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ABSTRACT

High-temperature annealing (HTA) is one of the most promising techniques to produce high-quality, cost-efficient AIN templates for
further epitaxial growth of AlGaN devices. Unfortunately, the yield of this process seems to be limited due to the restricting face-to-face
configuration that is typically used, in which contaminations of the template surface can occur easily. A high yield is crucial for process
transfer into industry. Indeed, templates that are annealed in open-face configuration suffer from surface degradation due to excessive
AIN evaporation during the course of the annealing process. To highlight the physics that are restricting the open-face approach of the
process, sublimation behavior of AIN at temperatures and atmospheres typically used in HTA processes has to be examined. In this
study, we use the Knudsen effusion mass spectrometry technique to confirm the previously published results on equilibrium partial pres-
sures of species above AIN. Based on the experimentally determined data and further AIN sublimation experiments, the apparent subli-
mation coefficient of AIN in N, and Ar atmospheres at HTA process conditions can be derived. Despite N, having a stabilizing effect on
AIN during HTA, the still high decomposition rates of several hundred nanometers per hour can explain the excessive damage that is
typically observed if AIN/sapphire templates are annealed in an open-face configuration. Finally, based on theoretical considerations, a
strategy to reduce the sublimation of AIN during HTA in open-face configuration is suggested.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0152054

I. INTRODUCTION

In the past few decades, light-emitting diodes (LEDs) based
on group Ill-nitride semiconductors have played a key role in the
evolution of lighting technology. Blue light from GaN LEDs is par-
tially converted into yellow light using phosphors, leading to white-
emitting LEDs." In addition to the highly optimized and commer-
cialized blue-emitting LEDs, solid-state emitters for the UV range
received great interest lately due to the restrictions imposed on gas
discharge lamps based on mercury.”™" Specifically, a great applica-
tion potential for LEDs emitting in the UV-C regime exists. UV-C
radiation is suited for disinfection/sterilization purposes since ger-
micidal efficacy of photons is the largest around an emission wave-
length of 265 nm.” In terms of luminescence efficiency, however,

LEDs emitting in the UV-C regime lag far behind their blue and
UV-A pendants due to physical restrictions as well as technological
challenges, compared to their GaN/InGaN-based counterparts that
have to be surpassed.”” To name a few, higher sensitivity to
threading dislocations (TDs) and point defects hampers the effi-
cacy, low transparency of the AIN growth substrates due to intrinsic
point defects, light outcoupling due to changes in polarization of
the photons, doping, as well as processing challenges after epitaxial
growth of the LED stack due to a stronger wafer bow caused by a
higher mismatch of the thermal expansion coefficient between AIN
and the commonly used sapphire substrates.”*™*

Most of the time, not all listed challenges can be tackled
simultaneously. Growth on bulk AIN wafers solves problems
regarding TD density and processing since the wafer bow is lower
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compared to the growth on sapphire and only occurs once AIN is
alloyed with GaN to form AlGaN layers. Unfortunately, bulk AIN
has strong absorption lines in the UV-C is expensive, and wafers
are only available in small diameters, which is crucial for an indus-
try driven by cost-per-area arguments. On the other hand, the bow
problem with templates on sapphire is most severe at larger diame-
ters.”” Thus, bulk AIN cannot compete with AIN-on-sapphire tem-
plates up until today for UV LED applications. AIN templates that
are grown using metalorganic vapor phase epitaxy (MOVPE),
which is the most widely used tool for epitaxial growth of commer-
cial semiconductor devices, are inexpensive and more transparent,
but the TD density is high and can only be lowered by using elabo-
rate processes like structuring of the wafer (e.g., nano-patterned
sapphire substrates, NPSS) or the AIN layer (e.g., epitaxially lateral
overgrowth, ELOG) with subsequent regrowth on top of the etched
structures.”' "' A new promising technology for achieving high-
quality AIN templates for subsequent LED fabrication is the
so-called high-temperature annealing (HTA) of thin AIN layers on
sapphire, which was introduced first by Fukuyama et al. and, subse-
quently, further developed by Miyake et al. by proposing the
face-to-face annealing approach to reduce thermal decomposition
of AIN."”"” HTA AIN templates solve or reduce many of the
problems discussed above and are a well-suited candidate for the
growth of UV-C LEDs.'*'” Nonetheless, the face-to-face approach
also exhibits certain restrictions. It is prone to contaminations
introduced by mechanical stacking of the wafers for face-to-face
annealing, thus hard to automate and integrate into the existing
semiconductor plants.

To further develop the face-to-face approach into an open-face
configuration and, thus, possibly overcome the existing restrictions,
a deep understanding of the underlying mechanisms and limitations
of AIN high-temperature decomposition is required. As sublimation
is concerned, the literature suggests a rather simple chemical reaction
for dissociation and condensation: 2 AIN < 2 Al + N,.'®'” In addi-
tion to Al and N,, no other species are expected to be present above
a heated solid AIN sample at the investigated temperatures in ther-
modynamic equilibrium.'”” Of course, models which are entirely
based on equilibrium conditions cannot give information about the
kinetics during HTA. Nonetheless, the fact that thin AIN layers on
sapphire are stable in a face-to-face configuration at temperatures up
to about 2000 K'*'® (1700 °C is a typical HTA temperature used
for AIN) implies that the micro-atmosphere between the two
layers is buffered to some extent with decomposition products,
which prevents further sublimation. In this paper, we want to
examine the stabilizing mechanism and—based on our findings—
discuss possibilities to achieve a process that is stable without the
restricting face-to-face configuration.

Equilibrium vapor pressures of pure compounds were inten-
sively measured in the second half of the 20th century, mainly by
using Knudsen effusion mass spectrometry (KEMS). Nowadays,
these results are easily available in thermodynamic databases as a
function of Gibbs free energy for solid, liquid, and gas phases, which
allows to predict or reproduce experimental results. To access this
information, different software packages based on the CALPHAD
method can be used, e.g., FactSage."” The quality of such databases is
continuously reviewed by ongoing research and relies on confirma-
tion of the existing experimental data for the considered
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components. In the case of AIN, the FactPS database is used for the
calculation of equilibrium partial pressures of Al and N, species,
which is surprisingly high for a material that is typically used for
high-temperature applications. The same calculations were per-
formed also for Al,Os;, which is another well-established high-
temperature ceramic. Al,O; has roughly seven orders of magnitude
lower equilibrium partial pressure of aluminum above the solid
phase at temperatures regularly used for the described HTA process.
In comparison, the partial pressure of aluminum above a solid AIN
sample is expected to reach 10Pa already at roughly T'=1800K,
where the aluminum pressure above Al,O; should be only 107° Pa."”
These high values for the partial pressure of aluminum in thermal
equilibrium above AIN may explain the problematic decomposition
of the very thin AIN layers, which typically consist of some 100 nm
thick sputtered AIN, if not annealed in a face-to-face
configuration,' >**!

In the course of this study, we will discuss the KEMS results
for high-quality single-crystalline AIN and compare them with the
calculated results using FactSage. Subsequently, the measured and
calculated partial pressures of AIN and Al,O; will be used to fit the
measured sublimation rates of AIN during typical HTA conditions.
Based on our findings, we will discuss the aforementioned limitations
of the HTA process and suggest a more stable and contamination-
resilient process compared to the state-of-the-art face-to-face
approach.

Il. BASICS

Although KEMS is a long-established measurement tool, it is
not widely used in the applied semiconductor research community
today.”> The following section, therefore, presents an introduction
to this powerful thermodynamic measurement technique.

In KEMS measurements, a small amount of the sample mate-
rial is heated in a Knudsen cell. In semiconductor technology,
Knudsen cells are known for molecular beam epitaxy systems. The
physics of Knudsen cells is based on the studies of molecular gas
flow in the early 20th century by Knudsen and amply described by
Hilpert in his review from 1991.”> During KEMS measurements,
the molecular beam of the sample material is directed into a mass
spectrometer. A typical Knudsen cell contains at least one crucible
made of a suited material that is chemically inert against the
sample, heating filaments, thermal shielding, and an outer cooling
system. The small size of the orifice inside the lid of the cell allows
the effusion of a molecular beam, which consists of species from
the sample material. If Knudsen conditions are fulfilled, one can
assume thermodynamic equilibrium inside of the cell, and thus,
the concentration of each species in the molecular beam represents
the activity of the corresponding species in equilibrium above the
solid phase of the sample. Therefore, KEMS can be used to
measure the equilibrium vapor pressures of the involved species
above the solid sample after calibration. Figure 1 shows a general-
ized layout drawing of a KEMS system including all essential
components.

The method of evaluating the equilibrium partial pressure or
the activity has been well described in the literature.”* If one uses
the method discussed by Hilpert, Kobertz et al, and Sergeev et al.,
the equilibrium partial pressure p; ., of a species i can be calculated
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FIG. 1. Schematic representation of a typical KEMS system using a single-
focusing magnetic sector field. The sample material is evaporated within a
shielded Knudsen cell, which is heated by electron bombardment. A slit in the
shielding allows us to measure the temperature using a pyrometer. During evap-
oration, a molecular beam can leave the cell, is ionized in a second vacuum
chamber and, subsequently, accelerated into a magnetic sector field that filters
the masses. Finally, an ion-counting system measures the intensity of the
selected species.

from the measured ion intensity I; at a given temperature T using
Eq. (1),2%52

LT
oiniYi '

Pieg = k (1)

Additional parameters are the system calibration factor k,
which is equal for all species and needs to be determined for the
used Knudsen cell, the ionization cross section o;, the isotopic
abundance 7;, and the multiplication factor y;, which is unity for an
ion-counting system. The ion intensity I; and the ionization cross
section o; are functions of the ionization energy.”” Finally, T is the
temperature of the sample. In KEMS measurements, the ionization
energy is typically fixed to 70 eV, since the ionization efficiency
and, thus, the cross section o; of most elements do not vary
strongly in an interval around this energy.”””" Still, identifying
correct values for the ionization cross section is difficult. The calcu-
lated results from Drowart et al. are used regularly.”

Knowing the equilibrium partial pressure p;., of a species i
allows us to use the Hertz-Langmuir-Knudsen (HLK) equation to
predict the sublimation rate of a solid into the gas phase. The HLK
equation as it is shown in Eq. (2) has the dimension of a mass flux
per area,

mi

U=\ 2ksT

(ai,s pi,eq - ai,c pi,sys)~ (2)

In Eq. (2), g; is the material loss due to the sublimation of
species i, m; is the mass of the species i, kp is the Boltzmann factor,
a;s and a;, are the sublimation or condensation coefficients of
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species i, and p;., and p;, are the equilibrium vapor pressure
directly above the sample and the partial vapor pressure of species i
in the system, respectively. In epitaxial growth, the condensation
coefficient is also known as the so-called sticking coefficient.
Equation (2) is a simplified form of the HLK equation that
assumes that the condensed and vaporized phases have the same
temperature. The physical interpretation of the sublimation coeffi-
cient is as follows: It represents the fraction of atoms or molecules
at the interface between both phases changing from the solid to the
vapor phase. If every atom or molecule in the solid phase reaches
the vapor phase, ¢; is unity. The coefficient represents the ratio of
the actual unidirectional material flux compared to the flux deter-
mined by the classical kinetic theory.”” Therefore, a;, is usually
smaller than unity with values between 0 and 1. The same consid-
erations are valid for the condensation coefficient but for a unidi-
rectional mass flux toward the solid phase instead. For the purpose
of simplicity, in this study, both coefficients are assumed to be
equal (a;s=a;.). Thus, the sublimation flux is only determined by
the difference in partial vapor pressure between the thin boundary
layer directly above the sample and the partial pressure in the
system. Anyway, only huge differences between both coefficients
may influence the results of the HLK equation in this study, since
the background vapor pressure in our system and the measured
equilibrium vapor pressure of the sample differ by up to seven
orders of magnitude at an annealing temperature.

I1l. EXPERIMENTAL SECTION

All experiments were conducted using commercially available
AIN single crystal wafers (HexaTech, Inc.) or their fragments for
the KEMS measurements. The wafers used for sublimation experi-
ments in different atmospheres had a diameter of one inch.

KEMS measurements were performed in the facilities at FZ
Jilich. During measurements, the temperature was controlled with
a W-W/26%Re thermocouple and an Impac IGA 12 pyrometer.
Detection of ions was performed using a continuous dynode multi-
plier connected to an ion-counting system. For ionization of the
molecular beam, an energy of 70 eV and an emission current of
0.15mA were used. The ionization cross sections for all elements
are taken from Drowart et al.”’: E;\=1.52 A% E; 5 =6.18 A% and
Ein, =193 A%, All measurements were performed automatically by
using a temperature control program with set measurement inter-
vals and heating rates. The KEMS system was calibrated by measur-
ing the onset of the melting temperature of pure nickel and its
well-known equilibrium partial pressures for a temperature interval
around the melting point. For the measurements, an AIN sample
was placed inside a tungsten crucible with a graphite lid. An orifice
in the graphite lid allowed a molecular beam to leave the crucible.
Before measuring polythermal data, the long-time stability of the
system was ensured by measuring the ion intensities of Al and N,
isothermally over 60 h. The ion intensities showed a drift similar to
the measured temperature drift, thus a long-time stable sample can
be assumed, especially over the course of a comparably short poly-
thermal measurement.

To supplement the KEMS experiments, AIN bulk crystals were
also annealed in an open-face configuration in a furnace that is
routinely used to perform face-to-face annealing processes with
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AIN-on-sapphire templates. The sublimation rates of the bulk AIN
wafer were derived from the weight of the wafer before and after
the annealing experiments measured using a Mettler-Toledo
XPR205DR precision balance. The AIN crystals were held at dwell
temperature for up to 60 h, depending on the used temperature.
Additional reference processes without dwell time to subtract the
mass loss from the respective temperature ramp were performed as
well. The AIN bulk crystals were annealed inside a cold-wall
vacuum furnace, using N, or Ar atmosphere at ambient pressure.
All components inside the furnace consist of porous AlLO;
(thermal isolation), sintered Al,O; (tube, sample-holder), and
molybdenum (heater). Thus, the annealing atmosphere has a low
Al partial pressure due to the low equilibrium partial pressure of Al
above Al,Os, as discussed in the introduction. After loading, the
furnace was evacuated to 50 mbar and purged three times with
pure N, or Ar. Subsequently, the temperature controller was set to
the desired temperature with a maximum heating rate of 8 K/min
and the aforementioned dwell times. During annealing, the inner
furnace tube was purged with the process gas. Gas flows of 1 and
5 slm were used. At the end of the program, the heater was turned
off and the samples cooled passively, while purged with N, or Ar
during cooling.

IV. RESULTS AND DISCUSSIONS

During the isothermal measurement of the AIN single crystal,
we were able to exclude the appearance of AIN or bigger molecular
species in the gas phase at equilibrium conditions. The mass spec-
trum shown in Fig. 2 was measured at 1700 K. It reveals mainly
Al" and N7 ions in the gas phase at thermodynamic equilibrium.
It also shows a small intensity of atomic nitrogen, which was not
predicted as one of the main species by FactSage calculations."’

105 T T T T T T 1 T 1 T 1 1 1 T
Al*
N
10° N, ]
r; /
w
2 10° 4 3
(72}
< +
g N Ar?*
= 1024 o / CFE Ni* ;
; " g
sy 2 ‘
101 T T | T T | |

T T T T T T T T T T

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
atomic mass [u]

FIG. 2. A mass spectrum measured at a temperature of 1700K revealing

mainly Al and N, and trace N above AIN. The other main peaks at atomic
masses above 58 u can be related to residuals of the Ni calibration sample.
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In an earlier published work on AIN also, no more complex AIN
molecules were measured using the KEMS technique, but alumi-
num-oxygen molecules were reported, which we did not observe.'’
The absence of oxygen-containing molecules can be explained by
the quality of the studied sample. State-of-the-art single-crystalline
bulk AIN contains less oxygen compared to non-optimized bulk
AIN or even AIN powder samples. Typical oxygen concentrations
in state-of-the-art single-crystalline bulk AIN wafers are in the
order of mid-10"® cm™.**" Nonetheless, KEMS data published in
the literature of AIN-containing systems showed complexes with
higher mass compared to AIN. Meloni and Gingerich measured
ALN, AIN, and ALN, above the AIN-Au-C system, but also sug-
gested Au to be involved in the reaction to the more complex mole-
cules.”” Andrews et al. used infrared matrix isolation spectroscopy
to study the chemical reaction between atomic Al and N, and iden-
tified AIN,, ALN, ALN,, AIN;, and ALN.”* However, KEMS is an
equilibrium technique and does not allow statements about the
involved reactions. In addition to the AIN-related signals, the mass
spectrum in Fig. 2 also shows the distinct peaks of **Ni* and **Ni*
with ratios respecting the isotopic distribution of Ni, stemming
from the calibration process of the setup.”* Masses that are presum-
ably related to Ar** and atomic O were also detected. The non-
labeled masses were not assignable and may stem from unknown
impurities inside either the crucible or the sample.

Figure 3(a) shows the calculated equilibrium partial pressures
of all expected species above a solid AIN source in red color."”
Compared to Al and N, all other species have comparably small
equilibrium partial pressures. Thus, Al and N, can be expected as
the predominant species in the gas phase above AIN. For compari-
son, the partial pressures of Al and O above Al,Oj; are also plotted
in blue color. Figure 3(b) shows the results of the polythermal
KEMS measurement. The dashed lines in red and blue colors rep-
resent the calculated values of the equilibrium partial pressure of
Al and N, above AIN as shown in Fig. 3(a), respectively. They
agree well with the measurements (red and blue dots) roughly
between 1450 and 1750 K. At the highest temperatures measured,
the ion intensity of Al was exceeding the limits of the used ion-
counting system, and thus, the Al intensity saturates above 1700 K.
Please note that Knudsen conditions are only satisfied in a range
up to 10 Pa, and thus, the KEMS technique is not viable for the
AIN system at temperatures above 1700 to 1750 K, since both Al
and N, exceed 10 Pa above this range.”” At low temperatures, the
N, signal deviates from the FactSage calculations, since N, usually
shows a rather strong background signal in the used system.
Interestingly, the measured equilibrium partial pressure for atomic
nitrogen is rather high. This was not expected based on the avail-
able FactSage data shown in Fig. 3(a). Using Clausius Clapeyron’s
equation, the enthalpy of vaporization AH,,,, of AIN can be calcu-
lated from our experimental data as shown in Fig. 3(b). It is widely
accepted that AIN evaporates congruently if a thermodynamic
equilibrium is present.9’35’3(’ Thus, if AIN sublimates congruently,
the slopes should be identical. The results of the fitting procedure
are shown in Table I. Our obtained values are deviating by up to
15.2% from the FactSage value of 179.74 kJmol™, in the case of Al
partial pressure. However, since our set of data is limited in size, we
do not want to challenge the values deposited in the FactPS data-
base. Thus, we want to attribute our measured deviation either to
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FIG. 3. (a) Calculated equilibrium partial pressures of selected species above AIN (red) and Al,O3 (blue) using FactSage. (b) Measured partial pressures above AN using
KEMS (dots) with the respective FactSage calculations for Al and N, (dashed lines) as a comparison. The dashed lines in (b) correspond to the partial pressures of Al

and Ny in (a).

statistical errors due to a small sample size or the volume inside the
Knudsen cell that may not have reached equilibrium, and therefore,
the solid AIN evaporated incongruently during our measurement.
Based on the available Al and N, FactSage data, one has to
expect partial pressures of peg a1~ 137.7 Pa and peqn, ~ 68.9 Pa at
typically used temperatures of 1973.15K in between two wafers in
face-to-face configuration during an HTA process, if equilibrium
conditions apply. Following the HLK equation, annealing without
the face-to-face configuration would lead to a significant mass loss
of the solid phase, since the partial pressure of Al in a typically
used furnace made of Al,O; or graphite is negligibly small. As dis-
cussed in Eq. (2), the main driving force of sublimation is the dif-
ference in the equilibrium pressure and the actual partial pressure
in the system. In the framework of this study, a cold-wall furnace
with mainly Al,Os-based inner components was used. Therefore,
we suppose the background Al pressure to be equal to the
equilibrium partial pressure of Al above Al,O3, as it is shown in
Fig. 3(a)."” Since a congruent sublimation process for AIN is
likely,”***® the measured mass losses were corrected using the

mass-ratio of atomic nitrogen my = 2.33 x 107> kg and aluminum
a1 =448 x 107> kg.”” By comparing both masses, 65.79% of the
total measured mass difference after the sublimation experiment
can be attributed to a loss of aluminum atoms from the solid
phase. For the fitting procedure with Eq. (2), the partial pressures
of aluminum above AIN and Al,O; were parameterized using their
temperature dependence via the standard enthalpy of formation as
obtained from the FactSage database.'” The sublimation coefficient
aa1s is used as the fitting parameter. The measured and fitted
results for AIN sublimation in N, and Ar atmosphere at different
gas flows are shown in Fig. 4. The fitting parameter results are
shown in Table II. Previous reports about a are higher in value,
which would contribute to an increased mass loss during sublima-
tion experiments. Hoch and Ramakrishnan measured a sublimation
coefficient of 5x 10> for NZ.38 In a second study, a value of
2.2 x 107> was published.’” Since congruent vaporization of AIN is
established, assuming a similar sublimation coefficient for Al is
standing to reason. In a later publication, Dryburgh discussed the
widely accepted value of Hoch and Ramakrishnan in the context of

TABLE I. Enthalpy of vaporization values obtained from fitting the Clausius Clapeyron’s equation to the experimental data shown in Fig. 3(b), as discussed in the text.
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Vapor species Al N, N

181 + 5.5 kJ mol ™!
0.8%
T> 1600 K

184 + 1.4 kJ mol™!
2.9%
T>1550 K

207 +0.7 kJ mol™!
15.2%
T <1700 K

Enthalpy of vaporization
Deviation from FactPS data (179.74 k] mol™")
Fitting range
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FIG. 4. Measured Al mass loss and the respective etching rate for the sublima-
tion experiments in N, atmosphere using gas flows of 1 sim (blue) and 5 sim
(red) and Ar atmosphere with a gas flow of 1 slm (gray). The solid curves are
the result of the fitting procedure with the HLK equation as shown in Eq. (2)
with o s the fitting parameter.

the maximum achievable growth rates for AIN crystals by direct
sublimation.” Since the HKL equation assumes a constant partial
pressure in the whole system, it may oversimplify the experiment.
Thus, the differences in the measured and reported coefficients
may stem from a stabilizing Al-rich boundary layer above the AIN
sample. This will be further examined below.

In addition to the mass loss, one can calculate the thermal
etching rates of AIN using its density of pan=3.255g/cm’.
Many publications are using annealing temperatures during HTA
in an interval around 1970K (1680-1725°C, as highlighted in
Fig. 4).'>'%*" Based on our findings, one has to expect a decompo-
sition rate of up to roughly ~5nm/min depending on the N, flow
in the given temperature regime. Using Ar as a process gas is not a
reasonable choice in the studied parameter range, showing decom-
position rates of ~20 nm/min. Thus, an open-face annealed AIN
layer may lose several hundreds of nm layer thickness during the
course of a typical HTA process in N, atmosphere that usually
takes several hours.'™' The separation of the two curves for
annealing in 5 and 1slm N, (red and blue, respectively), as shown
in Fig. 4, indicates that the gas flow may be a lever to reduce
etching in an open-face configuration. We assume that this effect
stems from advective transport of gaseous aluminum away from

TABLE II. Resulting sublimation coefficients of the fits shown in Fig. 4 using the
HLK equation as it is explained and discussed in Eq. (2).

Annealing conditions 1 slm N, 1 slm Ar

1.6%x107°

5 slm N,

Sublimation coefficient 21%x107° 1.1x107°
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the AIN sample during annealing. In other words, a loss of vapor-
ous Al species may occur above the solid AIN due to the gas
stream. Since annealing takes place at standard pressure and con-
vective transport is the main mass transport mechanism, a rela-
tively stable Al-rich boundary layer is formed above the wafer.
Higher gas fluxes may lead to the advective transport or thinning
of this boundary layer, and thus, reduce the effective Al background
pressure directly above the solid AIN surface, which leads to higher
sublimation rates of the sample. If the assumption of a stabilizing
boundary layer at standard pressure is correct, this would also
explain the effectiveness of face-to-face annealing, which is not
only known from HTA, but also, for example, from conventional
III-V semiconductors such as GaAs or Bi,Sr,CaCu,O, research as
so-called “proximity-cap annealing”."”"*® The face-to-face or
proximity-cap approach leads to N, and Al buffered atmosphere
between the two wafers, and thus, hinders the evaporation or subli-
mation of the respective material by simple means. Due to the
nature of this geometrical configuration, process gas fluxes cannot
easily disturb the atmosphere between the two wafers. At high
process pressures, for example, standard pressure, the micro-
atmosphere between both wafers seems to be stable.

Based on these considerations, we have to repeat our remark
on the calculated sublimation coefficient from the fitting procedure.
We assumed a constant background partial pressure of Al due to
the low equilibrium partial pressure of Al above AL, Os. If in reality,
the Al background pressure in the boundary layer is higher, we
may underestimate the sublimation coefficient of AIN, as indicated
above. Since the real partial pressure in the posited boundary layer
would not be accessible experimentally by direct means, this appar-
ent sublimation coefficient can still be used as a measure to compare
the influence of the used gases and the gas fluxes on the HTA
process relative to each other. Following this argumentation, the
results for sublimation in the Ar atmosphere (gray curve in Fig. 4)
confirm that N, has a stabilizing effect on AIN. The total sublima-
tion rate is reduced by buffering the atmosphere with N, compared
to Ar. However, the stabilizing effect of the N,-buffered atmosphere
does not compensate for the driving force of a low Al background
pressure in the system. To ensure the stability of AIN, an additional
gaseous Al buffer is needed if annealing takes place at normal pres-
sure. As an alternative approach that follows Le Chatelier’s principle,
as it is known, e.g., from GaN technology (ultrahigh pressure anneal-
ing with pressures of up to 10° Pa),”” annealing in N, overpressure
could lead to a sufficient suppression of AIN decomposition. To esti-
mate a suitable process pressure, one can calculate the reaction
enthalpy of the dissociation reaction of AIN,

2 AIN — 2 Al + N, 3)
_ pf\l X PN,
K, = PP )
AIN
2
AGY = —RT x In ZALXPN:. 5)
AN

Equation (5) gives the value of the reaction enthalpy of the
chemical reaction shown in Eq. (3). K, is the equilibrium constant
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of Eq. (3), pa and py, are the partial pressures of Al and N,
respectively, aapy is the activity of the solid AIN phase, and R is the
gas constant. Typically, the chemical activity of a solid is unity. At
high pressures, one has to correct the value of chemical activity
using Eq. (6),

Van(p — po)

RT ©

AAIN = €Xp

Here, p is the total pressure in the system, p, is the standard pres-
sure, and Vjpy is the molar volume of AIN. Assuming that Vyy is
constant and by using the density and molar mass of AIN
(3.255 g/cm3 and 40.989 g/mol, respectively), Eq. (6) can be used
to calculate a )y for varying pressures. Indeed, this is a simplifica-
tion, since high pressures will surely affect the density of AIN.
Combining Egs. (5) and (6) together with an expression for the
total pressure of the system p = paj + pn,, one obtains a model
that allows predictions for the stability of AIN during an anneal-
ing process using different pressures,

Pa X (p — pa))
Vamn(p —po)”
P 7

A,G° = —RT X In 7)

Figure 5 shows the resulting reaction enthalpy to temperature
relations for different process pressures, using the model discussed
in Eq. (7). The Al partial pressure ps; was parameterized using its
temperature dependence via the standard enthalpy of formation of
AlLO; as obtained from the FactSage database. If A,G%(T) <0, the
solid AIN phase is stable. The differently colored curves represent
different levels of N, background pressure. Following these results,

typical HTA temperature

Piotal = Pnz = -
3x10° Pa
—— 10° Pa
108 Pa

107 Pa
——10°Pa
——10°Pa

stabilized AIN

T
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
temperature T [K]

FIG. 5. Calculated reaction enthalpy of the chemical reaction shown in Eq. (1),
using the equilibrium partial pressures obtained from the FactSage calculations.
Stability of AIN is obtained at typical;y used HTA temperatures for nitrogen
process pressures between 10° and 107 Pa.
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a stable annealing process without the need for a proximity-cap or
face-to-face approach may be expected for process pressures
between 10° and 107 Pa. However, relatively fast heating rates are
advisable to minimize the mass loss in the unstable regime during
temperature ramp-up. The overall deviating behavior of A,.G%(T)
for low temperature combined with p > 10® Pa can be explained by
the non-unity, continuously increasing activity of the solid AIN
phase for these extremely high pressures as calculated from Eq. (6).

In summary, we applied the KEMS technique to measure
partial pressures of aluminum and nitrogen species with a high-
quality AIN single crystal in the temperature regime relevant to
HTA of AlN-on-sapphire templates. By fitting the temperature-
dependent mass loss due to the congruent sublimation of AIN
when annealed in an open-face configuration in a typical HTA
furnace, it was possible to determine effective sublimation coeffi-
cients as used in the HLK equation. Based on the measured and
confirmed equilibrium partial pressures, the Gibbs free energy of
AIN formation as it is formulated in the FactSage database can be
used to assess process conditions under which AIN decomposition
is inhibited. Specifically, annealing under high N, overpressures is
expected to significantly suppress AIN decomposition and might
allow for annealing in an open-face configuration.

V. CONCLUSIONS

Based on our experimental findings, the strong decomposition
of AIN observed during high-temperature annealing under open-face
conditions can be attributed to AIN approaching equilibrium
between its gaseous and solid phases. Due to the comparably high
equilibrium partial pressures of Al and N, above AIN and the low Al
background pressure inside a typically used HTA furnace, solid AIN
evaporates with a rate of ~5nm/min, if annealed in an open-face
configuration at 1700 °C in N,, at standard pressure. An increased
gas flux further accelerates the unwanted decomposition. If the
partial pressure above AIN is compared to an established high-
temperature ceramic, for example, AL,O; which may serve as the
main furnace material, the difference in the equilibrium partial pres-
sure by six orders of magnitude between Al above Al,O; and AIN is
a huge obstacle for annealing AIN in an open-face configuration, if
no measures are adopted to compensate the difference in partial
pressure. Thus, following theoretical considerations, we propose an
increase in the process pressure as a measure that allows the anneal-
ing of sapphire/AIN templates in an open-face configuration,
without the detrimental etching of AIN. Cold-wall furnaces that
support process pressures up to 10" Pa are commercially available
and could be used to overcome the restricting face-to-face approach
by compensating the low Al partial pressure with a high N, over-
pressure. Ultimately, the presented results contribute to understand-
ing the limitations of the HTA process and illustrate a path toward
an industry-compatible batch process that mitigates the obstacles of
a face-to-face configuration, enabling adoption in a high-volume
production setting.
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