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X-ray observation of the structural phase transition of aluminum nitride under high pressure
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The 111-V compound AIN has been studied under pressure to 30 GPa by x-ray diffraction in a
diamond-anvil cell. At 22.9 GPa the wurtzite-to-rocksalt phase transition takes place accompanied by
a volume reduction of 17.9%. The structure of the high-pressure phase and the amount of volume
reduction are in agreement with a recent calculation of Gorczyca et al. [Solid State Commun. 79, 1033
(1991)1. On the other hand, the bulk modulus of the wurtzite phase (Bo=207.9 +6.2 GPa) agrees
well with a calculation of Ching and Harman [Phys. Rev. B 34, 5305 (1986)]. The axial ratio c/a in
the wurtzite phase monotonically decreases with increasing pressure from the atmospheric value of

1.60.

Aluminum nitride is one of the important materials for
electronic devices; it has a high thermal conductivity (200
W/mK) and is a semiconductor with a large band gap
(6.2 eV).! Among the tetrahedrally coordinated III-V
compounds, AIN belongs to a group which favors at am-
bient conditions the wurtzite-type structure (P63mc)
rather than the zinc-blend-type structure. The bonding
character is partially ionic and partially covalent (Phillips
ionicity of 0.445).2 It is expected that AIN would under-
go a pressure-induced structural phase transition into the
B-Sn or rocksalt structure in a manner similar to other
I11-V semiconductors.

Despite the extensive studies on I1I-V compounds, rela-
tively little has been made of AIN at high pressure until a
recent success in retrieving the rocksalt-type phase after
quenching the sample from 16.5 GPa and 1400-1600°C
in an octahedral-anvil apparatus.® Very shortly thereaf-
ter, a visual observation in a diamond-anvil cell showed
that AIN becomes blackened between 16 and 17 GPa.*
The pressure was in close agreement with the calculated
value (16.6 GPa) for the transition from wurtzite to the
rocksalt phase. These static pressure experiments are in
accord with a shock compression experiment detecting a
phase transition at ~21 GPa.’> A more recent calcula-
tion® has suggested the high-pressure phase of AIN to be
the rocksalt type. The transition pressure as well as the
structure of the high-pressure phase of these recent re-
ports3 ¢ are considerably different from the prediction of
Van Vechten, 90 GPa and B-Sn type.” There remains a
question as to whether the room-temperature transition
detected visually is of the same origin as that detected by
the quenching experiment. In this study we have carried
out in situ high-pressure x-ray-diffraction experiments at
room temperature.

Aluminum nitride samples (> 99% pure) were com-
mercially obtained from Tokuyama Soda and Toshiba
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Ceramics. Essentially there was no difference in the x-ray
powder-diffraction data between the two samples. High
pressure was generated in a diamond-anvil cell.® The cu-
let size of the anvils was 0.4 mm in diameter. A gasket
made of Ni-based alloy, U-700, was preindented to 0.1-
mm thickness and a 0.15-mm-diam hole was drilled as a
sample chamber. The AIN sample was ground into parti-
cles less than 5 pym in diameter and was placed into the
gasket hole. Fine powders of ruby to monitor the pres-
sure® were incorporated. A mixture of methanol, ethanol,
and water was used as a pressure-transmitting medium to
keep the condition hydrostatic until about 14 GPa.'°

X-ray powder-diffraction patterns were obtained using
a rotating-anode x-ray generator (50 kV, 250 mA) with a
Mo target in an angle-dispersive mode. X rays from the
Mo anode were monochromatized by pyrolytic graphite.
The beam size was reduced by a double pin-hole collima-
tor with a diameter of 0.08 mm. Diffracted x rays were
exposed on an imaging plate (IP).!' The exposure time
was about 10 h. Diffraction profiles were obtained by
computing the digital data of the Debye-Scherrer patterns
recorded on IPs. All experiments were undertaken at
room temperature.

Figure 1 shows representative x-ray-diffraction patterns
under high pressure. Before transition, all the peaks ex-
cept for two peaks from the gasket can be completely as-
signed by the hexagonal wurtzite-lattice indices as shown
in Fig. 1(a). The intensities are in good agreement with
previous ambient-pressure data.'? At pressures between
18 and 20 GPa, the sample shifted from white to black in
color. This change agrees with the result of Gorczyca
et al. who observed the blackening of AIN at 16-17 GPa.*
The pressure for the change is slightly higher in this study.

At pressures higher than 22.9 GPa, some new peaks ap-
pear in the x-ray-diffraction patterns as shown by the ar-
rows in Fig. 1(b). At 30.0 GPa, Fig. 1(c), all the peaks in
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FIG. 1. Representative high-pressure x-ray-diffraction pat-
terns taken for AIN. Each pattern was obtained by computing
the digital data of the Debye-Scherrer rings recorded on imag-
ing plates. MoKa radiation was employed as the x-ray source.
The arrows and the lowercase c’s denote reflections from the cu-
bic rocksalt-type AIN.

the wurtzite phase are very much weakened. Instead,
three distinct peaks appear and can be assigned as (111),
(200), and (220) reflections of the rocksalt-type lattice.
Table I compares the observation with calculated d spac-
ings and intensities for the rocksalt structure. The ob-
served d values are in excellent agreement with the calcu-
lation. Also, the agreement in the intensities is good be-
tween the experiment and the calculation.

Figure 2 shows the change of d spacings with increasing
pressure. There is a discontinuity in the d spacings be-

TABLE I. Observed and calculated 4 spacings and integrated
intensities for AIN at 30.0 = 0.8 GPa.

Observed Calculated®
dohs (A) lubs dculc (A) lculc hk[
2.273(7) 28 2.274 25.1 11
1.969(0) 100 1.969 100.0 200
1.392(0) 37 1.392 56.4 220
B B 1.187 14.1 311

“Calculations are done for the rocksalt-type structure of a cubic
lattice with @ =3.938 A.
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FIG. 2. Change of d values with increasing pressure for AIN.
The solid line is to guide the reader’s eye. The solid circles are
for the wurtzite-type phase; the open circles are for the
rocksalt-type phase. The lowercase c’s denote the cubic
rocksalt-type phase.

tween 17.6 and 22.9 GPa. The wurtzite-to-rocksalt tran-
sition should have occurred between the two pressures, ap-
proaching the pressure (18-20 GPa) of the visually ob-
served transition. Unlike the two cubic (200) and (220)
reflections, the cubic (111) reflection is not observed at
22.9 GPa. This is because the cubic (111) reflection is
disturbed with the wurtzite (101) reflection having a d
value very close to that of the cubic (111) reflection.
Figure 3 shows the relative volume of AIN with increas-
ing pressure. The volume reduction at ~23 GPa is
17.9%. Table IlI shows the transition pressure and the
amount of volume reduction.®*~% One of the calculations*
for the volume reduction agrees well with our data. The
transition pressure at room temperature in this work
should be connected to the high-temperature data® giv-
ing a transition pressure of 16.5 GPa or lower at
1400-1600°C. Thus, the phase boundary between the
wurtzite and rocksalt phases should have a negative slope.
The negative slope for the wurtzite-rocksalt boundary has
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FIG. 3. Change of the relative volume of AIN with increasing
pressure. The solid circles are for the wurtzite-type phase and
the open circles for the rocksalt-type phase. The solid line is ob-
tained by fitting the data with the Birch-Murnaghan equation of
state. The dashed line is drawn by taking account of the visual
observation of the transition at 18-20 GPa.
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TABLE II. Parameters for the transition from wurtzite-to-
rocksalt phase.

Method P, (GPa) AV (%) Reference
Experiment
X-ray diffraction 22.9 18 This work
Visual 18-20 This work
Quench (1400-1600°C) 16.5 20.6 3
Visual 16-17 4
Shock Hugoniot 21 22 5
Calculation
LMTO 16.6 18.1 4
Pseudopotential 12.9 225 6

also been observed for CdS (Refs. 13 and 14) and CdSe.'?

The volume-pressure data for the wurtzite phase (Fig.
3) are fitted with the Birch-Murnaghan equation of state.
The bulk modulus and its pressure derivative thus ob-
tained are listed in Table II1. Our By is in excellent agree-
ment with those from two of the ultrasonic measure-
ments.'®'” All the calculations listed in Table III are
based on the local-density approximation.*%'" Our data
for By are in excellent agreement with the LCAO calcula-
tion.'” It is smaller than the value obtained by the LMTO
method,* but is larger than the value obtained by the
pseudopotential calculation.® Our By is about 60% larger
than the calculated values.®'’

A combination of Tables Il and III shows that the
agreement between the present experiment and the calcu-
lations is somehow complicated. The LMTO calculation®
is closer to this study for the transition parameters
whereas the LCAO calculation'® agrees best with the
elastic data. This does not necessarily mean that the pseu-
dopotential calculation is deficient at predicting the tran-
sition pressure because the experimental transition pres-
sures obtained in diamond-anvil cells are for the forward
transition, which needs an excess pressure beyond the
equilibrium pressure, while the calculation is made for
thermodynamic equilibrium. After the pressure for the
backward (rocksalt-to-wurtzite) transition is determined,
an equilibrium pressure which is definitely lower than the
pressure for the forward transition will be found.
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FIG. 4. Change of the axial ratio c¢/a of the wurtzite-type
phase of AIN with increasing pressure. The vertical bar at each
point represents uncertainty attached. The solid line is to guide
the reader’s eye.

Figure 4 shows the change of the axial ratio c¢/a of the
wurtzite phase with increasing pressure. As the pressure
is increased, the c/a ratio slightly decreases. A similar be-
havior has been observed from a recent high-pressure x-
ray-diffraction study of AIN with a cubic-anvil ap-
paratus.”® The c/a ratio of AIN at ambient conditions
(about 1.60) is one of the smallest bounds among the
wurtzite-type compounds.?' Since the ¢/a ratio for the
ideal wurtzite structure is 1.633, the tetrahedrons of AIN
before compression are to some extent distorted from the
ideal one. The behavior in Fig. 4 suggests a further distor-
tion of the tetrahedrons. Lawaetz has argued a relation
between the ¢/a ratios and the ionicity charge parameters
in the wurtzite-type compounds and pointed out that the
char§e transfer increases with a decrease in the c¢/a ra-
tio.?> Along this line, the pressure-induced decrease in
c/a implies that the ionic character of AIN increases with
pressure.

In conclusion, the present x-ray-diffraction study has
revealed that a structural phase transition occurs at 22.9
GPa and room temperature in the wurtzite-type AIN.
The high-pressure phase is determined to be the rocksalt-
type structure, in agreement with recent predictions.*®
This room-temperature phase transition is in harmony
with a quenching experiment.® This study has also dupli-
cated an earlier visual observation of the transition.*

TABLE III. Equation of state data for the wurtzite-type phase of AIN.

Bo (GPa) Bj Reference
Experiment
X-ray diffraction 207.9+6.3 6.3+0.9 This work
Ultrasonic measurement 201.7 16
205.7 17
159.9 5.2 18
Calculation
LMTO 221 4
Pseudopotential 195 3.74 6
LCAO 207 3.98 19
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