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Coefficients of thermal expansid@TE) and elastic constants of single crystals of Zive been
determined in the temperature ranges from room temperature to 1073 K and from room temperature
to 1373 K, respectively. The elastic constants of ZeBe best characterized by the large value of

the Young modulugas high as 500 GPand the small values of the Poisson raf13-0.15,
indicating the high stiffness and hardness and the brittleness, respectively. The values of CTE along
thea- andc-axis directions are 6.6610 © and 6.93< 10 ® K1, respectively, when averaged over

the temperature range from room temperature to 1073 K. The CTE value aloag#i®direction

of ZrB, is only moderately larger than the corresponding value for GaN. This together with the
small lattice mismatch along th&axis direction between ZtBand GaN in the heteroepitaxial
orientation relationship of (000&}y//(0001);s, and(1120)gan//(1120) s, indicate that only a

small compressive stress develops in the GaN thin-film crystal grown of®@d) surface of the

ZrB, substrate. The stresses developed in the GaN thin-film crystal are evaluated with the values of
CTE and elastic constants of ZrRletermined in the present study. The evaluation verifies the
suitability of ZrB, as a substrate for heteroepitaxial growth of GaN. 2@03 American Institute of
Physics. [DOI: 10.1063/1.1525404

I. INTRODUCTION although these data are available for the polycrystats?
This may stem from the fact that the very high melting tem-
Many transition-metal diborides with the hexagonal perature (3060°Q makes single-crystal growth difficult.
AIB, structure (space groupP6/mmm) exhibit attractive However, one of the authors has recently succeeded in grow-
properties such as high melting temperature, high stiffnesisg large-size single crystals of ZsBby the rf heated
and hardness and high electrical and thermal conductivity. floating-zone methodf*#
ZrB, is one of these diborides and is in practical use as In the present study, we investigate thermal expansion
refractory crucibles and sheaths in steel making industrieand elastic constants of single crystals of £Zd& a function
because of its high corrosion-resistance in addition to thesef crystal orientation and temperature for the first time and
attractive propertie$:® In recent years, ZrBis being con-  discuss anisotropic nature of the elastic and thermal proper-
sidered for the use in the thermal protection system of hyties. We then evaluate stresses developed in a GaN thin-film
personic vehicles in the form of composites reinforced withcrystal grown on the0001) ZrB, substrate for the case of
SiC and C because of the excellent heat and thermal shodieteroepitaxial growth with the orientation relationship of
resistancé.On top of that, ZrB is also recently considered (0001)san//(0001)p, and (1120)gan//(1120)z, and
for the use as a substrate for heteroepitaxial growth of GaNompare them with similarly evaluated stresses for the case
in the form of single crystal because of the small latticeof GaN growth on thg0001) surface of 6H—SiC and sap-
mismatctt ™’ The quality of the grown GaN crystal is re- phire substrates in order to check the suitability of Z&8 a
cently reported to be much higher on the Ziftibstrate than  substrate for heteroepitaxial growth of GaN.
on a(6H)—SiC (Refs. 7, 8 and sapphire ! substrates, which
have been usually used to date.
Single crystals of ZrB may exhibit highly anisotropic
physical properties when its crystal structure is considered. Single crystals of ZrB were grown by the rf heated
lts hexagonal structure is basically a layered structure ifloating-zone method as described previodsh After de-
which pure Zr and pure B atomic planes stack alternativelytermining the crystallographic orientations by the x-ray back
along the c-axis. However, only a little is known about reflection Laue method, specimens with a rectangular paral-
physical properties of single crystals such as thermal exparielepiped shape having three orthogonal faces parallel to the
sion, elastic constants, electrical and thermal conductivity(0001), (1120), and (1D0) planes were cut from the crystal

II. EXPERIMENTAL PROCEDURES
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TABLE |. Dimensions of specimens used for the measurements of elastic 0.6 — ' . . .
constants and coefficients of thermal expansion. (a) a-axis
Dimensions(mm) [1i00] ~ [ii20]  [0003 05T Tange () CTE (10 I
CTE a-axis 2.843 6.862 2.809 OTC:: sl gggg g-g; ]
_ c-axis 2.866 2.762 7.910 'ﬁ 673-873 7:31
Elastic constant 3.694 3.673 3.762 _g, 0al 873-1073 708 .
[
2
by spark-machining. Then, the specimen surface was me- % 02 1
chanically polished with diamond paste. The maximum error @
in parallelism for each face was at mostg@n/mm. The 01 ]
deviation from the respective crystallographic orientation
was smaller than 0.2° for each face. The dimensions of speci- 0 500 200 500 800 1000 1200
mens used for the measurements of coefficients of thermal Temperature (K)
expansion(CTE) and elastic constants are summarized in
Table I. 06
Measurements of the CTE were carried out with a push- ' (;)) c-axisl ' ' '
rod type differential dilatometetShimazdu TMA50 in the
temperature range from room temperature to 1073 K at the 05 Tempe’a}z"eCTE (109K 7
heating rate b5 K per minute under Ar gas flow. Measure- Tc;; ;?337(3) 6.74
ments of the elastic constants were carried out by the rectan- % 041 473673 6.55 -
gular parallelepiped resonan@PR method in the tempera- 2 673-873 7.20
ture range from room temperature to 1373 K. In this method, < o3} 873-1073  7.19 .
all elastic constants are derived from the frequencies of the £
resonance vibrations of specimen. oot J
s
ll. RESULTS 01F -
Thermal expansion of ZrBmeasured along tha- and
c-axis directions is plotted, respectively, in Figgajland 0 2(',0 4(')0 660 860 10'00 1200

1(b) as relative elongation with respect to the original speci-
men length at room temperature. Coefficients for thermal

Temperature (K)

expansior(CTa averaged over some temperature ranges arBlG. 1. Thermal expansion of ZgBmeasured alonga) a- and (b) c-axis

. . . directions plotted as the relative elongation with respect to the original
indicated in the figures. The value of CTE averaged over th%pecimen length at room temperature. Coefficients for thermal expansion

temperature range from room temperature to 1073 K is onlycTE) averaged over some temperature ranges are indicated in the figure.
a little larger for along the-axis (6.93< 10 ¢ K1) than for

along the a-axis (6.66<10°® K™1). The rather isotropic
thermal expansion behavior is somewhat surprising when
considering the hexagonal crystal structure of ZiBwhich
pure Zr and pure B atomic planes stack alternatively along
the c-axis. Although ZrB exhibits a metallic nature of elec-
trical conductivity, the values of the CTE for ZsEare con-
siderably smaller than those reported for usual metals and

600 T T T T T

500

alloys and are comparable to those reported for many ceram-

ics. While thea-axis CTE value for ZrB is only moderately
larger than that for GaN (5.5910 ¢ K1), thec-axis CTE
value for ZrB, is considerably larger than the corresponding
value for GaN (3.1% 10 ¢ K~1).1® The a-axis CTE value
for ZrB, is smaller than the corresponding value for sapphire
(7.5x10 ¢ K1) 17

The single-crystal elastic constants of Zi&@e plotted in
Fig. 2 as a function of temperature. Values of the, Cas,
and cy, elastic constants decrease monotonically with the
increase in temperature, while the valuescof andcq5 are
virtually temperature independent. Data points for each of
the five elastic constants are fitted to a linear equation in the
form of
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FIG. 2. Five independent single-crystal elastic constants of piBtted as

Cij = Cij (RT) + k(T— 300), (1)

a function of temperature.
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TABLE II. Single-crystal elastic constants of ZyBn the form of ¢; T
=Cjj(rn+k(T-300), wherec;;sr), k and T stand, respectively, for the (a)
elastic constant at room temperature, numerical constant, and temperature i
Kelvin. Young modulus
500
Cij Cij(RT) (GPa k \‘\\
cn 567.8 —0.0431 s lo.1ss
Cas 436.1 -0.0294 o R
Cio 56.9 0.0051 = 400 - __101s0
Cis 1205 —0.0022 3 Poisson ratio—» __.—*° e
o] ) 40.145 =
Cas 2475 —0.0261 s ° /,9/ ° ©
"0 4 0.140 5
300 o s {0135 8
< bulk modul 8
. . ulk modulus
where ¢ rry, k, and T stand, respectively, for the elastic — o . 40-130
constant at room temperature, numerical constant, and tem — o 0.125
. . . 200 - shear modulus ,:l%=
perature in Kelvin, as tabulated in Table Il. Values of all the - ! ! X \ \

five independent elastic constants of ZrBre larger than
those for usual metal and alloys, being consistent with the
high melting temperature. Of the five elastic constants, the
values ofc,, andc, 5 are notably small, indicating the brittle-
ness of the boride. Anisotropic parameters;3(C,,
Caa/Cgg, @andcss/cqq) are deduced from Fig. 2 and are plot-
ted in Fig. 3 as a function of temperature. Both the large
C13/Cqp and smallcgs/cq4 values indicate that atomic bond-
ing along thea-axis is stronger than that along tleeaxis,
being consistent with the fact that the crystal structure of
ZrB, is a layered-type with respect to theaxis.
Polycrystalline elastic constants are evaluated from the
single-crystal elastic constants by the Hill's method. The
temperature dependence of the bulk, Young and shear modu
as well as that of the Poisson ratio is illustrated in Fi@) 4
As in the case of single-crystal elastic constants, the bulk,
Young'’s, and shear moduli monotonically decrease with in-
creasing temperature. Values of these three moduli decreas:
respectively, by 4.5%, 9.1%, and 10.4% when the tempera-
ture is increased from room temperature to 1373 K. The
value of the Young modulus is as high as 500 GPa, being
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FIG. 4. (a) Temperature dependence of bulk, Young, shear moduli, and
Poisson ratio of ZrB and(b) orientation dependence of the Young modulus
2.5 T T T . . on the prism plane at room temperature and 1373 K.
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FIG. 3. Anisotropic parameterg{;/c,,, C44/Cgg, andcaz/cy4) plotted as a
function of temperature.

consistent with the high stiffness and hardness reported to
date. On the other hand, the value of the Poisson ratio in-
creases with increasing temperature from 0.133 at room tem-
perature to 0.151 at 1373 K. However, these values of the
Poisson ratio are very small, again indicating the brittleness
of the boride. The orientation dependence of the Young
modulus on prism plane at room temperature and 1373 K is
depicted in Fig. &). The curves in Fig. éb) are calculated
with the following equation:

1/E=s,;-Sin* 6+ S35 COF G+ (Sy4+ 2S,3)SIrF 6-Cco< 0,

2
whered is the angle between the corresponding ter(siten-
pressive direction and thec-axis, ands; is elastic compli-
ance constants. Since crystals with the hexagonal symmetry
are elastically isotropic around theeaxis, the Young modu-
lus does not vary with orientation on basal plane. As seen in
Fig. 4(b), the tendency for the orientation dependence does
not significantly vary with temperature. While the values of
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the Young modulus exhibit a maximum at a direction ap-TABLE lll. Parameters used in the calculation of interfacial stress between
proximately 30° from the-axis, the value along the-axis is ~ ©aN and Zrg, 6H-SiC and sapphire substrates.

larger than that along the-axis. This again implies that GaN 718,  6H-SIC  Sapphire
atomic bonding is stronger along tlzeaxis than along the
c-axis. A-axis lattice 3.18¢  3.169 3.08T 2.74F
constant(A) (4.758
Lattice mismatch%) 0.6 3.4 13.9
IV. DISCUSSION Xaaris (1070 K1) 559  6.66 4.7 7.5
Ea-axisrm) (GPa 309.6  533.7 447.¢ 432.F

ZrB, is being considered for the use as a substrate fo;R f I
hetero?%"tax'al grovvth of GaN in the_form of a _smgle bB?Pe(gztrjlgiron., Metallo-Boron Compounds and Bororgééley, New York,
crystal>® GaN with the hexagonal wurtzite structure is one 1gg4.
of the most promising light-emitting devices in the region of °Reference 17.
blue to ultraviolet light with a band gap of 3.39 &¥So far, ~ “Reference 21. ,
heteroepitaxial growth of single crystalline GaN has beent‘rge’ﬁe;tfé}l Geophysical Re€4 (B6), 7588(1989.
made with the use of th€0001) surface of sapphire or '
a(6H)—-SiC single-crystal substrates. However, the quality of
the GaN crystal grown on top of a sapphire substrate is not
good and usually contains many dislocations because of théat no misfit dislocations are introduced at the interface on
large lattice mismatches between the two mateffalshen  the formation. In this case, a finite value of the interfacial
6H-SIC is used as a substrate, on the other hand, while trgress is generated at the formation temperature and the in-
lattice mismatch is better, many cracks are frequently obterfacial stress changes with temperature on cooling down to
served in the grown GaN crystal because of the tensile streseom temperature. In this model, the stress generated at the
developed in the grown GaN crystal during cooling from theinterface is expressed by
formation temperature due to the smaller thermal expansion _
of 6H-SiC% From this perspective, ZiBseems to be an  7fim™ ~ Esubstrate @ substraie™ Ecan £cany ©)
excellent substrate for heteroepitaxial growth of GaN wheng, =
the growth is made on thg000) surface with the
orientation relationship of (0003;;,\‘//(0001)ZrBZ and

— — ) i ] ) ) = (Asubstrate™ AcaN) /
(1120)gan//(1120) 7, Since thea-axis lattice mismatch is

small (0.63%9 and only a small compressive stress is ex-wherea, E, e, anda stand, respectively, for interfacial stress,
pected to develop in the grown GaN crystal due to a litleYoung’s modulus along the-axis, misfit strain, ana-axis
larger thermal expansion of ZgB In the following, we will  lattice constant. The calculation results are illustrated in Fig.
guantitatively evaluate stresses that develop in the GaN cry$(a) as a function of temperature. In this calculation, the
tal grown on a substrate during cooling from a high temperainterfacial stress generated at the interfdce., the stress
ture, at which GaN films are formed from vapor, with the usedeveloped in the GaN thin-filinis simply as a function of
of the values of thermal expansion coefficients and elastitemperature regardless of the film-formation temperature,
constants determined in the present study. For simplicity, wée., the film stress at room temperatiedter cooling does
use the average value of the CTE of Zr@ver the tempera- not depend on the film-formation temperature. As seen Fig.
ture range from room temperature to 1073 K (6.665(a), the film stress is in compression for all three substrates,
x 1078 K1 along thea-axig), independent of temperature in since thea-axis lattice parameters for these three substrates
the calculation. For GaN, the values of elastic constants andre all greater than that for GaN. The film stress generated in
CTE are referred to Refs. 21 and 16, respectively. The lattic&aN increases with decreasing temperature for,ZaRd
constants of ZrB and GaN at high temperaturggr)] are  sapphire substrates, while it decreases with decreasing tem-
calculated by multiplying the values at room temperatureperature for the SiC substrate. This results from the fact that
(agr) by the CTE[i.e.,aim)=(1+ aAT)agr]. We also made the CTE values for the former two substrates is larger than
similar calculations for the case of 6H—SIiC and sapphirghat for GaN while the CTE value for the latter substrate is
substrates for comparison, with the use of values of thermamaller than that for GaN. The film stress for the sapphire
expansion coefficients and elastic constants tabulated isubstrate is in compression and is huge, indicating the neces-
Table 111 sity for the introduction of misfit dislocations on the film

In order to quantitatively deduce stresses developed iformation. This is consistent with the experimental observa-
the GaN thin-film crystal grown on a substrate, we calculatdion of many dislocations in GaN thin films grown on
the interfacial stress that is caused by mismatches in the lasapphiret® On the other hand, the film stress for the SiC
tice constantgonly thea-axis values are taken into account substrate is much smaller than that for the sapphire substrate,
and elastic constants. Since the interfacial area is far largdrecause of the better lattice mismatch with GaN. But the film
than the thickness of the GaN thin-film crystal, the calculatedstress in this case is in compression, which is not consistent
interfacial stress can be considered to be the stress developeith the experimental observation that the tensile stress
in the thin film (the film stress We take two different simple causes many cracks in GaN thin films grown on 6H-3iC.
models for the calculation. In one model, we calculate theThis may indicate that misfit dislocations are introduced in
interfacial stress as a function of temperature on the basite formation of GaN films on 6H-SiC so that the film stress

€GaN~ €substrate

4

aGaN+ Asubstrat
2 L
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Or—— . . . wherea stands for the CTE andT stands for the extent of
- (@) 4o 7 temperature decrease from the film-formation temperature.
= 20 FAC . The calculation results are illustrated in Fighpfor GaN
?5 _4: ; i growth on ZrB, SiC, and sapphire substrates at the film-
g ; ] formation temperature of 1073 K. The result for GaN growth
g 6L l | on ZrB, at the film-formation temperature of 873 K is also
B | '?’_H_E'_"H_E—%'H__S?C 1 shown in the figure for comparison. The film stress is zero at
S -8} E R the film-formation temperatures, as assumed and it increases
& oqF T with decreasing temperature for all the substrates. The stress
g = - generated on cooling is in compression for Zr&d sap-
26 Me 7 phire substrates while it is in tension for the SiC substrate.
B : 7 The existence of the tensile stress in GaN films grown on
28 50 300K 400 500 300 1000 1200 6H—SIC is consistent with the experimental observatfon.
Temperature (K) This may indicates that the actual situation for GaN growth

on top of 6H-SIC is close to this second model where misfit
dislocations are introduced at the interface on the film for-
mation so as to reduce the interfacial stress on the formation.
For the sapphire substrate, the film stress at room tempera-
. ture is the largest266 MPa even when the film stress on the
formation at 1073 K is set to zero. This is due to the fact that
the value of the CTE for sapphire is considerably larger than
that for GaN. Of the three substrates, the stress generated in
the GaN film is the smallest for the ZsBubstrate. When the
4 film-formation temperature is reduced, the film stress at
room temperature further decreases, for example, from 162
MPa at 1073 K to 120 MPa at 873 K.
The actual value of the stress developed in the GaN thin
film may be between those deduced from these two extreme
P S ! ! ! models, depending on the extent of relaxation due to the
200 300K 400 600 800 1000 1200 introduction of misfit dislocations at the interface. Neverthe-
Temperature (K) less, ZrB seems to be a substrate better than 6H-SiC and

FIG. 5. The interfacial stress generated at the interface between GaN arﬁ]apphIre for heteroep!tax!al gI‘IOW.'[h of GaN, s_lnce the stress

ZrB,, SIiC and sapphire substrates calcula@dwith Egs.(3) and(4) and ~ generated in GaN thin films is in compression and small

(b) with Egs.(3) and(5). when calculated with either of the two models. This comes
obviously from the fact that the lattice mismatch between
GaN and ZrB is very small and the value of CTE for ZsB

(in compressiohis considerably reduced in the film forma- s only a little larger than that for GaN.

tion, as will be shown later in Fig.(B). The film stress for

the ZrB, substrate is also in compression and is much
smaller than those for SiC and sapphire substrates. The filid. CONCLUSION
stress at room temperature for the Zr&ibstrate is as small

as 1.23 GPa, while those for S.'C and s.apph|re substrates AiBns averaged over the temperature range from 300 to 1073
6.30 and 26.86 GPa, respectively. This small value of thq< are 6.66<10°° and 6.9% 10 ° K-, respectively. The

film stress obviously comes from the fact that the lattice. . . . .
mismatch between GaN and B very small and the value isotropic thermal expansion behavior is somewhat surprising

of the CTE for ZrB, are only a little larger than that for GaN. when the hexagonal crystal structure of £rBn which pure

. . Zr and pure B atomic planes stack alternatively along the
In the second model, we calculate the interfacial stressas __. . . ; .

. . . C-axis, is considered. Thaaxis CTE value for ZrB is only
a function of temperature on the basis that no mismatch

. . . . a little larger than that for GaN and is much smaller than that
stress is generated at the interface at the film-formation te or sapph?re

perature, assuming the mismatch is fully relaxed through the (2) All the five independent single-crystal elastic con-

;2:;21uglzgn?r$;2flgSrlﬂcg)csggﬁﬁé ?rg?n t[]haet ;[Qremg'iirr??;:_stants are determined in the temperature range from room
perature due to changes in the mismatch. This can occur }Fmperature to 1373 K by the R.PR method. The elastic con-
the lattice mismatch on the formation of éaN thin films is stants of i are be;t characterized by the large value of the

. e . . Young modulugas high as 500 GPand the low values of
large enough to introduce many misfit dislocations, as typi-

cally seen for the case of the sapphire subsfite, this the Poisson ratiog;, and cq3, indicating the stiffness and

model, the stress generated at the interface is expressed alﬂs%rdness and the brittleness, respectively. The orientation de-
' . pendence of the Young modulus as well as the largéc,,
by Eq. (3) but with

and smallcss/cqq values indicates that atomic bonding is
Etotal™ Esubstrats” €GaN" ( Xsubstrate” ¥can) X AT, (5)  stronger along the-axis than along the-axis, which is con-

200

Y
o
o

o

Interfacial stress (MPa)
o
o

o
(=]
S

(1) The values of the CTE along ttee andc-axis direc-
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