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Temperature dependence of thermal expansion and elastic constants
of single crystals of ZrB 2 and the suitability of ZrB 2 as a substrate
for GaN film
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Coefficients of thermal expansion~CTE! and elastic constants of single crystals of ZrB2 have been
determined in the temperature ranges from room temperature to 1073 K and from room temperature
to 1373 K, respectively. The elastic constants of ZrB2 are best characterized by the large value of
the Young modulus~as high as 500 GPa! and the small values of the Poisson ratio~0.13–0.15!,
indicating the high stiffness and hardness and the brittleness, respectively. The values of CTE along
thea- andc-axis directions are 6.6631026 and 6.9331026 K21, respectively, when averaged over
the temperature range from room temperature to 1073 K. The CTE value along thea-axis direction
of ZrB2 is only moderately larger than the corresponding value for GaN. This together with the
small lattice mismatch along thea-axis direction between ZrB2 and GaN in the heteroepitaxial
orientation relationship of (0001)GaN//(0001)ZrB2

and^112̄0&GaN//^112̄0&ZrB2
indicate that only a

small compressive stress develops in the GaN thin-film crystal grown on the~0001! surface of the
ZrB2 substrate. The stresses developed in the GaN thin-film crystal are evaluated with the values of
CTE and elastic constants of ZrB2 determined in the present study. The evaluation verifies the
suitability of ZrB2 as a substrate for heteroepitaxial growth of GaN. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1525404#
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I. INTRODUCTION

Many transition-metal diborides with the hexagon
AlB2 structure ~space group:P6/mmm) exhibit attractive
properties such as high melting temperature, high stiffn
and hardness and high electrical and thermal conductivity1–3

ZrB2 is one of these diborides and is in practical use
refractory crucibles and sheaths in steel making indust
because of its high corrosion-resistance in addition to th
attractive properties.1–3 In recent years, ZrB2 is being con-
sidered for the use in the thermal protection system of
personic vehicles in the form of composites reinforced w
SiC and C because of the excellent heat and thermal sh
resistance.4 On top of that, ZrB2 is also recently considere
for the use as a substrate for heteroepitaxial growth of G
in the form of single crystal because of the small latt
mismatch.5–7 The quality of the grown GaN crystal is re
cently reported to be much higher on the ZrB2 substrate than
on a~6H!–SiC~Refs. 7, 8! and sapphire9–11substrates, which
have been usually used to date.

Single crystals of ZrB2 may exhibit highly anisotropic
physical properties when its crystal structure is conside
Its hexagonal structure is basically a layered structure
which pure Zr and pure B atomic planes stack alternativ
along the c-axis. However, only a little is known abou
physical properties of single crystals such as thermal exp
sion, elastic constants, electrical and thermal conductiv
880021-8979/2003/93(1)/88/6/$20.00
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although these data are available for the polycrystals.1–3,12

This may stem from the fact that the very high melting te
perature ~3060 °C! makes single-crystal growth difficult
However, one of the authors has recently succeeded in gr
ing large-size single crystals of ZrB2 by the rf heated
floating-zone method.13,14

In the present study, we investigate thermal expans
and elastic constants of single crystals of ZrB2 as a function
of crystal orientation and temperature for the first time a
discuss anisotropic nature of the elastic and thermal pro
ties. We then evaluate stresses developed in a GaN thin-
crystal grown on the~0001! ZrB2 substrate for the case o
heteroepitaxial growth with the orientation relationship
(0001)GaN//(0001)ZrB2

and ^112̄0&GaN//^112̄0&ZrB2
and

compare them with similarly evaluated stresses for the c
of GaN growth on the~0001! surface of 6H–SiC and sap
phire substrates in order to check the suitability of ZrB2 as a
substrate for heteroepitaxial growth of GaN.

II. EXPERIMENTAL PROCEDURES

Single crystals of ZrB2 were grown by the rf heated
floating-zone method as described previously.13,14 After de-
termining the crystallographic orientations by the x-ray ba
reflection Laue method, specimens with a rectangular pa
lelepiped shape having three orthogonal faces parallel to
~0001!, (112̄0), and (11̄00) planes were cut from the crysta
© 2003 American Institute of Physics
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by spark-machining. Then, the specimen surface was
chanically polished with diamond paste. The maximum er
in parallelism for each face was at most 3mm/mm. The
deviation from the respective crystallographic orientat
was smaller than 0.2° for each face. The dimensions of sp
mens used for the measurements of coefficients of ther
expansion~CTE! and elastic constants are summarized
Table I.

Measurements of the CTE were carried out with a pu
rod type differential dilatometer~Shimazdu TMA50! in the
temperature range from room temperature to 1073 K at
heating rate of 5 K per minute under Ar gas flow. Measure
ments of the elastic constants were carried out by the rec
gular parallelepiped resonance~RPR! method in the tempera
ture range from room temperature to 1373 K. In this meth
all elastic constants are derived from the frequencies of
resonance vibrations of specimen.15

III. RESULTS

Thermal expansion of ZrB2 measured along thea- and
c-axis directions is plotted, respectively, in Figs. 1~a! and
1~b! as relative elongation with respect to the original spe
men length at room temperature. Coefficients for therm
expansion~CTE! averaged over some temperature ranges
indicated in the figures. The value of CTE averaged over
temperature range from room temperature to 1073 K is o
a little larger for along thec-axis (6.9331026 K21) than for
along the a-axis (6.6631026 K21). The rather isotropic
thermal expansion behavior is somewhat surprising w
considering the hexagonal crystal structure of ZrB2 in which
pure Zr and pure B atomic planes stack alternatively alo
the c-axis. Although ZrB2 exhibits a metallic nature of elec
trical conductivity, the values of the CTE for ZrB2 are con-
siderably smaller than those reported for usual metals
alloys and are comparable to those reported for many cer
ics. While thea-axis CTE value for ZrB2 is only moderately
larger than that for GaN (5.5931026 K21), thec-axis CTE
value for ZrB2 is considerably larger than the correspondi
value for GaN (3.1731026 K21).16 The a-axis CTE value
for ZrB2 is smaller than the corresponding value for sapph
(7.531026 K21).17

The single-crystal elastic constants of ZrB2 are plotted in
Fig. 2 as a function of temperature. Values of thec11, c33,
and c44 elastic constants decrease monotonically with
increase in temperature, while the values ofc12 andc13 are
virtually temperature independent. Data points for each
the five elastic constants are fitted to a linear equation in
form of

cij5cij ~RT!1k~T2300!, ~1!

TABLE I. Dimensions of specimens used for the measurements of ela
constants and coefficients of thermal expansion.

Dimensions~mm! @11̄00# @112̄0# @0001#

CTE a-axis 2.843 6.862 2.809
c-axis 2.866 2.762 7.910

Elastic constant 3.694 3.673 3.762
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FIG. 1. Thermal expansion of ZrB2 measured along~a! a- and ~b! c-axis
directions plotted as the relative elongation with respect to the orig
specimen length at room temperature. Coefficients for thermal expan
~CTE! averaged over some temperature ranges are indicated in the fig

FIG. 2. Five independent single-crystal elastic constants of ZrB2 plotted as
a function of temperature.
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where cij (RT) , k, and T stand, respectively, for the elast
constant at room temperature, numerical constant, and
perature in Kelvin, as tabulated in Table II. Values of all t
five independent elastic constants of ZrB2 are larger than
those for usual metal and alloys, being consistent with
high melting temperature. Of the five elastic constants,
values ofc12 andc13 are notably small, indicating the brittle
ness of the boride. Anisotropic parameters (c13/c12,
c44/c66, andc33/c11) are deduced from Fig. 2 and are plo
ted in Fig. 3 as a function of temperature. Both the la
c13/c12 and smallc33/c11 values indicate that atomic bond
ing along thea-axis is stronger than that along thec-axis,
being consistent with the fact that the crystal structure
ZrB2 is a layered-type with respect to thec-axis.

Polycrystalline elastic constants are evaluated from
single-crystal elastic constants by the Hill’s method. T
temperature dependence of the bulk, Young and shear mo
as well as that of the Poisson ratio is illustrated in Fig. 4~a!.
As in the case of single-crystal elastic constants, the b
Young’s, and shear moduli monotonically decrease with
creasing temperature. Values of these three moduli decre
respectively, by 4.5%, 9.1%, and 10.4% when the temp
ture is increased from room temperature to 1373 K. T
value of the Young modulus is as high as 500 GPa, be

TABLE II. Single-crystal elastic constants of ZrB2 in the form of ci j

5ci j (RT)1k(T-300), whereci j (RT) , k, and T stand, respectively, for the
elastic constant at room temperature, numerical constant, and temperat
Kelvin.

ci j ci j (RT) ~GPa! k

c11 567.8 20.0431
c33 436.1 20.0294
c12 56.9 0.0051
c13 120.5 20.0022
c44 247.5 20.0261

FIG. 3. Anisotropic parameters (c13 /c12 , c44 /c66 , andc33 /c11) plotted as a
function of temperature.
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consistent with the high stiffness and hardness reporte
date. On the other hand, the value of the Poisson ratio
creases with increasing temperature from 0.133 at room t
perature to 0.151 at 1373 K. However, these values of
Poisson ratio are very small, again indicating the brittlen
of the boride. The orientation dependence of the You
modulus on prism plane at room temperature and 1373 K
depicted in Fig. 4~b!. The curves in Fig. 4~b! are calculated
with the following equation:

1/E5s11•sin4 u1s33•cos4 u1~s4412s13!sin2 u•cos2 u,
~2!

whereu is the angle between the corresponding tensile~com-
pressive! direction and thec-axis, andsij is elastic compli-
ance constants. Since crystals with the hexagonal symm
are elastically isotropic around thec-axis, the Young modu-
lus does not vary with orientation on basal plane. As see
Fig. 4~b!, the tendency for the orientation dependence d
not significantly vary with temperature. While the values

e in

FIG. 4. ~a! Temperature dependence of bulk, Young, shear moduli,
Poisson ratio of ZrB2 and~b! orientation dependence of the Young modul
on the prism plane at room temperature and 1373 K.
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the Young modulus exhibit a maximum at a direction a
proximately 30° from thea-axis, the value along thea-axis is
larger than that along thec-axis. This again implies tha
atomic bonding is stronger along thea-axis than along the
c-axis.

IV. DISCUSSION

ZrB2 is being considered for the use as a substrate
heteroepitaxial growth of GaN in the form of a sing
crystal.5,6 GaN with the hexagonal wurtzite structure is o
of the most promising light-emitting devices in the region
blue to ultraviolet light with a band gap of 3.39 eV.18 So far,
heteroepitaxial growth of single crystalline GaN has be
made with the use of the~0001! surface of sapphire o
a~6H!–SiC single-crystal substrates. However, the quality
the GaN crystal grown on top of a sapphire substrate is
good and usually contains many dislocations because o
large lattice mismatches between the two materials.19 When
6H–SiC is used as a substrate, on the other hand, while
lattice mismatch is better, many cracks are frequently
served in the grown GaN crystal because of the tensile st
developed in the grown GaN crystal during cooling from t
formation temperature due to the smaller thermal expan
of 6H–SiC.20 From this perspective, ZrB2 seems to be an
excellent substrate for heteroepitaxial growth of GaN wh
the growth is made on the~0001! surface with the
orientation relationship of (0001)GaN//(0001)ZrB2

and

^112̄0&GaN//^112̄0&ZrB2
, since thea-axis lattice mismatch is

small ~0.63%! and only a small compressive stress is e
pected to develop in the grown GaN crystal due to a li
larger thermal expansion of ZrB2 . In the following, we will
quantitatively evaluate stresses that develop in the GaN c
tal grown on a substrate during cooling from a high tempe
ture, at which GaN films are formed from vapor, with the u
of the values of thermal expansion coefficients and ela
constants determined in the present study. For simplicity,
use the average value of the CTE of ZrB2 over the tempera-
ture range from room temperature to 1073 K (6.
31026 K21 along thea-axis!, independent of temperature i
the calculation. For GaN, the values of elastic constants
CTE are referred to Refs. 21 and 16, respectively. The lat
constants of ZrB2 and GaN at high temperatures@a(T)# are
calculated by multiplying the values at room temperat
(aRT) by the CTE@i.e., a(T)5(11aDT)aRT]. We also made
similar calculations for the case of 6H–SiC and sapph
substrates for comparison, with the use of values of ther
expansion coefficients and elastic constants tabulated
Table III.

In order to quantitatively deduce stresses developed
the GaN thin-film crystal grown on a substrate, we calcul
the interfacial stress that is caused by mismatches in the
tice constants~only thea-axis values are taken into accoun!
and elastic constants. Since the interfacial area is far la
than the thickness of the GaN thin-film crystal, the calcula
interfacial stress can be considered to be the stress deve
in the thin film~the film stress!. We take two different simple
models for the calculation. In one model, we calculate
interfacial stress as a function of temperature on the b
Downloaded 06 Mar 2008 to 130.54.110.22. Redistribution subject to AIP
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that no misfit dislocations are introduced at the interface
the formation. In this case, a finite value of the interfac
stress is generated at the formation temperature and th
terfacial stress changes with temperature on cooling dow
room temperature. In this model, the stress generated a
interface is expressed by

sfilm52Esubstrate•«substrate5EGaN•«GaN, ~3!

« total5«GaN2«substrate

5~asubstrate2aGaN!Y S aGaN1asubstrate

2 D , ~4!

wheres, E, «, anda stand, respectively, for interfacial stres
Young’s modulus along thea-axis, misfit strain, anda-axis
lattice constant. The calculation results are illustrated in F
5~a! as a function of temperature. In this calculation, t
interfacial stress generated at the interface~i.e., the stress
developed in the GaN thin-film! is simply as a function of
temperature regardless of the film-formation temperatu
i.e., the film stress at room temperature~after cooling! does
not depend on the film-formation temperature. As seen F
5~a!, the film stress is in compression for all three substra
since thea-axis lattice parameters for these three substra
are all greater than that for GaN. The film stress generate
GaN increases with decreasing temperature for ZrB2 and
sapphire substrates, while it decreases with decreasing
perature for the SiC substrate. This results from the fact
the CTE values for the former two substrates is larger th
that for GaN while the CTE value for the latter substrate
smaller than that for GaN. The film stress for the sapph
substrate is in compression and is huge, indicating the ne
sity for the introduction of misfit dislocations on the film
formation. This is consistent with the experimental obser
tion of many dislocations in GaN thin films grown o
sapphire.19 On the other hand, the film stress for the S
substrate is much smaller than that for the sapphire subst
because of the better lattice mismatch with GaN. But the fi
stress in this case is in compression, which is not consis
with the experimental observation that the tensile str
causes many cracks in GaN thin films grown on 6H–SiC20

This may indicate that misfit dislocations are introduced
the formation of GaN films on 6H–SiC so that the film stre

TABLE III. Parameters used in the calculation of interfacial stress betw
GaN and ZrB2 , 6H–SiC and sapphire substrates.

GaN ZrB2 6H–SiC Sapphire

A-axis lattice
constant~Å!

3.189a 3.169b 3.081c 2.747c

~4.758!
Lattice mismatch~%! ¯ 0.6 3.4 13.9
aa-axis (1026 K21) 5.59a 6.66f 4.2c 7.5c

Ea-axis(RT) ~GPa! 309.6d 533.2f 447.1d 432.1e

aReference 16.
bB. Post,Boron, Metallo-Boron Compounds and Borones~Wiley, New York,
1964!.

cReference 17.
dReference 21.
eT. Gotoet al., J. Geophysical Res.94 ~B6!, 7588~1989!.
fPresent study.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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~in compression! is considerably reduced in the film forma
tion, as will be shown later in Fig. 5~b!. The film stress for
the ZrB2 substrate is also in compression and is mu
smaller than those for SiC and sapphire substrates. The
stress at room temperature for the ZrB2 substrate is as sma
as 1.23 GPa, while those for SiC and sapphire substrate
6.30 and 26.86 GPa, respectively. This small value of
film stress obviously comes from the fact that the latt
mismatch between GaN and ZrB2 is very small and the value
of the CTE for ZrB2 are only a little larger than that for GaN

In the second model, we calculate the interfacial stres
a function of temperature on the basis that no misma
stress is generated at the interface at the film-formation t
perature, assuming the mismatch is fully relaxed through
introduction of misfit dislocations, and that the mismat
stress is generated during cooling from the formation te
perature due to changes in the mismatch. This can occ
the lattice mismatch on the formation of GaN thin films
large enough to introduce many misfit dislocations, as ty
cally seen for the case of the sapphire substrate.19 In this
model, the stress generated at the interface is expressed
by Eq. ~3! but with

« total5«substrate2«GaN5~asubstrate2aGaN!3DT, ~5!

FIG. 5. The interfacial stress generated at the interface between GaN
ZrB2 , SiC and sapphire substrates calculated~a! with Eqs.~3! and ~4! and
~b! with Eqs.~3! and ~5!.
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wherea stands for the CTE andDT stands for the extent o
temperature decrease from the film-formation temperat
The calculation results are illustrated in Fig. 5~b! for GaN
growth on ZrB2 , SiC, and sapphire substrates at the fil
formation temperature of 1073 K. The result for GaN grow
on ZrB2 at the film-formation temperature of 873 K is als
shown in the figure for comparison. The film stress is zero
the film-formation temperatures, as assumed and it incre
with decreasing temperature for all the substrates. The st
generated on cooling is in compression for ZrB2 and sap-
phire substrates while it is in tension for the SiC substra
The existence of the tensile stress in GaN films grown
6H–SiC is consistent with the experimental observation20

This may indicates that the actual situation for GaN grow
on top of 6H–SiC is close to this second model where mi
dislocations are introduced at the interface on the film f
mation so as to reduce the interfacial stress on the format
For the sapphire substrate, the film stress at room temp
ture is the largest~266 MPa! even when the film stress on th
formation at 1073 K is set to zero. This is due to the fact t
the value of the CTE for sapphire is considerably larger th
that for GaN. Of the three substrates, the stress generate
the GaN film is the smallest for the ZrB2 substrate. When the
film-formation temperature is reduced, the film stress
room temperature further decreases, for example, from
MPa at 1073 K to 120 MPa at 873 K.

The actual value of the stress developed in the GaN
film may be between those deduced from these two extre
models, depending on the extent of relaxation due to
introduction of misfit dislocations at the interface. Neverth
less, ZrB2 seems to be a substrate better than 6H–SiC
sapphire for heteroepitaxial growth of GaN, since the str
generated in GaN thin films is in compression and sm
when calculated with either of the two models. This com
obviously from the fact that the lattice mismatch betwe
GaN and ZrB2 is very small and the value of CTE for ZrB2

is only a little larger than that for GaN.

V. CONCLUSION

~1! The values of the CTE along thea- andc-axis direc-
tions averaged over the temperature range from 300 to 1
K are 6.6631026 and 6.9331026 K21, respectively. The
isotropic thermal expansion behavior is somewhat surpris
when the hexagonal crystal structure of ZrB2 , in which pure
Zr and pure B atomic planes stack alternatively along
c-axis, is considered. Thea-axis CTE value for ZrB2 is only
a little larger than that for GaN and is much smaller than t
for sapphire.

~2! All the five independent single-crystal elastic co
stants are determined in the temperature range from ro
temperature to 1373 K by the RPR method. The elastic c
stants of ZrB2 are best characterized by the large value of
Young modulus~as high as 500 GPa! and the low values of
the Poisson ratio,c12 and c13, indicating the stiffness and
hardness and the brittleness, respectively. The orientation
pendence of the Young modulus as well as the largec13/c12

and smallc33/c11 values indicates that atomic bonding
stronger along thea-axis than along thec-axis, which is con-

nd
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sistent with the layered-type crystal structure stacked al
the c-axis.

~3! The stresses developed in the GaN thin film gro
on ZrB2 , 6H–SiC, and sapphire substrates are calcula
with the use of the values of coefficient for thermal expa
sion and elastic constants of ZrB2 determined in the presen
study. Of the three substrates, ZrB2 is found to be the best fo
heteroepitaxial growth of GaN because of the smallest c
pressive stress developed in the GaN thin film.
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