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The nitridation of c-plane sapphire within the hydride vapor phase epitaxy system was
systematically studied as a function of time and ammonia partial pressure using ex situ x-ray
photoelectron spectroscopy, reflection high-energy electron diffraction, and atomic force
microscopy. During the nitridation process, nitrogen was incorporated into the sapphire surface.
There were two different nitrogen chemical bonding states, which can be attributed to N–Al bonds
and nitrogen in oxygen-rich environment 共‘N–O’兲. As the nitridation continued, the N 1s intensity
increased while the O 1s intensity decreased indicating the growth of a nitrogen-rich layer. The
sapphire nitridation process can be modeled as a diffusion couple of AlN and Al2 O3 , where N3⫺
and O2⫺ interdiffuse in the rigid Al3⫹ framework. Nitrogen diffuses into sapphire and substitutes
for oxygen to bond with aluminum. The bond substitution is accompanied by structural changes
where the AlN in-plane direction is rotated 30° with respect to the sapphire direction. The replaced
oxygen diffuses out to the surface, combines with hydrogen and desorbs as H2 O. The overall
nitridation rate is determined by the slower of the two moving anions. From the x-ray photoelectron
spectroscopy data, the chemical diffusion coefficient of nitrogen (D̃ N) and oxygen (D̃ O), were
estimated. D̃ N was found to be higher than D̃ O , which suggested that the overall nitridation rate was
controlled by the diffusion of oxygen to the surface. After nitridation, no protrusions were observed
on the surface and no significant changes in the surface roughness were measured when compared
to the as-received sapphire. © 2003 American Institute of Physics. 关DOI: 10.1063/1.1618357兴

I. INTRODUCTION

sensus among all sapphire nitridation studies that nitrogen
was incorporated into the sapphire surface layer. The surface
compound containing nitrogen, formed upon nitridation, and
the surface morphology after nitridation seems to largely depend on the nitrogen source used and the nitridation conditions 共i.e., temperature, pressure, flow rates, and carrier
gas兲.2–22 Therefore, the impact and mechanism of sapphire
nitridation within the HVPE system can be expected to be
different from the previous results obtained in the MOVPE
and MBE environments.
Several nitridation studies in MOVPE have observed the
formation of an amorphous aluminum oxynitride
(AlNx O1⫺x ) layer,2,7 while other studies presented evidence
for the formation of relaxed crystalline AlN on the sapphire
surface.8,9 Studies on sapphire nitridation in a MBE system
using a rf nitrogen plasma suggested the formation of AlN
and NO molecules on the sapphire,3,23 as well as an
AlNx O1⫺x intermediate compound.4 In some cases, a crystalline AlN layer was reportedly formed during sapphire nitridation in MBE using NH3 , 13,14 an ECR nitrogen
plasma,15,16 and a helicon-wave nitrogen plasma.17 Using a
constricted nitrogen plasma, it was demonstrated that both
AlN and AlNx O1⫺x compounds were formed during sapphire
nitridation.18 The surface morphology of sapphire after nitridation was dependent on the nitrogen source and nitridation
condition, i.e., the nitridation time and temperature. A high
density of protrusions has been observed after long nitrida-

Sapphire ( ␣ -Al2 O3 ) has been widely used as a substrate
for GaN growth despite having a ⬃16% lattice mismatch
and ⬃34% thermal expansion coefficient mismatch with
GaN. The pregrowth treatment of the sapphire substrate can
greatly affect GaN nucleation, which subsequently determines the structural and optical properties of the epitaxial
film. It is now well established that the nitridation of sapphire surface prior to GaN growth can improve the material
properties in metalorganic vapor phase epitaxy 共MOVPE兲,1,2
molecular beam epitaxy 共MBE兲,3,4 and hydride vapor phase
epitaxy 共HVPE兲5,6 growth techniques.
There have been a number of studies on the nitridation
of sapphire in the MOVPE2,7–12 and MBE3,4,13–22 environments using different nitrogen sources and carrier gases at
various pressures and temperatures. The growth environment
and growth process in HVPE are substantially different from
those of MOVPE and MBE. HVPE growth is typically done
at atmospheric pressure, while a typical system pressure for
MOVPE and MBE growths is ⬃76 and ⬍10⫺3 Torr, respectively. HVPE primarily uses a N2 carrier gas, whereas
MOVPE mainly uses a H2 carrier gas. The nitridation source
in HVPE and MOVPE is NH3 ; while in MBE, nitridation
can be carried out using NH3 or one of many plasma sources,
including an electron cyclotron resonance 共ECR兲 and a
radio-frequency 共rf兲 nitrogen plasma. There is a general cona兲
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tion (⬍20 min) in MOVPE2,7,12 and MBE using both a rf
nitrogen plasma19–22 and a constricted plasma18 sources.
With the rf nitrogen plasma source, the formation of protrusions also depends on nitridation temperature. In contrast,
negligible change in the sapphire surface roughness was observed in nitridation studies in MBE, using a NH3 source14
and an ECR nitrogen plasma, for process times up to 180
min.15
The state of the pregrowth surface, after the nitridation
of sapphire in the HVPE growth system, can be expected to
be different from what has been observed in nitridation studies using other growth techniques. In addition, in spite of the
work of many authors on the nitridation process, a detailed
understanding of the nitridation mechanism is still needed. In
this article, the nitridation of c-plane sapphire within the
HVPE system was systematically studied as a function of
time and NH3 partial pressure. Nitridation time and NH3
partial pressure are the two important variables in the HVPE
system, since the temperature and total pressure are typically
fixed to a constant value. The chemical state, structure, and
morphology of sapphire surface after nitridation were characterized using ex situ x-ray photoelectron spectroscopy
共XPS兲, reflection high-energy electron diffraction 共RHEED兲,
and atomic force microscopy 共AFM兲. The results are discussed in terms of nitridation mechanism that is consistent
with the experimental data.
II. EXPERIMENT

The c-plane sapphire was ultrasonically cleaned in acetone, methanol, and rinsed in deionized 共DI兲 water. The
nitridation of sapphire was performed in the backflow region
of a vertical HVPE system under a NH3 and N2 ambient at
1100 °C. 5 The backflow region allows the sample to be
heated to the growth temperature of 1100 °C under a countercurrent gas flow, protecting the sample from gallium precursor gas flow. Prior to nitridation, the sapphire was heated
to 1100 °C under N2 atmosphere for 5 min. Nitridation was
carried out by exposing the sapphire to a mixture of NH3 and
N2 at a total flow rate of 2 slpm and a total pressure of 1 atm.
The nominal reactor diameter near the sapphire was 6 cm.
Three NH3 partial pressures ( P NH3 ) were studied: 0.2, 0.5,
and 1 atm. At each P NH3 value, the nitridation time was
varied from 5 to 60 min. Several samples of each experimental condition were studied.
After nitridation, the chemical composition of sapphire
surface was examined using an ex situ XPS. Since the XPS
measurements were carried out ex situ, specific care was
taken to determine the extent of reaction with the air ambient
and to appropriately correct for any air-induced changes in
the surface chemistry. The XPS measurements were performed using a photoelectron takeoff angle, , of 45° with a
Mg K ␣ line 共1253.6 eV兲 as the x-ray source. High resolution
scans corresponding to an instrumental energy resolution of
⬃0.5 eV full width at half maximum 共FWHM兲 were utilized
for individual peak analysis. The core-level photoemission
binding energies were corrected for sample charging using
the adventitious surface carbon, C 1s, binding energy at
284.8 eV. The normalized concentration of N 1s and O 1s
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FIG. 1. High resolution XPS spectra of the N 1s photoelectron peak from
共a兲 a standard AlN film and 共b兲 a sapphire substrate after 30 min nitridation
in P NH3 ⫽0.5 atm.

was calculated from the XPS peak area divided by the corresponding atomic sensitivity factor 共ASF兲 and normalized
with the Al 2p peak area. The Al 2p peak was commonly
used as a reference in sapphire nitridation studies4,11–19 since
the vapor pressure of aluminum containing species 共e.g.,
AlO, Al2 O, and Al兲 is negligible at 1100 °C. 24 The concentration of surface aluminum atoms was assumed therefore to
be approximately constant before and after nitridation. The
ASF applied here were: 0.185 for Al 2p, 0.42 for N 1s, and
0.66 for O 1s. 25 To investigate the depth profile of the
chemical species, the takeoff angle was varied between 30°
to 90° in order to change the photoelectron escape depth.
After nitridation, RHEED was used to examine surface
structure of sapphire. The sapphire surface morphology was
characterized using a tapping mode AFM. AFM data were
taken from multiple locations on several samples after each
nitridation run and the representative image is shown. The
root-mean-square 共rms兲 roughness reported here was determined from a 2 by 2  m2 scanning area from the average of
multiple scans on a given set of nitridation conditions.
III. RESULTS AND DISCUSSION

The characterization of the nitridated surfaces were carried out ex situ. The impact and extent of air exposure on the
nature and extent of the surface reaction was carefully determined. Controlled measurements of the air-exposed nitrided
surfaces were used to correct for the observed changes in the
surface chemistry. Ex situ measurements have been extensively used to study the nitridation process under different
chemical processing conditions.2,3,7,10–12,15,18,23
A. Normalized XPS intensities

After nitridation at the specific values of time and P NH3 ,
the XPS spectra of all sapphire samples always contain a
distinct N 1s core-level photoelectron peak, indicating that
nitrogen was incorporated into the sapphire surface. A typical
N 1s photoelectron peak from the nitridated sapphire surface
is shown in Fig. 1 along with the N 1s peak from a standard
AlN film. In addition to the asymmetric shape of the N 1s
peak from the nitridated sapphire, a comparison with the
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FIG. 2. Changes in the normalized N 1s, N–Al, and ‘N–O’ peak intensities
as a function of days after nitridation was performed 共sample was nitridated
in P NH3 ⫽0.5 atm for 30 min兲. Changes in the nitrogen content of sapphire
were caused by oxidation of the newly formed AlN layer by O2 and H2 O in
air.

N 1s peak from the standard AlN film shows that the N 1s
peak from the nitridated sapphire originates from at least two
different nitrogen chemical bonding states. The N 1s peak
was deconvoluted into two Gaussian peaks. The first peak at
a binding energy of ⬃396.7 eV is attributed to N–Al bonds
since its binding energy coincides with the N 1s binding energy from the standard AlN film. The second peak shifts to a
higher energy at ⬃398.0 eV indicating that nitrogen is in
oxygen-rich environment, since O is more electronegative
than Al. This peak is due to incomplete substitutions of O by
N, so that some of the nearest neighboring Al atoms are still
bonded to O. In this article, this peak is labeled as ‘N–O’.
The exact bonding state of this peak is still not understood.
Past XPS studies of AlN powders26 –28 did not attribute this
peak to aluminum oxynitride spinel compound since the
N 1s binding energy in aluminum oxynitride spinel was reported to occur at ⬃6.5 eV higher than the N–Al peak binding energy.29 These studies suggested that this peak might
originate from a complex intermediate bonding state involving Al, N, and O.
The XPS spectra clearly show that AlN is formed on the
sapphire surface. Since the XPS characterization was done ex
situ, the newly formed AlN layer would be oxidized during
transfer in air. Oxidation is thermodynamically favorable according to reactions:
2AlN⫹ 23 O2 ⇔Al2 O3 ⫹N2 ,

共1兲

2AlN⫹3H2 O⇔Al2 O3 ⫹N2 ⫹3H2 .

共2兲

The Gibbs free energies (⌬G) at room temperature for oxidation reaction Eqs. 共1兲 and 共2兲 is ⫺504 and ⫺161 kJ per
mole of AlN, respectively. Oxidation of the newly formed
AlN layer has to be taken into account when analyzing the
XPS data in order to have an accurate interpretation of the
data. The N 1s peak of the nitridated sapphire was measured
by an ex situ XPS day-by-day after nitridation to gauge the
effect of oxidation on the nitrogen content of the sample. The
N 1s peak was deconvoluted into N–Al and N–O peaks and
plotted as a function of days after nitridation in Fig. 2. The
total N 1s intensity decreases as the oxidation proceeds. The
N–Al intensity decreases rapidly during the first day and
continues to decrease until it stays approximately constant

FIG. 3. Evolution of the N 1s peak with nitridation time ( P NH3
⫽0.2 atm). The N–Al peak intensity increases as the nitridation proceeds.

after the fifth day. In contrast, the ‘N–O’ intensity slightly
increases in the beginning and approaches a constant value
after the third day. In this study, the ex situ XPS measurement of the samples were performed on the first or second
day after the nitridation was carried out. In order to closely
reflect the nitrogen content of the sapphire surface directly
after nitridation, the N–Al and ‘N–O’ peak intensities from
the XPS spectra taken on the first or second day after nitridation were adjusted using data from Fig. 2 to their ‘‘zerotime’’ estimation. The N–Al and ‘N–O’ peak intensities,
measured on the first day after nitridation, were multiplied
by 1.27 and 0.79, respectively, to minimize the effect of oxidation of the nitridated layer during transfer in air. The N–Al
and ‘N–O’ peak intensities, measured on the second day,
were multiplied by 1.47 and 0.75, respectively. Each data
point in Fig. 2 was collected from at least three samples and
all samples showed consistent results. Samples that were
measured on the first and second day and then scaled by
fixed factors were compared with samples that were measured immediately after the nitridation. The results were the
same and consistent every time. The rest of the data presented in this study were adjusted to their zero-time estimation and are simply called the ‘‘normalized’’ XPS intensities.
The N 1s peak changes shape as the nitridation time increases as shown in Fig. 3 for nitridated sapphire in P NH3
⫽0.2 atm. As expected, the N–Al intensity increases as the
nitridation proceeds. A similar trend was observed for nitridated sapphire in P NH3 ⫽0.5 and 1.0 atm. No measurable
chemical shift could be observed in the Al 2p or O 1s peak
binding energy from the nitridated sample, when compared
to the Al 2p or O 1s peak from a clean Al2 O3 substrate. The
chemical shift cannot be observed since the binding energy
difference between Al–N and Al–O or between O–Al and
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FIG. 4. Normalized N 1s, N–Al, and
N–O peak intensities as a function of
nitridation time. The nitridation was
carried out using P NH3 : 共a兲 0.2 atm,
共b兲 0.5 atm, and 共c兲 1.0 atm. Solid
lines are the calculated curve fitting
using solution to the diffusion equation.

O–N bonds is less than 0.5 eV, which is less than the resolution of our XPS system. However, the FWHM of the Al 2p
and O 1s peaks increase with nitridation time indicating the
occurrence of new Al and O bonding states that are close in
binding energy to the Al–O peak.
Figure 4 shows the normalized N 1s peaks as a function
of nitridation time for P NH3 ⫽0.2, 0.5, and 1.0 atm. At the
takeoff angle of 45°, the calculated maximum probing depth
for the N 1s signal in a matrix of AlN and Al2 O3 is ⬃6 nm.
Therefore, nitrogen-containing layers deeper than ⬃6 nm do
not contribute to the N 1s total intensity. In general, the N 1s
intensity from the nitridated sapphire increases with nitridation time as well as with P NH3 . For each P NH3 value, the
N–Al intensity increases as well with nitridation time, while
the ‘N–O’ intensity remains approximately constant with nitridation time. The intensity of the N 1s peak is higher after
nitridation in P NH3 ⫽1.0 atm compared to nitridation in
lower P NH3 values. The value of ‘N–O’ intensity at P NH3
⫽0.2 atm is slightly larger than the value at P NH3
⫽0.5 atm. At P NH3 ⫽1.0 atm, the ‘N–O’ intensity is ⬃1.8
times higher when compared to the ‘N–O’ intensity at
P NH3 ⫽0.5 atm.
The normalized O 1s photoelectron peaks as a function
of nitridation time for P NH3 ⫽0.2, 0.5, and 1.0 atm are shown
in Fig. 5. At each P NH3 value, the O 1s intensity from the
sapphire surface decreases with nitridation time, which is in
an opposite trend to the N 1s signal. When comparing the
O 1s intensity between each P NH3 value, the overall intensity
follows the general trend of the ‘N–O’ signal, i.e., the O 1s
intensity is the lowest at P NH3 ⫽0.5 atm and the highest at

FIG. 5. Normalized O 1s peak intensity as a function of nitridation time for
P NH3 ⫽0.2, 0.5, and 1.0 atm. The solid line is a guide for the eye.

P NH3 ⫽1.0 atm. This general correlation between the O 1s
and N–O signal supports the idea that the N–O peak originates from nitrogen in an oxygen-rich environment.
B. Angle-resolved XPS

The depth profiles of the nitrogen and oxygen species
were established through the measurements of XPS spectra
at different takeoff angles from  ⫽30° to 90°. 30 The smaller
takeoff angle leads to a more surface sensitive measurement.
Figure 6 shows the normalized N 1s, N–Al, ‘N–O’, and
O 1s peak intensities as a function of the takeoff angle after
60 min nitridation in P NH3 ⫽0.2 atm. As  increases, the
N 1s and N–Al depth profiles initially decrease before finally increasing at  ⫽90°, while the ‘N–O’ depth profile is
approximately constant. The O 1s depth profile has an opposite trend to the N 1s and N–Al depth profiles, i.e., when the
N 1s and N–Al intensities decrease, the O 1s intensity increases. Similar nitrogen and oxygen depth profiles were observed at other samples with different nitridation time and
P NH3 value.
As with any normalization procedure, some caution must
be exercised. in the data analysis employed here, the depth
profile data, i.e., the N 1s and O 1s intensities, since at each
takeoff angle, the N 1s and O 1s intensities were normalized
with the Al 2p intensity at that angle.30,31 The Al 2p peak is

FIG. 6. Normalized N 1s, N–Al, ‘N–O’, and O 1s peak intensities after 60
min nitridation in P NH3 ⫽0.2 atm as a function of the photoelectron takeoff
angle.
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commonly used as reference for other elemental peaks in
previous nitridation studies.4,11–19 The Al 2p peak serves as a
reference since the vapor pressure of aluminum containing
species, e.g., AlO, Al2 O, and Al, is negligible at 1100 °C.
Thus, the concentration or total amount of surface aluminum
atoms were considered constant before and after nitridation.
The Al atoms can be reasonable assumed to be uniform in
depth since the as-received sapphire surface was extremely
smooth possessing no observable defects and possessing a
measured rms roughness of ⬃2.4 nm. Previous TEM-based
studies have indicated that the nitridated sapphire is defectfree and leading to the inference that the distribution of Al
atoms is lateral uniform.4,8,13 The difference of Al 2p photoelectron escape depth relative to N 1s and O 1s photoelectron escape depths can affect the attenuation of the photoelectron signal as the takeoff angle increases. We have
accounted for these changes in our subsequent analyses using electron escape depths obtained from a report by
Powell.32 The results of the analyses are dependent on the
choice of escape depths. Other values of escape depth derived from other reports or databases33 will alter the results
presented. The reported uncertainty in our results reflect, in
part, the uncertainty in the reported electron escape depths.
One interpretation of the nitrogen depth profile is that
there was a segregation of nitrogen in sapphire. The nitrogen
segregates into a thin AlN layer on the surface (⬍6 nm) and
deeper into the sapphire. The elementary steps of diffusion
are only possible because of the existence of lattice defects.
A crystal may contain point defects and dislocations. The
most important lattice defects in connection with diffusion
are point defects. The literature on atomic mechanisms of
anion diffusion in sapphire or AlN is very limited and has
conflicting results.34,35 Based on the experimental data from
the present study, it is not possible to predict the atomic
diffusion mechanism of nitrogen and oxygen in sapphire and
in AlN. The segregation of nitrogen deeper into the sapphire
may be due to the presence of misfit dislocations as sapphire
and AlN has ⬃3% lattice mismatch. Dislocations can serve
as a path for rapid diffusion.36 More investigation is needed
to determine the cause of nitrogen segregation.

C. RHEED patterns

Following 30 min nitridation in P NH3 ⫽0.5 atm, the
sample was immediately transferred to a RHEED chamber in
order to minimize reoxidation effect on the surface structure.
Figure 7 shows the RHEED patterns of the sapphire surface
before and after nitridation at two azimuthal angles: 具 112̄0 典
and 具 101̄0 典 . The streaky RHEED patterns show that the
nitrogen-containing layer is crystalline. The in-plane lattice
constant of the surface layer can be calculated from the
RHEED streak distance, which is ⬃0.31 nm. This value corresponds to the AlN lattice parameter (a⫽0.3111 nm). 37
Thus, the RHEED patterns verify that the sapphire surface is
converted into an AlN layer after nitridation. The in-plane
direction of the AlN layer is rotated 30° with respect to the
sapphire direction, such that 关 0002兴 AlN储 关 0002兴 sapphire and
关 112̄0 兴 AlN储 关 11̄00兴 sapphire . The 30° rotation between the AlN
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FIG. 7. RHEED patterns of the 共0002兲 sapphire surface before and after 30
min nitridation in P NH3 ⫽0.5 atm. After nitridation, an imperfect AlN layer
is formed on the surface with a 30° rotation of the in-plane lattice direction
with respect to the same direction in sapphire.

layer and the sapphire substrate is typical for epitaxial
growth of AlN on sapphire in order to minimize the lattice
mismatch between the two lattices.
D. Proposed nitridation mechanism

The N 1s peak was not observed after exposure to only
N2 at 1100 °C for 30 min. Thus, the incorporated nitrogen in
the sapphire surface is caused only by interactions between
NH3 with sapphire. At 1100 °C, a reaction between Al2 O3
and N2 has a large thermodynamic barrier (⌬G 1100 °C
⬃900 kJ/mol Al2 O3 ). Also, a previous study reported that a
reaction between sapphire and N2 only occurred at temperatures greater than 1200 °C. 38
The sapphire nitridation process starts with the adsorption of NH3 molecules onto the sapphire surface. Although
NH3 is thermodynamically unstable at 1100 °C, its homogeneous gas-phase decomposition to N2 and H2 is kinetically
very slow so that most of NH3 remains intact and can adsorb
on the surface.39 At high temperatures (⬎300 °C), NH3 adsorbs dissociatively on sapphire surface according to:40,41
NH3 ⇔NHx(a) ⫹ 共 3⫺x 兲 H(a) .

共3兲

Studies of NH3 adsorption on various surfaces have observed
that as temperature increased, the rate of NH3 dehydrogenation increased such that eventually only nitrogen atoms were
left on the surface.42– 44 A complete dehydrogenation on
these various surfaces takes place at ⬃500 °C. In the present
study, it is therefore reasonable to assume that at 1100 °C,
most of the adsorbed NH3 on sapphire undergoes a complete
dehydrogenation leaving only adsorbed nitrogen atoms on
the surface. Some hydrogen atoms recombine and desorb
from the surface as H2 and some hydrogen atoms may combine with oxygen, which is diffusing out from the sapphire,
and desorb as H2 O.
Some of the adsorbed nitrogen atoms diffuse into the
sapphire and react with the network of aluminum and oxygen
atoms. The diffused nitrogen substitutes for oxygen to bond

Downloaded 03 Mar 2007 to 128.104.198.190. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

J. Appl. Phys., Vol. 94, No. 9, 1 November 2003

F. Dwikusuma and T. F. Kuech

5661

mities as well as the very thin-film nature of the reacted layer
will impact the range of validity of any simple interdiffusionreaction model.
E. XPS data fitting

FIG. 8. Illustration of the sapphire nitridation process. First, NH3 adsorbs
dissociatively on sapphire until only N remains on the surface at 1100 °C.
Then, an AlN layer is formed on the surface. The nitridation process can be
modeled as a diffusion couple of AlN and Al2 O3 . The exchange involves
anions (N3⫺ and O2⫺ ) in the rigid cation (Al3⫹ ) framework. Oxygen atoms,
which are substituted by nitrogen, diffuse out to the surface, and then combine with hydrogen and desorb as H2 O.

with aluminum as indicated by the presence of N–Al XPS
peaks. Oxygen substitution by nitrogen progresses with time
as indicated by the increase in N–Al intensity with nitridation time. This substitution is still incomplete after nitridation for up to 60 min, as indicated by the presence of the
‘N–O’ peak. Other nitridation studies also suggested that
oxygen atoms still remain in the nitridated layer.4,8 The bond
substitution is accompanied by structural change as the
RHEED patterns show that the AlN in-plane direction is rotated 30° with respect to the sapphire direction.
The proposed nitridation mechanism draws an analogy
from the formation of spinel compounds, such as
MgAl2 O4 . 45 In the spinel formation, the cations counterdiffuse through a constant anion network. On the other hand,
the sapphire nitridation mechanism involves the counterdiffusion of anions (N3⫺ and O2⫺ ) in the rigid cation (Al3⫹ )
framework. Figure 8 illustrates a schematic diagram for the
sapphire nitridation process, which can be modeled as a diffusion couple of AlN and Al2 O3 . A thin AlN layer is formed
on the surface in the first few minutes of nitridation and is
maintained throughout the process due to a constant supply
of nitrogen on the surface. Nitrogen diffusion in sapphire is
coupled to and complicated by the outward diffusion of the
replaced oxygen. This coupling maintains local electroneutrality during diffusion. Oxygen atoms, which are substituted
by nitrogen, must diffuse out to the surface, and then combine with hydrogen and desorb as H2 O, according to the
overall nitridation reaction:
Al2 O3 ⫹2NH3 ⇔2AlN⫹3H2 O.

共4兲

Oxygen transport to the surface and its subsequent desorption lead to the decrease of surface oxygen content as shown
in Fig. 5, where the O 1s intensity decreases with nitridation
time. The same observation was reported in nitridation studies of sapphire and SiO2 . 15,46 The overall nitridation rate is
determined by the slower of the diffusion process, which can
be the inward diffusion of nitrogen or the outward diffusion
of oxygen. It should be noted that since the nitridated sapphire layer is extremely thin 共only a few monolayers兲, there
might be in-plane nonuniformities. Both in-plane nonunifor-

In the present study, the chemical diffusion coefficient of
nitrogen (D̃ N) and the chemical diffusion coefficient of oxygen (D̃ O) were estimated from the XPS data. The chemical
diffusion coefficient of nitrogen 共oxygen兲 does not represent
an intrinsic diffusion coefficient of nitrogen 共oxygen兲 in sapphire 共AlN兲, but it describes the motion of nitrogen 共oxygen兲
coupled to the motion of oxygen 共nitrogen兲 in the
AlN– Al2 O3 matrix. By assuming a sharp interface between
the AlN layer and sapphire, the normalized N 1s intensity
can be fitted using the solution to the diffusion equation for a
constant nitrogen concentration at the sapphire surface, N N0 .
N N0 is assumed to be constant at all times since P NH3 was
kept constant during the nitridation process. The solution to
this diffusion equation leads to a time and distance dependence concentration profile for N 1s, which is given by:
N N共 z,t 兲 ⫽N N0 ⫻erfc

冉冑 冊
z

共5兲

2 D̃ Nt

where z is the depth into the sapphire surface and t is the
diffusion time. The XPS area intensity of the N 1s, I N , is
expressed by:25
I N共 z,t 兲 ⫽k  N

冕

⬁

0

冉

N N共 z,t 兲 ⫻exp ⫺

冊

z
dz,
 N sin 

共6兲

where k is the XPS apparatus constant,  N is the N 1s electron escape depth,32  N is the photoionization cross section
of N, and  is the photoelectron takeoff angle. The apparatus
constant k, can be removed by normalizing Eq. 共6兲 with the
area intensity of Al 2p, I Al :
I Al⫽k  AlN Al Al sin  ,

共7兲

where N Al is the Al concentration in sapphire, assumed to be
constant,  Al is the Al 2p electron escape depth,46 and  Al is
the photoionization cross section of Al. The solution of Eq.
共6兲 yields the normalized area intensity of N 1s peak,
I N,norm , which is given by:
I N,norm共 t 兲 ⫽

冋 冉
冊册

D̃ Nt
I N  N NN N0
⫽
1⫺exp 2
I Al  Al AlN Al
 N sin2 
⫻erfc

冉冑

D̃ Nt
 N sin 

.

冊

共8兲

Equation 共8兲 was used to fit the XPS data with parameter
constants as follows:  N⫽1.77,  Al⫽0.5735,  N⬃2.4 nm,
 Al⬃3.0 nm, 32  ⫽45°, and N Al is calculated from sapphire
density to be 4.49⫻1022 cm⫺3 . The electron escape depths
were obtained from a report by Powell, which addressed the
escape depth dependence on material.32 The independent
variable is t and the fitting parameters are D̃ N and N N0 . The
fitting is shown in Fig. 4. D̃ O can be estimated by plotting the
normalized intensity of oxygen leaving the surface as a func-
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FIG. 9. Oxygen loss from the sapphire surface as a function of nitridation
time for P NH3 ⫽0.2 atm. The oxygen loss was calculated by subtracting the
normalized O 1s intensity from 1.5 共the normalized O 1s intensity of asreceived sapphire兲. The solid line is the calculated curve fitting using solution to the diffusion equation.

tion of time as shown in Fig. 9. The normalized intensity of
oxygen leaving the surface is just the as-received normalized
O 1s intensity (⫽1.5) minus the nitridated sapphire normalized O 1s intensity. Then Eq. 共8兲 can be used to fit the plot in
Fig. 9 after substituting the subscript N with O for oxygen.
The parameter constants for oxygen are as follows:  O
⫽2.85 and  O⬃2.1 nm. 32,47 The fitting parameter is D̃ O
only, since N O0 is calculated from the sapphire density to be
⬃7.05⫻1022 cm⫺3 .
The fitting results are summarized in Table I. The calculated D̃ N , D̃ O , and N N0 values in the present study should be
considered to have a one-order-of-magnitude accuracy given
in the uncertainty in the model assumptions and the possible
range of electron escape depths. Again, the value of N O0 is
assumed constant and hence not presented in the table. Compared to the values in literature, D̃ N and D̃ O obtained in the
present study differ by one to three orders of magnitude depending on the experimental setup 共e.g., nitrogen source, material crystallinity, pressure, etc.兲.18,48,49 The estimated values
of D̃ N are consistently higher than D̃ O at each P NH3 value.
This result suggests that the overall nitridation rate is controlled by the diffusion of oxygen to the surface. The N–Al
intensity of the nitridated sapphire is also mainly determined
by the outward diffusion of oxygen and not by the inward
diffusion of nitrogen. At P NH3 ⫽1.0 atm, D̃ N is ⬃3⫻ higher
but D̃ O is ⬃0.8⫻ lower compared to D̃ N and D̃ O at P NH3
⫽0.2 and 0.5 atm. This slightly lower D̃ O value at P NH3
⫽1.0 atm results in the lowest N–Al intensity even though
the overall N 1s intensity is the highest compared to the
intensity at P NH3 ⫽0.2 and 0.5 atm.

TABLE I. Results of XPS data fitting to obtain the diffusion coefficients.
PNH3
共atm兲

N N0 (cm⫺3 )

D̃ N
(cm2 /s)

D̃ O
(cm2 /s)

0.2
0.5
1.0

⬃2.1⫻1022
⬃2.5⫻1022
⬃2.3⫻1022

⬃1⫻10⫺15
⬃1⫻10⫺15
⬃3⫻10⫺15

⬃1⫻10⫺16
⬃1⫻10⫺16
⬃8⫻10⫺17

FIG. 10. 共a兲 AFM image of sapphire surface after 30 min nitridation in
P NH3 ⫽0.5 atm. No protrusions are observed on the surface, 共b兲 rms roughness of as-received sapphire and nitridated sapphire as a function of nitridation time in P NH3 ⫽0.2, 0.5, and 1.0 atm.

F. Surface morphology

Figure 10共a兲 shows an AFM image of the sapphire surface after 30 min nitridation in P NH3 ⫽0.5 atm. No protrusions are observed on the surface and the rms roughness is
⬃0.24 nm, which is comparable to the rms roughness of the
as-received sapphire. Even when nitridation was continued
to 60 min, no protrusions are observed on the surface. Figure
10共b兲 shows a comparison of the surface rms roughness between the as-received sapphire and sapphire after nitridation
in P NH3 ⫽0.2, 0.5, and 1.0 atm as a function of nitridation
time. No significant changes in the rms roughness are observed for all nitridated samples when compare to the asreceived sapphire.
The surface morphology of sapphire after nitridation is
relatively unchanged as compared to the as-received sapphire, which is contrary to the results obtained in
MOVPE2,7,12 and MBE with a rf nitrogen plasma19–22 and a
constricted-plasma18 source. In these studies, high densities
of protrusions were observed on the surface. Uchida et al.
considered that the protrusions were originated from the relaxation of excess strain due to the large lattice mismatch
between the nitridated layer and sapphire.2 Such protrusions
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were not observed in our study implying that there is no
strain built up in the AlN layer. The strain relaxation pathway
could be provided by an incomplete transformation of AlN,
i.e., ‘N–O’ bonds in the AlN layer. In addition, a NH3 and
N2 nitridation source used under HVPE condition may not be
as reactive toward sapphire when compared to a NH3 and H2
source used within the MOVPE environment or a nitrogen
plasma source used in MBE, so that sapphire surface morphology is unchanged. A more reactive nitridation source can
result in a faster and complete transformation from sapphire
to AlN layer, which contains excess strain. The excess strain
is relaxed by forming protrusions on the surface.
IV. CONCLUSIONS

The nitridation of c-plane sapphire within the HVPE
system was systematically studied as a function of time and
P NH3 using ex situ XPS, RHEED, and AFM. Nitrogen was
incorporated into the sapphire surface during the nitridation
process. There were two identified nitrogen chemical bonding states, which are attributed to N–Al bonds and nitrogen
in oxygen-rich environment 共‘N–O’兲. The N 1s and N–Al
intensities increased, while the ‘N–O’ intensity remained approximately constant with nitridation time. The O 1s intensity decreased with nitridation time indicating that oxygen
was depleted from the near-surface region. The nitridation
process starts with the dissociative adsorption of NH3 on
sapphire surface. At 1100 °C, only nitrogen atoms remain on
the surface. The adsorbed nitrogen atoms diffuse into the
sapphire and react with the network of aluminum and oxygen
atoms. The sapphire nitridation process was modeled as a
diffusion couple of AlN and Al2 O3 , where N3⫺ and O2⫺
interdiffuse in the rigid Al3⫹ framework. Nitrogen diffuses
into sapphire and substitutes for oxygen to bond with aluminum. The bond substitution is accompanied by structural
change where the AlN in-plane direction is rotated 30° with
respect to the sapphire direction. The displaced oxygen atoms diffuse to the surface, combine with hydrogen, and desorb as H2 O. The overall nitridation rate was determined by
the slower moving anions. From the XPS data, D̃ N and D̃ O
were estimated. D̃ N was consistently higher than D̃ O at each
P NH3 value. This result suggested that the overall nitridation
rate was controlled by the diffusion of oxygen to the surface.
After nitridation, no surface protrusions were observed and
no significant changes in the surface rms roughness were
measured when compared to the as-received sapphire.
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