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Vibrational properties of GaAsg 914Ng 0gs Under hydrostatic pressures up to 20 GPa
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We investigated a Gagsg g5 Single crystal under hydrostatic pressures up to 20 GPa by Raman spec-
troscopy. The zinc blende optical phonons show great similarities to those of binary GaAs under the same
conditions demonstrating that nitrogen incorporation has no major influence on the GaAs-1 to GaAs-Il phase
transition and its partial reversibility upon decompression. Frequency shifts of the nitrogen local vibrational
mode under hydrostatic pressure are very different from those in binary GaN because of the different com-
pressibilities of the two materials and the overstretched character of theNGlaond in G&As,N). This is also
reflected by the anharmonicity of the Ga\ bond potential in G@As,N).
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[. INTRODUCTION Another interesting aspect is studying pressure-induced
structural phase transitions which are characterized in vibra-

: I tional spectra by the disappearance of the signals belonging
(Refs. 1 and Pintroduces significant changes to the bandto one structure and formation of signals belonging to the

s’gructure a_nd therefore tq f[he optical p_roper_?ié’she large other structure. GaAs undergoes a first phase transition
difference in electronegativity and atomic radius between A round 17 GPa from the zinc blende towards an orthorhom-
and N, despite their isoelectronicity, leads to the formation O%ic structuré? indicated by the complete disappearance of
-1 i 0, N ) A
22 3': 'Il'nh?:(l:zedbzgn%aigdrglgtme da% ’;‘hgoé‘gigﬂﬁ‘g”;:rzo\'[izaﬁ’a the zinc blende optical phono#%A high pressure phase
) D X . _diagram of GaAs using data from several experimental meth-
level-anticrossing behavior which invokes a strong redshn"todS was given by Bessat al14 McMahon and Nelmes give
of the f”’?da'?“e”ta' band 9ap with |r_1crea_13|>n@ . an overview of the systematics of the structural phase tran-
Investlgatlon.s concerning thg wbratlc_)nal properties c’fsitions of tetrahedral semiconductors under hydrostatic
GaAs,N) can give further insight into the influence of nitro- ressurdS Here, we present a Raman study of a
gen incorporation on the crystalline structure and the loc aA$,01No o8 se;mple and corresponding binary reference

nitrogen environment. Regarding lattice vibrations, the | f N h tati t
GaAs,N) system shows a two-mode behavior which is typi-zzrgrgfifnztj;g‘g a(ianPdaGa under hydrostatic pressures up to

cal of alloys where the atoms occupying equivalent lattice
sites strongly differ with respect to their mas&éslhere is
only weak interaction betwegn the GaAs-like phonons, on Il. SAMPLE PREPARATION AND EXPERIMENTAL
the one hand, and the local vibrational mgtléM ) of the N DETAILS
atoms on the other hand. This makes the LVM a sensitive
probe of the local environment of the N atoms. Raman spec- The GaAgg1dNgogs Sample studied was grown on a
troscopy has turned out to be a powerful tool to make use of100-GaAs substrate by metal-organic vapor-phase epitaxy
this probe. at 500 °C. Its layer thickness isdm. Triethylgallium, 1,1-
Much work has already been done to study the effects oflimethylhydrazine, and tertiarybutyl arsine were used as the
epitaxial strain and alloying on the lattice vibrations of source materials. The nitrogen concentration was determined
Ga(As,N).%8 Information about crystalline disorder and the by x-ray diffraction assuming the absence of interstitial N
symmetry of theE, N-induced band, respectively, has beenatoms. The layer was fully relaxed and was easily cleaved off
gained from second-order as well as symmetry-forbidderthe substrate. Thus, it was easy to remove a small grain from
Raman scattering)1® All these investigations were carried the substrate by a steel cannula and to transfer it into the
out at ambient pressure. pressure cell. A diamond-anvil celDiacell Products, type
The behavior of lattice vibrations under variable high hy-B-05) of the Mao-Bell typé® was used to apply hydrostatic
drostatic pressure can give insight into the mechanical proppressure ranging from 1 to 20 GPa. We chose silicon oil as
erties of the Ga—N bonds in the ternary material and into the liquid pressure medium because of its few own Raman
the effects of the impurity on the host crystal as there issignals and its weak photoluminescence in the investigated
already considerable information available about binaryspectral range. The measurements were carried out using a
GaAs and GaN under such conditions. A major aspect of th&®enishaw Raman microscope system with 514.5 nm excita-
pressure dependence of lattice vibrations is the frequencyon light. The spectra were acquired using a CCD detector
shifts of the modes, providing information about the forcewith thermoelectric cooling. The hydrostatic pressure was
constants of the chemical bonésee, e.g., Ref. 11 for a re- determined by the pressure-induced shift of Byefluores-
view on tetrahedral semiconductars cence line of ruby powdé&t which had been loaded into the

In GaAs the substitution of a few percents of As by N
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FIG. 1. Typical Raman spectra of epitaxial Ga@swer curves 260 280 300 320 340 360 380 450 500 550 600 650
and GaAg 19\ os5 (Upper curves single crystals taken at room
temperature and ambient pressure in LO-allowed backscattering ge-
ometry x(y’ ,.y’)x with 514.5 nm excitation wavelength. The spec- g, 2. Room-temperature Raman spectra of GaAdo oss
tral range higher than 300 crhhas been enlarged by a factor of 30 \nqer increasing hydrostatic pressure in the spectral ranges of the
with respect to intensity to show the relatively weak nitrogen LVM Gaas-like phononga) and of the GaN-like LVM(b). In (b) the fits
and second-order features. Peak assignments are given accordinggoihe VM to a Gaussian line shape are also shown for pressures
Refs. 8 and 22. between 0.77 and 15.5 GPa.

Raman shift [cm™]

cel! tp_gether with.the sample. As the. pressure medium use@aAso_gld\lo_ogs obey the predictions made by Prokofyesta
solidifies under high pressure the uniformity of the pressurgy|. for relaxed layer§.This is expected as the sample under
was checked by taking fluorescence spectra of differengy,qy is fully relaxed. Gés,N) shows an additional broad
grains of ruby. E_pltaX|aI layers of the corresponding _b'”a“espeak at around 475 crhwhich does not exist in the GaAs
GaAs and wurtzite GaN were measured for comparison.  gpectrum. It can be assigned to the local vibrational mode of
the impurity nitrogen atoms each of which is tetrahedrally
IIl. RESULTS AND DISCUSSION coordinated by four gallium atorts?°and will be discussed
_ in detail in the next subsection.
A. GaAs-like phonons All the pressure-dependent spectra shown in this paper
Figure 1 shows the Raman spectrum of thewere taken with linearly polarized excitation light and no
GaAs, 91dNo osslayer in comparison with the spectrum of the polarizers on the detection side. One series of spectra was
GaAs reference sample. These spectra were obtained at ataken on the pressure upstroke only. To confirm its results
bient pressure with the samples mounted under the micrcand to gain additional information about the phase transition
scope’s objective in ax(y’,y’)x backscattering geometry @ second series was taken on the upstroke and on the down-
from the (100-oriented surface. Both spectra are dominatedstroke successively. Figure(@ shows the low-frequency
by the LO phonon peak of the GaAs matrix in concordancgange of the first series of spectra where the GaAs-like pho-
with the selection rules for zinc blende crystals in the appliedlon signals are located. As was expected from a crystal in a
scattering geometr. The LO signal of the GaAs,;dNoogs  Pressure range far from any phase transition, the frequencies
(at about 288 crit) is at slightly lower wave numbers than Of both LO and TO phonon modes increase on the pressure
that of the GaAs referendat 291 cmit). This difference in upstroke due to the anharmonicity of the bond potentials.
LO frequency between the binary and the ternary crystal In Fig. 3@ the TO and LO frequencies determined by
originates from alloying effect8A weaker signal at around curve fit procedures are plotted versus pressure for both se-
270 cm! belongs to the symmetry-forbidden TO phonon.ries of spectra. The frequency shifts of both phonon signals
This signal is detectable even in the binary crystal becauseere fitted with quadratic functions of the form
the backscattering geometry is not perfectly realized due to _ 2
the nonzero aperture angle of the objective. In case of the WP =vota-P+p-P @
ternary crystal the TO intensity is significantly stronger andThe corresponding fitted curves are shown in the figure as
even a weak signal of the zone-boundary (XDphonon  black lines. The constant, linear, and quadratic parameggrs
arises indicating the alloy disorder due to the incorporationr, and 8 used to plot the black curves were taken as the
of the nitrogen atoms. Additional confirmation of the disor- averages between the respective parameters from the two
der increase with N incorporation is given by the deteriora-measurement serigepen and closed circles in Fig(e3].
tion of the second-order Raman signals of(&aN) com-  For comparison, experimental daterossep and the corre-
pared to those of GaAs. The frequency shifts of the spectraponding quadratic fitégrey lines obtained for the binary
features of the LO and TO phonons, respectively, inGaAs reference are shown in the same figure. Table | gives
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@ ' ' ' To ke binary material. In fact, the deviations of the values are
i o within the error of the experiment and the fitting procedure.

b
S

- P '580__ Furthermore, for GaAs as well as for @®,N) the o values
E 320 1 L 560 £ of the TO phonons are close to those of the LO phonons so
oy . 5405 that their expected experimental error bars overlap. There-
§ § fore it is not possible to draw any conclusion from these
& 5007 N-LVM Ga(AsN) | 520 & measurements concerning the pressure behavior of the
& [ 500 LO-TO splitting or the influence of nitrogen incorporation on
280 1 it. In both measurement series all Raman signals of
p 480 GaAs,N) disappeared at a pressure of approximately
460 19 GPa. Considering the experimental inaccuracies, this

e 5 0 s 10 19 value for the phase transition pressure agrees well with the
Pressurs [AFd] Fiessnms (ke 17.4 GPa found by Raman spectroscopy for GaAs by Ven-

13
FIG. 3. Pressure dependences of the mode frequencies on ﬂl@teswararet al.

pressure upstroke in Gads;No oss Obtained from Raman spectra. _Th_e absollute peak intensities show an .|rr(_agular beha_V|or
(a) the GaAs-like LO and TO frequencies are represented by circleg‘”th Increasing pressure up to S,GP‘?' This is due to slight
and squares, respectively. Open and closed symbols correspond fgHations of the sample orientation in the pressure cell as
two measurement series. The two black solid lines show the qualell as of the probe spot on the sample which occur when
dratic fits to the experimental frequency shifts of both phonons agh€ pressure is changed. However, the strong increase of LO
an average between the two series. For comparison, the experimefifensity from 10 GPa onwards must be considered a genu-
tal phonon frequencie¢crosshairs and the respective quadratic ine effect. A detailed analysis of the resonance conditions is
curve fits (grey lines of GaAs are shown(b) The shift of the  unfortunately rather difficult for the sample under study as
GaN-like LVM in GaAs,N) and a quadratic fit to the data points neither its fundamenta(E_) band gap nor the pressure-
(black ling are plotted where the point at 15.5 GPa has been nedependent shift of the latter are accurately known. Optical
glected in the curve fit. Exemplarily an error bar is given. As anmeasurements apart from micro-Raman spectroscopy were
example for a GaN mode, the pressure dependence Affi®©)  not feasible because of cracks in the sample surface due to
phonon in wurtzite-GaN is plottettrosshairs The grey line cor-  relaxation. Empirical formulas for the N-induced band-gap
responds to a quadratic fit to these data. reduction determined up to now are only valid for 3%.

The maximum intensity at resonance with the band gap un-
the parameters,, «, andg of the curve fits, and the corre- der 514.5 nm excitation for binary GaAs has been found to
sponding Griineisen parametersncluding the standard de- occur at abouP=10 GPa-* We observe the corresponding
viation of each parameter derived for the TO and LOresonant behavior for Gas,N) at approximately 15 GPa.
phonons of G&As,N) in comparison to those obtained for However, one has to keep in mind that eventually the ongo-
GaAs. The lineafparameter) as well as the quadratipa-  ing phase transition suppresses the scattering intensity in the
rameterp) terms of the frequency shifts of both phonons in upward stroke before the actual resonance is reached. The
GalAs,N) show only minor differences to the ones for the shift of the resonance towards higher pressure compared to

TABLE I. Pressure dependence of the phonon modes of zinc bigRleGaN, g182Sg.0s5 ZB GaAs, and
wurtzite (W) GaN. The parameters faW and ZB GaN are taken from Refs. 24 and 25, repectively.

. _ -1 -1
semiconductor mode volcmt al G5, Bl &rz v
ZB GaNAs; LO 287.4+1.0 3.97+£0.25 -0.072£0.013 1.22
Xx=8.5% TO 266.3+1.1 4.33+£0.29 -0.087+0.015 1.44
LVM 476.1+1.5 10.7+£0.63 -0.211+£0.052 1.99
ZB GaAs LO 291.2+0.9 4.25+£0.25 -0.083+0.016 1.09
TO 268.4+1.0 4.22+0.30 -0.065%0.019 1.17
W GaN Al (LO) 736.8+1.3 4.54+0.27 -0.043£0.012 1.46
(Ref. 24 Al (TO) 531.4+1.2 4.30+0.29 -0.014+0.014 1.92
El (TO) 559.3+0.7 3.94+0.17 -0.019£0.008 1.67
E2 566.5+1.4 4.24+0.29 -0.011+£0.013 1.77
ZB GaN LO 743+2 4.5+0.2 1.44
(Ref. 25 TO 553+2 4.0+0.2 1.71
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nal. Spectruni4) which was taken of the fully recovered and
cleaned sample in a well defined backscattering geometry
outside the pressure cell shows that this unusual intensity
ratio is not due to pressure-induced changes of the scattering
geometry. Such a strong relaxation of selection rules remain-
ing after decompression has been shown for binary GaAs as
well and has been interpreted in terms of an only partial
reversibility of the phase transition from GaAs-1 towards
GaAs-Il. The hysteresis between the forward and reverse
transition boundaries as well as the considerable remaining
disturbance of the zinc blende lattice resemble the behavior
of GaAs?® In conclusion, the zinc blende phonons and the
1@ 10.25 GPa [ pressure-induced structural phase transition of GaAs seem to
1 I be almost unaffected by nitrogen incorporation, despite 8.5%

T 1) 1.0 GPa I of nitrogen.
01— v . ' —
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relative Raman shift [cm™]
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B. Nitrogen local vibrational mode

Another interesting aspect of s,N) under pressure is
the behavior of the LVM which can be seen at 480 tin
Fig. 1. Reference 6 gives an empirical formula for the de-
pendence of the LVM’s frequency in G%s,N) on the nitro-
gen concentratiorx. Obviously, the mode frequency in the
mately 20 GPa. Spectrufd) was taken at ambient pressure outside sr?mlple un?er sf[udy |SHS|gn|f|can’.[Iy Iowt()ark;tlha?] exphected frc:m
the pressure cell inx(y’,y’)x backscattering geometry. Raman this 'r.]ear unction. T grea_son 'S probably that the samples
shifts are given relatively to the one of the LO phonon peak. En-used In.Ref. 6 to obtain this dependence only covered the
larging factors for spectré8) and(4) are denoted on the right side ComDOSItIOHa| range up t~39%. Mascarenhas and S_eong
of the respective curves. pointed out that forx>3% the mode frequency deviates

from a linear dependence and tends towards lower frequen-
cies (Ref. 8 being qualitatively in concordance with our

GaAs is in concordance with the facts that the band gap ofinding. To our knowledge, a detailed analysis concerning the
GaAs_,N, redshifts and its rate of the pressure shift de-dependence of the mode frequency on the nitrogen concen-
creases with increasing Before the disappearance of the tration at higherx has not been performed yet and would
phonon signals in Fig. 2 a significant intensity increase of theexceed the scope of this work. It is expected, however, that
TO phonon signal with respect to the LO phonon takes placéhe compositional dependence of the LVM's frequency will
from 10 GPa onwards. Again, this result resembles thabe different at highek where nitrogen pairs and clusters are
found by Venkateswaragt al. for GaAs. The increase of the formed from the situation at lowerwhere virtually all the N
relative TO intensity in GaAs has been explained by reflecatoms are isolated. Therefore, a simple linear dependence
tion effects once the gap energy becomes larger than théalid in the whole compositional range frors0% up tox
laser energy causing TO scattering not to be strictly forbid=8.5% would be rather surprising. However, as the LVM is a
den anymore. As GaAs;No o5 Shows the TO intensity in- Sensitive probe of the local environment of the nitrogen at-
crease at roughly the same pressure as GaAs despite the ddms, the frequency of this mode is directly related to the
ferent gap energies of both materials, we rather tend to thtorce constant of the covalent bond between gallium and
interpretation that a relaxation of Raman selection rules arishitrogen atoms.
ing from the onset of the phase transition is the main contri- Figure 2b) shows spectra of the LVM mode obtained in
bution to the relative TO intensity increase. However, boththe first measurement series under pressure. The LVM can be
effects, though to different extents, may contribute to theseen as a weak signal above the detector noise. The fits of the
observed TO enhancement effect. LVM to a Gaussian line shape are also shown in the figure

Figure 4 shows four of the spectra from the second meafor pressures up to 15.5 GPa. The pressure dependence of the
surement series. In this series the pressure was taken up kYM's frequency obtained from the spectra is plotted in
the disappearance of all Raman features at approximatefyig. 3(b). Additionally, this figure also depicts the pressure
19 GPa and then released in several steps. All the Rama#ependence of thad1(TO) phonon mode of wurtzite GaN.
shifts in Fig. 4 are given relatively to the LO phonon posi- The pressure dependence of the LVM akt{TO) mode of
tion. The two zinc blende phonons reappear upon decomwurtzite GaN differ considerably. The pressure dependence
pression to just over 10 GPa and become stronger when th the former is much stronger. This is also reflected by the
pressure is released further. Their intensity ratio is reversegarameters obtained by fitting the experimental data using
relatively to that known from zinc blende crystals in this Eq. (1). The fitted curves are also shown in FighB The
scattering geometry where the TO signal is forbidden andorresponding parameters are given in Table | for the LVM
therefore should be much weaker than the allowed LO sigef GaAg ¢1Ng gg5 zinc blende, and wurtzite GaN modes. All

FIG. 4. Selected Raman spectra of Ggég\g g5 from the
second series taken on pressure upstrdkend 2 followed by
pressure downstroké8 and 4 after pressurization up to approxi-
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i " 1 L " 1 N L 1

GaN modes show a much weaker pressure dependence than 500
the LVM of GaAg 91dNgogs It is obvious that the LVM, 1 W-GaN under
often being referred to as the GaN-like mode, does not show 450 1 pressureu
a GaN-like behavior under pressure. 1 &

The knowledge of the pressure dependence of the mode 4004 B
frequencies w for vibrations of the Ga-N bonds in | )
GaAs,N) and GaN, respectively, allows one to calculate the — 350 |
pressure dependence of the effective force constantsr E
these modes by the equation £ ]

0O 300 4
D(P) = mw?(P). 2) 1 .
250 A b S

In case of the GaN LO phonan is the reduced mass of the ] %
system consistingfoa N atom and a Ga atom whereas in 200 - Ga(As,N) under ‘.
case of the G@s,N) LVM, neglecting interactions between ] pressure L4
the LVM and the lattice, it is simply the nitrogen atomic 150 . _

mass. It has been proven by infrared studies of GaAs im-
planted selectively with the different isotop&N and °N

that the interaction between the LVM and the neighboring b [107° m]

atoms is sufficiently weak to regard the LVM as a simple

oscillator}” When a crystal is compressed hydrostatically the FIG. 5. Comparison of the force constant versus bond length
interatomic distances decrease and the force constant ifalculated using Murnaghan's equation of state for the LO phonon
creases due to the anharmonicity of the bond potential resul@f wurtzite GaN and the LVM of GaAs1dNo.oss

ing in an increase of the vibrational frequency. From the bulk

moduli B and their first derivative®’ with respect to pres-

sure it is possible to approximately obtain the dependences However, already simple arguments can motivate why the
of the bond length$ on the pressure for both compounds calculated anharmonicity in Gas,N) is smaller than in GaN

1.9 2.0 21 22 23 24

using Murnaghan’s equation of state although the G@As,N) mode shifts much stronger than those
of GaN. This apparent contradiction arises from the fact that

B\~ GalAs,N) is considerably softer than GaN, as indicated by

b(P) = b(0)<1 +EP) (3)  the bulk moduli, and therefore the interatomic distances in

the former material are changed more strongly by pressure
than in the latter. It should be emphasized that the value for

This allows one to plot all the value pai®(P),b(P)] into a - N
- : - GdaAs,N) is just a rough approximation because the bulk
graph providing data points showing hd depends orb. modulus will not exactly behave as implied by the linear

The numerical values of the bulk moduli show a broad varia-

tion in the literature. We assumeBE74.66 GPa for GaAs interpolation. Therefore, all the effects of a local lattice re-
(Ref. 26 andB:237.GPa for both Wurt'zite and zinc blende laxation changing the interatomic distance with respect to its

GaNZ?’ As the pressure derivatives Bfwe usedB’ =4.67 for value in the ideal zinc blende structure and changing the
GaAé(Ref 26 andB’=4.3 for GaN2’ We calculate&B and local compressibility compared to the bulk compressibility

B' for GalAs,N) as the linear interpolations between the val-"€re neglected. Nevertheless, as the two calculated values of

ues of the two binaries. Zero-pressure lattice constants of th(é?D/ ob) differ significantly, the anharmonicity is certainly

binary materials ar@,=5.65325 A for GaAs and,=4.5 A smaller in the ternary material than in zinc blende GaN.
for zinc blende GaN from Ref. 23. The zinc blende GaN LO Thls'result can be qualitatively understood by comparng
phonon frequency and its pressure-induced shift were takewe Iatt'(_:e constants of the two co_mpounds_._ In_ GaN the in-
from Ref. 25. The bond lengths at ambient pressure are give rat(?&mlc distance has a well-de_flned eqqmbrl_um valu_e of
by b(0)=13/4a,. In Fig. 5 the results are shown for the LVM 95 AA. In contrast, the GaN interatomic_distance in
and for the LO phonon of wurtzite GaN. Obviously, the an—GdAS'N) is basically forced to the value of the GaAs

harmonicity of the bond potentials, defined as the partial degistance(2.4l A) which is roughly 24% bigger. This means

rivative of the force constant with respect to the bond Iengthg‘a:)t the Ga—N bond in G#As,N) IS ovgrstretched by_up o
is much higher for the Ga-N bond in GaN than for the one 4/0 depending on local relaxathn, with respect to its equi-
in Ga(As,N). Evaluated at ambierizero pressure we obtain librium _Iength. As f[he bond _potentlals normally becc’”_‘e fI_at-
the anharmonicities(dD/ db) gxs n = 9.3X 1022 N/m2 and ter for increased interatomic distance also their derivatives

(9D 3b)gay=16.8% 1022 N/m?. It is obvious that there is no with respect to interatomic distance are expected to decrease

. | . -~ _with overstretching and therefore the observed behavior
simple interpolation between the two sets of data points iMhatches the expectation

the figure. This highlights again that the LVM of N in GaAs
is not just “GaN-like.” A further theoretical analysis in terms
of the change of the character of the mdffem localized to

extended as well as in terms of local strain and electronic  In summary, we investigated an epitaxial layer of
effects is required to fully understand these results. GaAg 919\ 0.085 Under hydrostatic pressures up to 20 GPa by

IV. CONCLUSIONS
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laser Raman spectroscopy. The observed pressure-dependtdrg Ga—N bond potential using bulk moduli and lattice con-

frequency shifts of the GaAs-like lattice vibrations are to astants from the literature. A comparison of the calculated
first approximation equal to those found by other groups fovalue with the one obtained from literature data for GaN
binary GaAs. The first phase transition in(@a,N) which is  qualitatively confirms the simple picture in which the

indicated by the disappearance of the LO and TO phonoGa—N bonds are significantly overstretched in (Gg,N)

signals takes place around 19 GPa. Thus, the experimenf§th respect to their equilibrium length realized in GaN.
shown here indicate that the transition pressure is not af-

fected by the substitution of As atoms by N atoms. Both the

frequency shifts and the phase transition show that the host ACKNOWLEDGMENTS

matrix is rather undisturbed by the N incorporation and con-

firm the highly localized character of this isoelectronic im- We thank the Deutsche Forschungsgemeinschaft for fi-
purity. The pressure-dependent shift of the GaN-like locahancial support. We are also grateful to the Optodynamics
vibrational mode was used to calculate the anharmonicity o€enter of the Philipps-University.

*Electronic address: peter.klar@physik.uni-marburg.de bers, Phys. Rev. B13, 1875(1991).

IM. Kondow, K. Uomi, K. Hosomi, and T. Mozume, Jpn. J. Appl. 143, M. Besson, J. P. Itié, A. Polian, G. Weill, J. L. Mansot, and J.
Phys., Part 233, L1056 (1994. Gonzalez, Phys. Rev. B4, 4214(1991).

?M. Weyers, M. Sato, and H. Ando, Jpn. J. Appl. Phys., PaBll2  15\1 | McMahon and R. J. Nelmes, Phys. Status Solid183 389
L853 (1992. (1996,

3J. D. Perkins, A. Mascarenhas, Y. Zhang, J. F. Geisz, D. J. Friedg

man, J. M. Olson, and S. R. Kurtz, Phys. Rev. L&, 3312 A. Jayaraman, Rev. Mod. PhyS5, 65 (1983.

17H. Ch. Alt, A. Yu. Egorov, H. Riechert, B. Wiedemann, J. D.

(1999. .

4P, J. Klar, H. Griining, W. Heimbrodt, J. Koch, F. Hohnsdorf, w, ~ Meyer, R. W. Michelmann, and K. Bethge, Appl. Phys. L,
Stolz, P. M. A. Vicente, and J. Camassel, Appl. Phys. L&, 3331(2000.
3439(2000. 18R, A. Forman, G. J. Piermarini, J. D. Barnett, and S. Black, Sci-

SW. Shan, W. Walukiewicz, J. W. Ager llI, E. E. Haller, J. F. Geisz,  ence 176, 284 (1972.
D. J. Friedman, J. M. Olson, and S. R. Kurtz, Phys. Rev. Lett1°P. Y. Yu and M. CardonaFundamentals of Semiconductors—

82, 1221(1999. Physics and Materials PropertiegSpringer-Verlag, Berlin,
6T, Prokofyeva, T. Sauncy, M. Seon, M. Holtz, Y. Qiu, S. Nikishin, 1996, p. 368.

and H. Temkin, Appl. Phys. Lett73, 1409(1998. 203, Wagpner, T. Geppert, K. Kéhler, P. Ganser, and N. Herres, J.
"A. D. McCluskey, J. Appl. Phys87, 3593(2000. Appl. Phys. 90, 5027(2001).
8A. Mascarenhas and M. J. Seong, Semicond. Sci. Techtiol.  2'F. D. Murnaghan, Proc. Natl. Acad. Sci. U.S.80, 244 (1944).

823 (2002. 22R. Trommer and M. Cardona, Solid State Comm&i, 153
9M. J. Seong, A. Mascarenhas, and J. F. Geisz, Appl. Phys. Lett. (1977.

79, 1297(2001). 23|, Vurgaftman, J. R. Meyer, and L. R. Ram-Mohan, J. Appl. Phys.
10H. M. Cheong, VY. Zhang, A. Mascarenhas, and J. F. Geisz, Phys. 89, 5815(2001).

Rev. B 61, 13 687(2000. 24M. P. Halsall, P. Harmer, P. J. Parbrook, and S. J. Henley, Phys.

11B. A. Weinstein and R. Zallen, iRressure-Raman Effects in Co- Rev. B 69, 235207(2004.
valent and Molecular Solids in Light Scattering in Solids 1V 25A. R. Gofii, H. Siegle, K. Syassen, C. Thomsen, and J.-M. Wag-

edited by M. Cardona and G. Ginthero@pringer, Berlin, ner, Phys. Rev. B64, 035205(2001).

1984). 26H. J. McSkimin, A. Jayaraman, and P. Andreatch, Jr., J. Appl.
125, T. Weir, Y. K. Vohra, C. A. Vanderborgh, and A. L. Ruoff, Phys. 38, 2362(1967.

Phys. Rev. B39, 1280(1989. 27M. Ueno, M. Yoshida, A. Onodera, O. Shimomura, and K. Take-

13y. D. Venkateswaran, L. J. Cui, B. A. Weinstein, and F. A. Cham- mura, Phys. Rev. B19, 14 (1994.

075201-6



