transients for the reactants were suﬃcient
for the surface reactions to reach completion. In contrast, the
GaN growth rate dependence on electron exposure time was
not self-limiting. The in situ ellipsometer experiments have
revealed that the GaN growth rate increases for longer electron
exposure times. The rate of increase does begin to level oﬀ for
electron exposure times >60 s. However, the GaN growth rate
is still increasing for electron exposure times as long as 250 s.
This behavior is consistent with only a small loss of hydrogen
coverage resulting from hydrogen ESD as discussed later in
Section 3.6.
The GaN growth rates from 0.9 to 1.3 Å /cycle are
somewhat smaller than the previous GaN growth rates reported
by thermal GaN ALD. Thermal ALD experiments using TEG
and NH3 as the reactants obtained GaN growth rates of ∼1.9
Å/cycle.14 Other thermal ALD investigations using GaCl3 and
NH3 as the reactants have measured growth rates of ∼2 Å/
cycle18 and ∼3 Å/cycle.19 Additional thermal ALD studies
using GaCl and NH3 as the reactants have obtained growth
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rates of ∼2.5 Å/cycle.16,17 However, plasma ALD studies using
TMG and NH3 as the reactants have reported smaller GaN
growth rates of ∼0.22 Å/cycle21 and ∼0.51 Å/cycle.20
Control experiments were performed to understand the
growth mechanism. The ﬁrst control experiment replaced the
electron gun exposures at 50 eV after the TMG/H and NH3
exposures with an equivalent length purge for 300 cycles. All
other conditions remained the same as described for the growth
of the GaN ﬁlm shown in Figure 3. Subsequently, ex situ
spectroscopic ellipsometry and XPS measurements observed no
ﬁlm growth.
Experiments were also performed by removing the precursor
doses while maintaining all other reaction conditions for 300
cycles. No ﬁlm growth was observed by ex situ spectroscopic
ellipsometry measurements without the TMG doses. Likewise,
the reactions performed without NH3 doses showed no ﬁlm
growth. Control experiments were also performed without
HABS exposures. All other reaction conditions were maintained
and a 100 s purge replaced the HABS exposure. Ex situ
spectroscopic ellipsometry measurements observed ﬁlm growth
with a growth rate consistent with the growth rates obtained
using the HABS exposures. However, ex situ XPS analysis
revealed a carbon contamination of 27 at. % for GaN ﬁlms
grown at 27 °C.
Spectroscopic ellipsometry was used to characterize the
optical properties of the GaN ﬁlms. Figure 5 shows the index of

on Si(111) wafers are shown in Figure 6. Figure 6a shows the
results for a GaN ﬁlm grown at 27 °C using 807 reaction cycles.

Figure 6. GIXRD of GaN ﬁlms grown on Si(111) wafers at (a) 27 °C
and (b) 100 °C. (c) Positions and intensities of diﬀraction peaks for
crystalline wurtzite GaN powder.

This ﬁlm had a thickness of ∼1200 Å at position 1 as deﬁned in
Figure 4. Figure 6b displays the results for a GaN ﬁlm grown at
100 °C using 827 reaction cycles. This ﬁlm had a thickness of
∼600 Å at position 1 as deﬁned in Figure 4. For comparison,
the XRD results for a crystalline wurtzite GaN powder are
shown in Figure 6c.51,52 The Miller indices are associated with
each peak and the length of the lines indicates the relative
intensities.
A comparison between Figure 6b and 6c indicates that the
strong 100, 002, and 101 diﬀraction peaks of crystalline
wurtzite GaN are clearly observed in the GaN ﬁlm grown at
100 °C. All of the other lower intensity peaks for crystalline
wurtzite GaN are also present in the GaN ﬁlm grown at 100 °C.
The major diﬀerence is that the peaks in Figure 6b are
broadened relative to the peaks for crystalline GaN powder.53
This broadening is consistent with a ﬁne-grained, polycrystalline GaN ﬁlm grown at 100 °C. The size of the GaN crystallites
in the GaN ﬁlm grown at 100 °C was estimated from the width
of the diﬀraction peaks using the Scherrer equation. This
estimate yields GaN crystallites with a diameter of 5−7 nm.

Figure 5. Index of refraction, n, and extinction coeﬃcient, k, versus
radiation energy for the GaN ﬁlm on Si(111) wafer.

refraction, n, and the extinction coeﬃcient, k, of the GaN ﬁlms
grown on the Si(111) wafers. The extinction coeﬃcients
indicate that the GaN ﬁlms begin to absorb radiation at
energies slightly greater than 3 eV. This absorption threshold is
consistent with the bandgap for bulk GaN of 3.4 eV.3,12 In
addition, the index of refraction of the GaN ﬁlms is n = 2.07 at
1.0 eV and reaches a peak value of approximately n = 2.3 at
energies above the bandgap energy. These results are slightly
smaller than the values of n = 2.33 at 1.0 eV and n = 2.67 at
3.38 eV reported in the literature.50 The smaller refractive
indices may result from the high carbon concentration in the
polycrystalline GaN ﬁlms.
3.2. Crystallinity from GIXRD Measurements. The
crystallinity of the GaN ﬁlms was established using grazing
incidence X-ray diﬀraction (GIXRD) and transmission electron
microscopy (TEM). GIXRD results for the GaN ﬁlms grown
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The diﬀraction peaks in Figure 6a for the GaN ﬁlms grown at
27 °C are broader than the diﬀraction peaks for the GaN ﬁlms
grown at 100 °C in Figure 6b. The broadening leads to a
coalescence of the strong 100, 002, and 101 diﬀraction peaks of
crystalline wurtzite GaN into one broad peak. The lower
intensity peaks are also broader and are slightly shifted relative
to the diﬀraction peaks of crystalline wurtzite GaN powder.
This increased broadening suggests that the polycrystalline
grain size is smaller for the GaN ﬁlms grown at 27 °C. The
diameter of the GaN crystallites in the GaN ﬁlm grown at 27
°C was estimated to be 2−5 nm based on the width of the
diﬀraction peaks using the Scherrer equation.
For comparison, GaN ﬁlms were also grown on the Ga-face
of single-crystal GaN(0001) wafers at 27 and 100 °C to
determine if the GaN ﬁlms would grow epitaxially on a
crystalline GaN substrate. Figure 7 shows a picture of a GaN

3.3. Crystallinity from TEM Measurements. The
crystallinity of the deposited GaN ﬁlms was also veriﬁed by
TEM imaging. Figure 8a shows a cross-sectional TEM image of

Figure 7. Photo of GaN ﬁlm grown at 27 °C on a single-crystal
GaN(0001) substrate attached to a Si(111) wafer using a carbon
adhesive.

ﬁlm grown on a single-crystal GaN(0001) wafer on a Si(111)
wafer after 500 reaction cycles at 27 °C following the same
procedure as employed for the GaN ﬁlm shown in Figure 3. A
GaN ﬁlm is again observed on the Si(111) wafer in agreement
with Figure 3. A GaN ﬁlm is not visible on the single-crystal
GaN(0001) wafer because the optical characteristics of the
deposited GaN ﬁlm are nearly identical to the underlying
single-crystal GaN(0001) wafer.
The GaN ﬁlms grown on the Ga-face of single-crystal
GaN(0001) wafers were also analyzed using ex situ GIXRD
measurements performed at the Naval Research Laboratory.
The GIXRD measurements showed broad diﬀraction peaks
centered at ∼36° and ∼62°. In addition, sharp diﬀraction peaks
were also observed as expected from the underlying singlecrystal GaN substrate. These results were consistent with a
polycrystalline GaN ﬁlm on the GaN(0001) single-crystal
substrate with no evidence for homoepitaxial growth. The
results at 27 and 100 °C were similar although the diﬀraction
peaks were broader for the GaN ﬁlms grown at 27 °C.

Figure 8. Cross-sectional HRTEM phase contrast images of GaN ﬁlms
grown on Si(111) wafer at (a) 27 °C and (b) 100 °C.

a GaN ﬁlm grown at 27 °C on a Si(111) wafer using 600
reaction cycles. The crystallites in the GaN ﬁlms are randomly
oriented with no preferred direction. The diameters of the GaN
crystallites grown at 27 °C vary from 2 to 5 nm. Crystallinity is
also observed in Figure 8b for the GaN ﬁlms grown at 100 °C
on a Si(111) wafer using 600 reaction cycles. The crystallites in
the GaN ﬁlms are again randomly oriented with no preferred
direction. However, the diameters of the GaN crystallites grown
at 100 °C are larger and vary from 5 to 10 nm. For the GaN
ﬁlms grown at both 27 and 100 °C, the crystallite sizes and
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absence of texturing are in excellent agreement with the XRD
measurements.
Figure 9 shows high resolution TEM (HRTEM) contrast
imaging of a cross section of a GaN ﬁlm on the Si(111) wafer.

Figure 10. XPS depth proﬁle of GaN ﬁlm grown on Si(111) wafer
showing oxygen-free stoichiometric GaN with some carbon contamination. An Al capping layer protected the GaN ﬁlm from
oxidation.

layer. Al metal ﬁlms are expected to be reactive with residual
NH3.
Figure 10 also shows the XPS depth-proﬁling results for the
GaN ﬁlm under the Al capping layer that was grown at 28 °C
using 600 reaction cycles. The Al-capped GaN ﬁlm displays a
region of stoichiometric GaN with oxygen levels below the XPS
detection limit under the Al cap. However, the GaN ﬁlm also
shows a signiﬁcant carbon contamination of ∼20 at. %. Carbon
contamination was present in all the GaN ﬁlms examined with
XPS depth-proﬁling grown at both 27 and 100 °C. The carbon
concentrations were in the range of 12−35 at. % (average: 23
at. %) for the ﬁlms grown at 27 °C and 10−20 at. % (average:
13 at. %) for the ﬁlms grown at 100 °C. The carbon
concentrations could not be lowered by longer hydrogen
radical exposures or higher hydrogen radical ﬂuxes using the
HABS.
Carbon contamination is known to be present in GaN grown
using either TMG or TEG and the level of carbon
contamination increases at lower growth temperatures.54 To
understand this contamination, many experiments were
performed to determine the origin of the carbon in the GaN
ﬁlms. At the end of these GaN ﬁlm growth studies, an in situ
Auger spectrometer was added to the vacuum chamber. This
Auger spectrometer characterized the carbon on the surface
after each step in the reaction cycle. These Auger experiments
revealed that the HABS was not removing the carbon after the
TMG exposures. In fact, the carbon levels were higher after the
HABS exposures. Experiments also revealed that the HABS
could not remove the initial carbon on the Si(111) substrate.
Carbon concentrations were again larger after the HABS
exposures.
The carbon in the GaN ﬁlms may result from the pyrolysis of
residual TMG in the chamber on the hot surfaces of the HABS.
TMG pyrolysis in ﬂow tubes55 and on hot surfaces56 is known
to produce methyl radicals. The decomposition of TMG on
GaN(0001) during temperature programed desorption also
yields methyl radicals.57 Over the course of many GaN growth
experiments, TMG pyrolysis may produce a HABS source
contaminated with carbon. Subsequent inspection of the HABS

Figure 9. Cross-sectional HRTEM phase contrast image of the GaN
ﬁlm grown on Si(111) wafer at 100 °C.

This GaN ﬁlm was grown at 100 °C using 630 reaction cycles.
The TEM image clearly reveals the presence of crystalline GaN
grains with random orientations. The GaN crystallites show no
epitaxial growth preference on the Si(111) wafer. The lack of
epitaxy may result from the thin amorphous layer with a
thickness of ∼1 nm at the interface between the Si(111) wafer
and the GaN ﬁlm. This amorphous layer may be attributed to
carbon contamination on the initial Si(111) wafer. In
agreement with the results in Figure 8b, the GaN crystallites
have diameters ranging from 5 to 10 nm.
3.4. Composition from XPS Depth-Proﬁling Measurements. The cross-sectional composition of the GaN ﬁlms
grown on Si(111) wafers was determined using XPS depthproﬁling measurements. Initial XPS depth-proﬁling measurements revealed that the GaN ﬁlms oxidized upon exposure to
atmosphere. To evaluate the stoichiometry of the GaN ﬁlms
without atmospheric oxidation, an Al capping layer was
deposited on the GaN ﬁlms as a sacriﬁcial oxidant. This Al
capping layer was deposited using sequential exposures to
trimethylaluminum (TMA) and hydrogen radicals from the
HABS.
For the XPS depth-proﬁling results shown in Figure 10, the
Al capping layer was deposited using 575 reaction cycles of
TMA and hydrogen radicals at 100 °C. Figure 10 shows that
the Al capping layer is oxidized at the surface. This oxidation is
attributed to atmospheric exposure. The oxygen proﬁle is
consistent with oxygen diﬀusion into the Al ﬁlm. The Al
capping layer also contains ∼20 at. % of nitrogen. This nitrogen
is believed to result from the high background pressures of
residual NH3 remaining in the vacuum chamber from the
previous GaN growth during the deposition of the Al capping
5288

DOI: 10.1021/acs.chemmater.6b00676
Chem. Mater. 2016, 28, 5282−5294

Article

Chemistry of Materials
revealed bluish-back discolorations on the HABS surfaces that
were consistent with a carbon ﬁlm buildup over the course of
many GaN growth experiments. In addition, residual TMG
pressures in the chamber during the HABS step of the reaction
sequence may also directly produce methyl radicals.56
In spite of the carbon contamination, the GaN ﬁlms still
display crystallinity as shown in Figures 6, 8, and 9.
Consequently, the carbon is believed to be present at the
grain boundaries between the GaN crystallites. Earlier studies
have correlated “yellow” luminescence with carbon in GaN.58
Other investigations have observed that the “yellow”
luminescence emanates from grain boundaries in GaN.59 The
carbon could also be substituted for nitrogen or gallium in the
GaN crystal or exist in interstitial sites.60 However, carbon at
the grain boundaries is the more likely possibility. At carbon
concentrations as high as 10−20 at. %, the carbon would alter
the GaN crystallinity and preclude the agreement between the
X-ray diﬀraction peaks from the GaN ﬁlm grown at 100 °C and
the crystalline wurtzite GaN powder that was observed in
Figure 6.
3.5. Mass Spectrometry Measurements of H2 Desorption and Etch Products. Quadrupole mass spectrometry
measurements were performed during the sequential reaction
cycles that deﬁne GaN ﬁlm growth on Si(111) wafers. These
experiments determined if the electron exposures can desorb
enough H2 and other possible species to be detected by the
mass spectrometer. In particular, the mass spectrometer signals
from the desorbed H2 could be used to quantify the ESD and
its dependence on electron energy. The presence of other
desorbed species generated by the electron exposure may also
determine if the electron beam could desorb Ga or N etch
species from the growing GaN surface.
The mass spectrometer monitored a variety of species in the
gas phase during the electron exposures. These species can be
assigned to hydrogen (m/z = 2), methyl species (m/z = 15,
14), ammonia species (m/z = 17, 16), water (m/z = 18, 17),
gallium isotopes (m/z= 71, 69), and gallium hydrides (m/z =
72, 70). Figure 11 shows the ion currents for a variety of species
during the electron beam exposure following the HABS
exposure. The ion currents are ordered relative to the
magnitudes of their ion currents.
The electron current from the electron gun starts to increase
at ∼75 s. The electron current reaches its maximum current at
∼100 s. The electron current incident on the sample remains at
its maximum current of ∼75 μA for 120 s. The ion currents at
m/z = 2 (H2+) in Figure 11b and m/z = 69 (69Ga+) and m/z =
70 (69GaH+) in Figure 11d increase in conjunction with the
electron current. In contrast, the ion currents at m/z= 18
(H2O+) in Figure 11d and m/z = 16 and 17 (NH2+ and NH3+)
in Figure 11a are relatively constant during the increase in
electron current. The ion current at m/z = 15 (CH3+) in Figure
11c shows only a very small increase with the electron current.
The ion current at m/z = 2 (H2+) increases with the electron
current and indicates that H2 is desorbed to produce dangling
bond sites. Other species containing gallium such as gallium
hydrides at m/z = 69, 70, 71, and 72 also increase with the
electron current. The m/z = 69 species is assigned to 69Ga+.
The m/z = 70 species is attributed to 69GaH+. The m/z = 71
species is assigned to either 71Ga+ or 69GaH2+. The m/z = 72
species is attributed to either 69GaH3+ or 71GaH+, respectively.
These ion currents are consistent with the existence of gallium
hydrides and the etching of the GaN ﬁlm. These etching
products suggest that the observed GaN growth may result

Figure 11. Ion currents for (a) m/z = 16 and 17; (b) m/z = 2; (c) m/z
= 15 and 18, and (d) m/z = 69 and 70 during the GaN growth on
Si(111) wafers after the end of the HABS exposure. The electron
current is turned on at ∼75 s and reaches its maximum value at ∼100
s.

from competing deposition and etching processes. GaN etching
with low energy electrons has previously been observed for
GaN samples in contact with hydrogen radicals from a H2
plasma.61
The pressure changes resulting from the electron exposure
were quantiﬁed by measuring the ion currents before and
during the electron exposures. The H2 pressure changes during
the electron exposures after the TMG/H and NH3 reactions
were nearly identical. The ion current changes at m/z = 2 (H2+)
versus electron energy are shown in Figure 12a. At each energy,
the ion current change increased with electron current from the
electron gun and stayed elevated during the 120 s electron
exposure. The H2 pressure prior to the electron exposures was
∼2.7 × 10−9 Torr using the calibration of the ion current to H2
pressure of ∼2 A/Torr. Figure 12a shows that the desorbed H2
has an electron energy threshold at ∼25 eV. Pronounced H2
desorption signals are observed at the electron energy of 50 eV
used for GaN ﬁlm growth. Larger H2 desorption signals that
increase progressively with electron energy are measured at
higher electron energies.
The ion current changes for m/z = 69 after the TMG/H and
NH3 exposures were also nearly identical and are shown versus
electron beam energy in Figure 12b. The gallium hydride
species all exhibited a similar dependence on the electron beam
energy. The ion current for the gallium hydride species
increased with electron current and stayed elevated during the
120 s electron exposure at each electron energy. Figure 12b
shows that the desorbed m/z = 69 species begins to increase
progressively at electron energies >50 eV. Small m/z = 69 ion
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electron exposure only removes a small fraction of the
hydrogen from a large reservoir of hydrogen on the surface.
This explanation can be tested by estimating the amount of
hydrogen desorbed based on the electron ﬂux and the
hydrogen ESD cross section from GaN.24
The normalized hydrogen coverage, Θ/Θ0, will be reduced
by hydrogen ESD according to Θ/Θ0 = exp[−σD].27,29 σ is the
hydrogen ESD cross section in cm2 and D is the electron dose
in electrons/cm2. The hydrogen ESD cross section is σ = 2 ×
10−17 cm2 at 90 eV.24 This hydrogen ESD cross section at 90
eV will be used as an estimate for the hydrogen ESD cross
section at 50 eV. The electron current of 75 μA over a surface
area of 5 cm2 yields an electron ﬂux of Φ = 9.4 × 1013
electrons/(cm2 s). This ﬂux for a duration of 1 s yields an
electron dose of D = 9.4 × 1013 electrons/cm2. The normalized
hydrogen coverage after a 1 s electron beam exposure is then
determined as Θ/Θ0 = exp[−σD] = 0.998. Approximately 0.2%
of the initial hydrogen coverage is desorbed in 1 s. After a 120 s
electron beam exposure, the normalized hydrogen coverage
remains fairly high and is calculated to be Θ/Θ0 = 0.80.
The small predicted changes in the hydrogen coverage may
be even smaller if the hydrogen ESD cross section is lower at 50
eV than the hydrogen ESD cross section at 90 eV. A smaller
hydrogen ESD cross section at 50 eV would be expected given
the results shown in Figure 12a. The small predicted reduction
in hydrogen coverage is consistent with the constant m/z = 2
(H2+) ion current versus electron beam exposure observed in
Figure 11b. If there is little change in the hydrogen coverage,
then the hydrogen ESD eﬀectively occurs from a constant
hydrogen source. The increase in GaN growth rate with
increasing electron exposure time is also consistent with the
small reduction in hydrogen coverage resulting from hydrogen
ESD.
The H2 pressure change during the electron beam exposure
can also be used to estimate the H2 desorption yield from the
surface. Figure 11b shows a change in ion current of ∼2 × 10−9
A for m/z = 2 (H2+) during the electron beam exposure. The
calibration of the ion current to the H2 pressure is ∼2 A/Torr.
Therefore, the ion current change of ∼2 × 10−9 A represents a
H2 pressure change of ∼1 × 10−9 Torr. This H2 pressure
change can be converted to a H2 throughput, Q, using Q = SP
where S is the chamber pumping speed and P is the H2 pressure
change. With a H2 pumping speed of 125 L/s for the
turbomolecular pump (HiPace 300C), the throughput is Q =
4.1 × 1012 molecules/s.
Given that the increased throughput from H2 ESD occurs
from a surface area of ∼5 cm2, the H2 ﬂux from the surface area
exposed to the electron beam is Q/5 = 8.2 × 1011 molecules/
(cm2 s). The initial hydrogen coverage is assumed to be ∼8.5 ×
1014 H atoms/cm2 based on hydrogen in the (2 × 2)H
structure with three of every four Ga surface atoms bonded to
H.45 Therefore, the H2 ﬂux of 8.2 × 1011 molecules/(cm2 s)
represents the desorption of 1.6 × 1012 atoms/(cm2 s) or only
∼0.2% of the initial hydrogen coverage in 1 s. These estimates
of hydrogen ESD ﬂux from the H2 pressure increase during the
electron beam exposure in 1 s are in good agreement with the
predicted loss of hydrogen coverage in 1 s based on the
hydrogen ESD cross sections.
The surface hydrogen coverage could also be repopulated by
a reservoir of hydrogen in the underlying GaN ﬁlm.
Hydrogenation of GaN can result from GaN processing steps
such as H2 plasma exposures.66,67 For the GaN growth in this
study, the hydrogenation of GaN could take place during the

Figure 12. Ion currents for (a) m/z = 2 and (b) m/z = 69 versus
electron beam energy during the electron exposures during GaN
growth on Si(111) wafers. The ion currents were nearly identical after
the TMG/H and NH3 reactions.

current changes are observed at the electron energy of 50 eV
used for GaN ﬁlm growth.
A comparison between Figures 12a and 12b can be used to
speculate on the optimum electron energy to grow the GaN
ﬁlm. Optimum growth may be related to the ratio between the
H2 ion current change and the gallium hydride ion current
change. Higher ratios may predict higher GaN ﬁlm growth
relative to GaN etching. Based on this criteria, electron energies
of 50 eV may represent a compromise between reasonable H2
desorption with minimal desorption of gallium hydride etching
products. Additional growth experiments at other electron
energies are needed to test this hypothesis.
Other ESD systems also observe an energy threshold and an
increase in the desorption yield versus electron energy. For
example, a pronounced energy threshold at ∼24 eV was
observed for H desorption from Si(100)-(1 × 1).27,29,62 Energy
thresholds are also observed for the ESD of neutral alkalis from
alkali halide substrates.63 The thresholds correspond to electron
excitation of substrate core levels.63 The energy threshold for
Cl+ ESD from Cl on Si(100) also corresponds to the Cl 3s core
level.64 The ESD of alkali halide layers from W(110) also shows
energy thresholds that are consistent with alkali and halide core
levels.65
3.6. Constant Ion Currents during Electron Exposures.
Figure 11 shows that the ion currents for m/z = 2 (H2+) and
m/z = 69 (69Ga+) remain constant during the electron beam
exposure at 50 eV. The steady ion currents provide no evidence
of depletion of the hydrogen coverage over the 120 s electron
beam exposure. These constant ion currents suggest that the
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HABS exposure. If the bulk hydrogen diﬀusion is fast enough,
then this hydrogen from the HABS exposure may repopulate
the surface hydrogen coverage and help maintain the constant
H2 and gallium hydride desorption during the electron
exposure. The hydrogen lost during ESD could also be
replenished by the surface diﬀusion of hydrogen from the
surface area surrounding the area exposed to the electron gun.
Similar reﬁlling of depleted areas by surface diﬀusion was the
basis of previous laser-induced thermal desorption measurements of surface diﬀusion.68,69
Another possibility is that the NH3 background pressure may
react with the dangling bonds created by hydrogen ESD during
the electron exposures. The ion currents shown in Figure 11a
reveal that a large NH3 background pressure is present during
GaN growth. NH3 adsorption from this NH3 background
pressure would add additional hydrogen to the surface that
could be desorbed again through hydrogen ESD. This process
would deliver a continuous supply of hydrogen to the surface
and also allow nitrogen to be added to the growing GaN ﬁlm.
The actual NH3 dose would then serve only to replenish the
NH3 background pressure. However, the ion currents for m/z =
16 and 17 (NH3+ and NH2+) in Figure 11a do not show any
evidence of a decrease coinciding with the electron exposure.
The loss of NH3 required to reﬁll the dangling bond sites
created by hydrogen ESD may be negligible. The slight
reduction of the NH3 background pressure over time in Figure
11a is attributed to slow NH3 pumping.
If the loss of hydrogen coverage from hydrogen ESD is small
or if hydrogen reﬁlls the dangling bonds from hydrogen
reservoirs or NH3 adsorption, then the TMG and NH3
exposures during the sequential reactions would encounter a
GaN surface that is largely passivated by hydrogen. TMG may
adsorb on the GaN surface through Lewis acid-Lewis base
interactions. TMG is a strong Lewis acid.70 The nitrogen atoms
on the GaN surface have lone pairs that can serve as Lewis
bases. At the low temperatures of GaN growth, TMG may be
able to adsorb to the surface and remain on the surface until the
next electron beam exposure. The electrons may then facilitate
the reaction between adsorbed TMG and the NH3 background
pressures. NH3 may adsorb on dangling bonds and deliver
nitrogen during the electron exposures because NH3 has a high
background pressure. NH3 may also adsorb at Ga surface sites
through Lewis acid−Lewis base interactions.
The mass spectrometer results for m/z = 2 (H2+) in Figure
11b provide a useful measure of the hydrogen ESD process.
The constant ion current for m/z = 2 (H2+) during the electron
beam exposure suggests that the hydrogen ESD process is not
depleting the hydrogen coverage as implied by the stepwise
sequence of surface reactions shown in Figure 1. GaN growth
must be occurring by alternative mechanisms at close to full
hydrogen coverage. One possible alternative mechanism is
illustrated in Figure 13. In this growth mechanism, the
adsorption of TMG and NH3 occurs primarily through Lewis
acid−Lewis base interactions. The hydrogen ESD facilitates
Ga−N bond formation from species in the initial Lewis acid−
Lewis base complex. Additional experiments will be required to
unravel the complexity of the electron-enhanced ﬁlm growth at
low temperatures.
3.7. Electron Enhancement for Other Thin Films and
Competing Growth and Etching. This work has demonstrated that electron enhancement via hydrogen ESD can be
used to grow crystalline GaN ﬁlms at room temperature and
100 °C. Hydrogen ESD can occur from other materials such as

Figure 13. Alternative growth mechanism for electron-enhanced GaN
growth using sequential surface reactions.

silicon,26−30 diamond71 and TiO2.72 Hydrogen ESD could
facilitate the low temperature growth of these materials. Other
surface species, such as halogens, could also be desorbed to
induce low temperature ﬁlm growth.73 Consequently, this
electron enhanced growth technique could facilitate the low
temperature deposition of a wide range of other materials.
Future possibilities include the electron enhanced growth of:
silicon with Si2H6; SiC with Si2H6 and CH2CH2; and
diamond with CH2CH2.
The competing etching during ESD revealed by the mass
spectrometer measurements is an associated electron-induced
process. This competing etching process may also be beneﬁcial.
Material that is not part of a crystalline lattice may be more
favorably etched by the electron beam. The electrons would
then both lead to ﬁlm growth and also provide a means to
remove amorphous material. The competing growth and
etching processes may be required to obtain the crystalline
GaN ﬁlms at low temperatures. A similar competing process
between growth and etching has been proposed to explain the
smoothing of diamond ﬁlms during diamond CVD.74,75

4. CONCLUSIONS
The growth of crystalline GaN thin ﬁlms at low temperatures
was demonstrated using low energy electrons at 50 eV.
Electrons are able to desorb hydrogen from the GaN surface
and produce dangling bonds that facilitate Ga−N bond
formation. GaN ﬁlms were deposited over areas >5 cm2 at
room temperature and 100 °C on Si(111) wafers. The GaN
growth procedure was a cycle of reactions similar to the
reaction sequences employed for GaN ALD. TMG, H radicals
and NH3 were employed as the reactants. The electrons were
included in the reaction cycle after the TMG/H and NH3
exposures.
The GaN ﬁlms grew linearly with the number of reaction
cycles. The GaN ﬁlm thicknesses were correlated with the
electron ﬂux and the GaN ﬁlms were thicker closer to the
electron gun. Linear growth rates from 0.9 to 1.3 Å/cycle were
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measured depending on the electron ﬂux. GIXRD analysis of
the GaN ﬁlms was consistent with polycrystalline ﬁlms in the
wurtzite crystal structure. TEM images also showed crystalline
grains with diameters between 2 and 10 nm depending on
temperature. The GaN ﬁlms that were capped with Al
contained no oxygen. However, the carbon concentration in
the GaN ﬁlms was between 10 and 35 at. %. The carbon
concentration may have resulted from TMG pyrolysis on the
hot surfaces of the hydrogen atom beam source (HABS) that
produces CH3 radicals.
The pressure of H2 and various GaN etch products increased
during the electron beam exposures during the reaction cycles.
The constant ion currents for the H2 and gallium hydride etch
products during the electron beam exposures suggested that the
reduction in hydrogen coverage resulting from hydrogen ESD
is negligible. Alternatively, hydrogen rapidly reﬁlls the dangling
bond sites from hydrogen reservoirs. The ion currents
corresponding to the H2 and GaN etch products increased
with electron beam energy from 25 to 200 eV. These mass
spectrometry results indicate that the electron enhanced GaN
growth occurs concurrently with competing GaN etching. The
competing etching may be able to remove amorphous GaN and
produce crystalline GaN at low temperatures. The ability of
ESD to remove hydrogen or other surface species may facilitate
the low temperature growth of a wide range of materials.
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