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Raman-scattering probe of anharmonic effects due to temperature and compositional disorder
in 111-V binary and ternary alloy semiconductors
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Anharmonicity due to temperature and compositional fluctuations in ternary alloy semiconductors has been
investigated. A comparative Raman-scattering study of temperature and compositional-fluctuation-induced
anharmonic effects for various phonon modes in GaP, Ga#%, and InGa, _,As is presented. In binary
semiconductors, anharmonicity is found to increase with increasing temperature, whereas, in ternary alloys, it
is found to increase with increasing compositional fluctuations and increasing temperature. Temperature-
induced anharmonicity introduces changes in the linewidth and line center position, while compositional-
fluctuation-induced anharmonicity, not only introduces changes in the linewidth and line center position, but
also changes the line shapp80163-1826)07619-9

I. INTRODUCTION propagating phondr® due to alloy potential fluctuations.
This model, however, cannot describe the shift in the phonon
Experimental and theoretical studies of epitaxial layers ofrequency. Recently coherent-potential approximatioRA)
ternary I1I-V alloy semiconductors have become a subject ofRef. 6 calculations have been performed based on Taylor's
considerable interest because of the wide range of appliciotation, to obtain the difference in phonon energies and
tions in different fields of science and technology. Vibra-broadening between an isotopically enriched crystd’Gle
tional properties contain information about many parameter@nd @ germanium crystal of natural isotopic composition, and
which are essential to an understanding of semiconductd#©0d agreement between calculated and experimentally ob-
device operation as well as of the physics of the materialS€rved values has been found. In addition, an increase in
themselves. Raman spectroscopy is a powerful nondestrufffystal temperature also mtrodu_ces changc_es in the vibrational
tive technique to understand the vibrational properties of solProperties, which are reﬂect.ed in a softening of phonon fre_—
ids, necessary for their characterization. Binary 1lI-V semi-JuUencies, a broadening of line shapes, gnd a decrea'se.m In-
conductors provide only fixed energy gap values in the’;)ensny. _There are two processes whlch_ induce lifetime
) roadening of optical phonons in alloy semiconductors—one
s_pectral region from 0.17 e‘(_/InSb) t(.) 2.18 eV(G_aF) and . due to anharmonic decay of an optical phonon into lower-
fixed lattice constants. A solid solution of t_wo binary semi- energy phonons, and the other due to scattering by composi-
conductors has energy-band gaps and lattice constants intfs | disorder. Fuchst al® investigated the anharmonic de-
mediate to those of the two constituent binarycay time, isotopic scattering time, and inhomogeneous line
semiconductor$.This makes it possible to tailor their prop- broadening of optical phonons in different isotopes of ger-
erties intermediate to those of the constituent binaries, maknanjum, in which they observed two types of lifetime broad-
ing them attractive candidates as device materials. ening of optical phonongi) spontaneous anharmonic decay
llI-V ternary alloy semiconductors of the ford,B, _,C,  into lower-energy phonon&ye.,), and(ii) elastic scattering
whereA andB are either anions or cations, are formed whendue to isotopic disordefryisoqe)- AlSO, they found that iso-
a group-Iil or -V atom is substituted with another atom of thetopic disorder influences the lifetime of phonons, measured
same group. In a semiconductor alloy, atoms of the constituby the inverse of the phonon linewidth in Raman spectra, as
ent binary semiconductors are randomly distributed, leadingvell as causes an asymmetry of the line shape and a shift of
to fluctuations in the masses and force constants in the neigthe phonon frequency.
borhood, and therefore resulting in compositional disorder. Optical phonons decay into two or more lower-energy
This leads to a violation of translation symmetry, but, nev-phonons due to anharmonic processes, which decrease their
ertheless, the concepts of crystal band theory may be applididetime. Relaxation of carriers is often dominated by the
to these mixed crystals, since deviation from perfect perioddecay of optical phonons, which interact strongly, into
icity is usually rather small. weakly interacting phonortst® The temperature dependence
The Raman spectra of ternary alloy semiconductors showf Raman scattering in silicon has been studied by many
changes of various phonon modes with a change in compauthorst'~*3who reported that both the line center and line-
sitional disorder. The alloy-induced compositional disorderwidth of optical modes at the Brillouin-zone center change
introduces changes in the vibrational properties including avith temperature due to anharmonicity. The Klenténs
shift in phonon frequency and changes in the linewidthmodel assumes that the contribution to the linewidth arises
asymmetry, and appearance of disorder-activated modemly from the decay of the Raman optical phonon into two
even at room temperature. The change in linewidth anécoustical phonons of the same frequency and opposite mo-
asymmetry may be understood in terms of the spatial corrementum. Later, the work of Hart, Aggarwal, and Benjatfin
lation modet based on the finite correlation length of a on silicon found good agreement with the predictions of the
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Klemens model. The Klemens model fits the experimentabnd ternary alloy semiconductors. Raman-scattering mea-
data well when the temperature of the sample is below thsurements in these samples were carried out between 295
Debye temperature. In order to obtain a good fit at highand 10 K to determine the temperature dependence of the
temperature, Balkanski, Wallis, and H&t@ssumed that the line center and linewidth of the first-order LO-phonon modes
decay processes involve three phonons of the same frat the Brillouin-zone center which gives the anharmonicity.
guency belonging to the same branch in the phononThe experimentally obtained values are fitted by a simple
dispersion curve. Memelez and Cardoddhave shown that expression obtained from terms which represent the decay of
the number of decay channels with(q,j;)#w,(—0.,j,) is  the Raman optical phonon into two acoustical phohbo$
much higher than the number of overtone decay channelhe same frequency with opposite momentum. The effect of
especially for Si and Ge, and, at the same time, they obtainecbmpositional disorder on the Raman optical modes is quali-
a very good fit fora-Sn using the Klemens model. These tatively discussed using the CPA formalirh?? Second-
authors also mentioned that because of the analogy with Sirder transverse-acoustic-phond@TA(X)] scattering in
and Ge, the combination decay channel also existeefn.  GaP and GaAgP, ¢ is reported at different temperatures,
Thus one should look at the phonon-dispersion curve andnd a comparison is made between the two. The temperature
find all the possible decay channels. For GaP, Bron, Kuhldependence of the dipole-forbidden first-order GaP-like TO-
and Rhe® have shown that of all the possible interactions,phonon mode is also discussed. The relaxation time of the
only the decay of LO phonon into acoustic phonons needs bfirst-order optical-phonon modes is estimated in this paper
considered. Recently, Verma, Abbi, and J8icarried out a  from linewidth measurements in Raman experiments.
comparative study of anharmonic effects in various structural Our results show a decrease in the linewidth and a shift in
forms of GaAs, and found that the dominant decay channehe line center position toward the high-frequency region for
in this material is into two acoustical phonons of the samehe first-order optical-phonon modes in the Raman spectra of
frequency. However, no detailed work has been reported oGaP, GaAs_,P,, and InGa _,As with decreasing tempera-
the anharmonic effect in ternary alloy semiconductorsture. In ternary alloy systems, anharmonicity is introduced
Jusserand and Sapridiave, to some extent, investigated the due to compositional disorder and temperature, leading to the
anharmonic effect on a GaAs-like LO phonon in decay of a strongly interacting optical phonon into weakly
Al,Ga,_,As epitaxial layers withk=0.27, and they observed interacting acoustic phonoA3A comparative study between
that anharmonicity is not affected by substitutional disorderpinary and ternary systems indicates that the anharmonicity
which differs from our results. We have studied the anharincreases with increasing temperature in binaries, while it
monic effect as a function of a wide range of compositionalincreases with increasing compositional disorder and in-
variation, and found that the anharmonicity increases with arreasing temperature in ternary alloys. The temperature-
increase in substitutional disorder. induced anharmonicity gives rise to a shift in the phonon
Changes in the linewidth of the phonon in Raman andrequency and changes in linewidth and intensity. On the
infrared spectra can be used for estimating the lifetime obther hand, anharmonicity due to compositional disorder not
strongly interacting optical phonons. These results can benly introduces a shift in the phonon frequency and changes
compared with the direct lifetime measurements of the optiin linewidth and intensity, but also changes phonon line
cal phonons in time-resolved spontaneous Raman scatterirsipapes. This suggests that the temperature-induced anharmo-
(TRSRS and picosecond laser measureméfitd® Using  nicity and the compositional-disorder-induced anharmonicity
TRSRS, Von der Linde, Kuhl, and Klingenbéfgestimated may not be additive in nature due to their different charac-
the lifetime of the nonequilibrium incoherent LO phonon ters. However, the two components of the anharmonicity
generated during the interaction of photoexcited hot eleceould be separated out at low temperatures by comparing the
trons and holes with the lattice in GaAs grown by molecular-anharmonicity-induced effects in binary and ternary systems,
beam epitaxy. They found a decrease in the lifetime of thesince, for the latter, at low temperatures anharmonicity is
LO phonon with an increase in temperature. Also, Bhatmainly due to compositional disorder. The strong tempera-
Kim, and Strosci®® estimated the lifetime of the LO phonon ture dependence of the dipole-forbidden GaP-like TO-
as a function of lattice temperature for GaAs bulk samplesphonon mode suggests that, for a low value of alloying, the
and also found a decrease in lifetime with increasing temthermal anharmonicity is dominant whereas, for a high value
perature. Kuhl, Rhee, and Bré&ninvestigated the tempera- of alloying, the compositional-disorder-induced anharmonic-
ture dependence of the LO phonon in GaP and ZnSe singligy predominates. A two-mode behavior is observed for the
crystals using a picosecond laser system. They compared tlamharmonicity in GaAs ,P,, one for the first-order GaP-
results to the traditionalindirect determination of the life- like LO phonon, and the other for the first-order GaAs-like
time of both LO and TO phonons from spontaneous Ramam.O phonon. The degree of anharmonicity for the first-order
linewidths?%?* The results for the temperature dependenceGaP-like LO phonon is found to increase, while that for the
of the first-order LO-phonon lifetimes in GaAs as deter-GaAs-like LO phonon is found to decrease with decreasing
mined by Raman scattering agree fairly well with those dephosphorous concentration. Furthermore, the degree of an-
termined by TRSR$® harmonicity for these two modes is found to be different for
The purpose of this paper is to investigate anharmoni@ given value of phosphorous concentration, greater for the
effects due to temperature in GaP, and due to both temperéirst-order GaP-like LO phonon, which is attributed to the
ture and compositional disorder in lattice-matcheddifference in the masses of GaP and GaAs. The density of
GaAs_,P, (x=0.90, 0.65, and, 0.59and InGa _,As phonon states for the 2TX) mode in GaP is found to de-
(x=0.05, 0.12, 0.19, 0.24, and, 0)53t is then possible to crease with decreasing temperature, while that for the mode
make a comparative study of anharmonic effects in binaryn GaAg, P, ¢ is found to be independent of temperature,
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indicating that the compositional-disorder-induced effectwherewy is the frequency of the Raman modes, &hds the
compensates for the temperature-induced effect imwidth of the Lorentzian distribution. The instrumental line-
GaAg 1Pyo Finally, the lifetimes of the first-order optical- width (I') can be estimated experimentally by allowing a
phonon modes are measured from the broadening of the Ratrong plasma line of the Arlaser (the linewidth of the
man lines, and they are found to decrease with increasinglasma line is much smaller than the slit wigdtto pass

anharmonicity. through the spectrometer, and its line shape is considered to
be the line shape of the instrument. The valud'pfs prop-
Il. EXPERIMENTAL PROCEDURE erly chosen so that the convoluted line shape matches exactly

with the experimentally observed line shape. This value of

The basic Raman spectroscopic setup consists of H; will be the true linewidth of the Raman modes. For
RAMANOR  double  monochromator (HG2S, a  second-order TA scattering, the slit width was kept at 500
HAMAMATSU R943-02 photomultiplier tube, and an am- um, at which the resolution of the monochromator waé
plifier and discriminator, a photon counter, a chart recordergm 2.
and a light sourcéargon-ion laser, COHERENT, INNOVA
90-5. The Raman experiments were carried out in a back- |||. EXPERIMENTAL RESULTS AND DISCUSSION
scattering geometry at different temperatures. The different
discrete lines of the argon-ion laser were employed to avoid
resonance effects in the temperature dependence of the vari- The temperature dependence of the optic modes can be
ous phonon modes. The samples of GaP and Gaf&%  attributed to anharmonic terms in the vibrational potential
with (100 orientation and 6Qsm epitaxial layer thickness, energy, which leads to a decay of the optical phonon into
grown by liquid-phase epitaxy, were obtained from Societytwo, three, or more low-energy phonons, respectively, from
Radio Technique Complec, Caen, France, and theubic, quartic, or higher-order anharmonicities. The decay
In,Ga _,As samples wit{100 orientation and 2.80.4-.um  processes should include all the possible interactions by
epitaxial layer thickness, grown by molecular Vapor-phasevhich an optical phonon could decay into lower-energy
epitaxy (MVPE), were obtained from Universit®ierre et phonons. A close examination of the phonon-dispersion
Marie Curie, Paris, France. The concentratioin these ma-  curve and the calculated two-phonon combined density of
terials were determined to better than 3% accuracy fronstated* would identify the decay channel from which the
electron microprobe analysis and photoluminescence. Loweontribution arises. For GaP, the interaction in which the
temperature Raman-scattering experiments were performegbne-center LO phonon decays into acoustic phonons should
by fixing the samples on the cold finger of a cryostat usingbe considered out of all the possible interactions. Further-
silver paste and the temperature of the order of 10 K wasnore, combination of a zone-center LO phonon with an
achieved using a HELITRON closed-cycle liquid-He cry- acoustic phonon is not possible because that would lead to a
ostat. The temperature of the sample was accurately meghonon with frequency greater th&ﬂ_G(C]%O).ls Similarly
sured by keeping a thermocouple on the cold finger. Théor GaAs, the same process fits the experimentally observed
cryostat was evacuated to<10~° torr by a typical ALCA-  data very well® Based on this discussion, it could be con-
TEL rotary-diffusion pump combination in order to avoid cluded that the decay of the optical phonon into acoustic
condensation near the sample during the low-temperature eghonons prevails in our samples, since the samples investi-
periments. The double monochromator was calibrated witlyated in this study are phosphorous-rich GaA®, and
the strong plasma lines of the argon-ion laser, and the sligallium-rich InGa, _,As ternary alloy semiconductors. The
width was kept between 0and 7% for the first-order temperature dependence of the line center and the linewidth
modes in order to improve the resolution of the monochro-of the first-order optical modes at the Brillouin-zone center,
mator. The instrumental error, calculated from the opticakaking into account the contributions form cubic and quartic
specifications and geometry of the double monochromator, ignharmonic terms, is given by*3
between+0.4 and+0.6 cm ! at this slit-width level. Each
spectrum was recorded three times in order to obtain the o(T)=we+A(T), (2
average values of the line center position and linewidth
Also, the instrumental linewidth was deconvoluted from the
experimentally obtained values of the linewidth in order to
obtain the true intrinsic linewidth of the phonon modes. The ~ A(T)=C
true Raman line shape is represented by a Lorentzian func-
tion, and a Gaussian line shape is assumed for the spectroand
eter which comes from the diffraction limit due to very nar-
row opening of the slit. Therefore, the recorded Raman line T(T)=A 3 I 3 @)
will have a convoluted line shape for the two distributions. /-1 (e¥-1)%)
The convolution of a Lorentzian and a Gaussian distribution, , . y=hwo/3keT and x=hwy/2ksT. The constantsA

can be represented by andC are related to three phonon processes, while the con-
stantsB andD are related to four phonon processes agis
(o ):J 1 ol 401~ @22y, i the intrinsic frequency of th_e optical _phoryon at the Brillouin-
1 " r,)? ' zone center in the harmonic approximation.
_ At temperatures much below the Debye temperature, the
contribution from higher-order anharmonic terfggiartio is

A. First-order optical phonon mode

where
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negligible. In this case, the important contribution is from the

. X GaP
cubic anharmonic terms, so that 405 “ {:.
LO phonon ‘
- Theory Error zo.l.cm'1 -
A(T)=C|1+ 1 ®) s * o o o Experimeni e
k) =
and g 403 S
o 3
T(T)=A{1+ (6) = <
( gt . 2
s s
Off-resonant Raman experiments were carried out on GaP, & 401 £
GaAs _,P, and InGa _,As well below the Debye tem- 3 3

perature(GaP, 446 K; GaAs, 344 K, and InAs, 249 ,Kso
that Eqgs.(5) and(6) can be used to describe the temperature

dependence of the line center and linewidth of the first-order 399 L L Ly
optical phonons at the Brillouin-zone center. 0 100 200 300
Compositional disorder introduces changes in the phonon Temperature (K)

energies, linewidths, and line shapes of Raman-active

modes. Fuchs and Co-work%?sinvestigated the effect of FIG. 1. Temperature dependence of the LO-phonon line center
isotopic disorder on phonon energies, widths, and shapes @nd linewidth in GaP.

Raman lines using the CPA formalisthwhere the effects of

differences in isotopic masses are taken into account and the 1

isotopes are randomly distributed in the lattice site rather ™ ael ©
than clustered. In a similar way, the effect of compositional

disorder on vibrational properties in ternary alloy semicon-herec is the velocity of light and™ is the linewidth of the
ductors could be understood in terms of cpAfirst-order optical mode from the Raman measurements.

calculation®22n ternary alloy semiconductors also, there Equation(9) is used to calculate the lifetime of the first-order

exists a difference in reduced masses due to the isoelectrorfPtical-phonon modes in GaP, GaAgP;, and InGa, _,As.

substitution and the atoms of the constituent binary semicon-
ductors are randomly oriented on the lattice site. The alloy
semiconductors could be considered as an effective medium The temperature dependence of the line center and line-
characterized by a dimensionless “self-energy(®), where  width of the first-order LO-phonon mode in GaP is discussed
w is the phonon frequency with respect to the virtual crystalin this section. Experiments were performed at five different
(VC). The CPA condition for zero average scattering at atemperatures with the 4880-A line of the argon-ion laser.

1. Gallium phosphide

single site in this medium is given by The slit width of the monochromator was kept at pfn,
) _ which gave a resolution 0f0.4 cmi %, Figure 1 gives the
2 Xi{,uVCAwZ[l—s(w)]—Miwz} _ variation in the line center and linewidth with temperature,
“ 1—{puyca0[1-2(w)]— pi0?}Gy(0,0;0?) =0, showing, as expected, a decrease in the linewidth and a shift

7) in the line center toward higher frequencies as the tempera-
. ) . ture is lowered. Equationé5) and (6) are used to fit the
wherex, andx; are the fractional concentrations of constitu- gy serimentally observed changes in the line center and line-
ent binary semiconductors which sum tod, and u, aré \yigth by properly choosing the constaisA andw,. Good
their respective reduced masses, and the virtual reduced MagSreement is obtained between theory and experiment for
IS iyca=X11+ X0 Gy is the site Green's functioninthe ap  with c=-2457 ecm! A=1.266 cmt and
effective medium given by wo,=406.024 cm. Furthermore, the lifetime of this mode,
1 1 estimated using Eq9), is 7=4.24 ps at 295 K, 5.30 ps at
G (0,0;0?) = _ . (8) 200K, and 10.61 ps at 10 K.
MO0 N & L@ ¥

whereN is the number of unit cells in the VC. Equatiof® 2. The alloy GaAg-(P

and(8) must be solved self-consistently for the complex self- (i) GaAg, 1P, s The changes in the line center and line-
energys (w), the real part of which would give the shift in width of the first-order GaAs- and GaP-like LO-phonon
the phonon frequency and the imaginary part the broadeningnodes were recorded with the 5145-A line of the argon-ion
The detailed calculations of the CPA equations will be pubdaser at various temperatures, again with a slit width of 50
lished separately later. pum. The Raman spectrum of Gaf\&, ¢ consists of two
The analysis of the linewidth broadening in the Ramanprominent peaks, one corresponding to the first-order GaAs-
measurements can be used as an indirect measurement filte LO-phonon mode and the other corresponding to the
estimating the lifetime of the first-order optical phonon at thefirst-order GaP-like LO-phonon mode. At room temperature,
Brillouin-zone center. Assuming a Lorentzian function for the first-order LO phonon in GaP appears at 401 twith a
the deconvoluted line shape of the natural Raman line, thénewidth of 2.5 cm®. On the other hand, the first-order
lifetime of the optical phonon can be calculated using aGaP-like LO-phonon mode in Gagjg, o appears slightly
simple relation shifted toward low frequency at 398 crhwith a linewidth
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TABLE I. Best-fit values of the anharmonic constants for the first-order GaAs-like and GaP-like LO-phonon mode in (PaAs

GaAs-like LO phonon GaP-like LO phonon
A C wo Fa/Fb A C wo Fa/Fb
X (cm™) (cm™) (cm™Y (cm™Y (cm™Y (cm™Y)
1.00 1.266 —2.457 406.024 1.00
0.90 —2.311 282.927 1.551 —2.985 404.759 1.00
0.65 3.053 —1.950 289.852 1.83 2.558 —3.668 398.017 1.50
0.59 2.670 —1.752 290.564 1.50 3.127 —3.899 396.581 1.80

of 3.0 cmi L. The first-order GaAs-like LO-phonon mode at from 0.9 to 0.65. The GaP- and GaAs-like first-order LO-
276 cmi tis not resolved from the first-order GaAs-like TO- phonon modes show line-shape asymmetry with a tail on the
phonon mode, because of the high degree of disorder expésw-energy side, which is reflected in the asymmetry param-
rienced by this mode, and, therefore, the linewidth of thiseter (",/T",), whereT, is the half-linewidth on the low-
mode could not be measured. Furthermore, the ratio of thenergy side, and’, is the half-linewidth on the higher-
intenSity of the first-order GaAs-like LO-phonon mode to theenergy side. The asymmetry paramdf%"rb (Tab|e [) for
TO-phonon mode is small. These modes show a shift in thehe first-order GaP-like LO-phonon mode increases as the
line center toward the high-frequency region, and a decreasgncentration of phosphorous changes from 0.90 to 0.65,
in the linewidth with decreasing temperature. Also, the ratio,hich is reflected in the increase in the tail on the low-
of tjhe mt;:;ns_llygs r?f the f|rsctj—0(der GaAS"'.kﬁ ij)—phonon energy side. An investigation of the temperature dependence
{no N tott € E _pt'orr](%r)] mg(g)mcreasedsth;[.t t";‘] €Crease i} he line center and linewidth of these modes indicates a
emperature. Equations) andb) are used to fit the experi- ?ecrease in the linewidth and a hardening of the first-order
mentally observed changes in the line center and linewidth 0%0 phonon mode as the temperature is decreased. The ex
these two modes. The values of the anharmonic constants,” . : . . - i
which are used to obtain the best fit between the theory angénmentally observed line center and linewidth are fitted tp
gs.(5) and(6). Good agreement between theory and experi-

experiment, are given in Table I. The lifetime of the first- X s
order GaP-like LO phonon in this alloy is then obtained byment is observed, and the best obtained values of the anhar-
monic constants are given in Table |. The lifetime for the

using Eq.(9), and is given in Table . : . i e i
(i) GaAs sPyes A Similar series of experiments were WO modes is estimated using E§), and is given in Table
done on this sample with the 4880-A line of the argon-ionl!-
laser to ascertain the effect of increasing arsenic content. In (iii) GaAs 41Pose In this sample, at room temperature, a
this sample, at room temperature, the first-order GaAs-likdardening of the first-order GaAs-like LO-phonon mode,
LO-phonon mode appears shifted toward higher frequency avhich appears at 285.5 crhwith a linewidth of 7.5 cmi, is
284 cm'%, compared to its counterpart in the 90% phosphor-observed compared to Gaf\sPo 5 The first-order GaP-like
ous sample with a linewidth of 8.5 ¢m which is clearly LO-phonon mode, on the other hand, shifts toward low fre-
resolved from the first-order GaAs-like TO-phonon mode.quency and appears at 388 chwith a linewidth of 6.0
Conversely, the first-order GaP-like LO-phonon mode apcm™!. The intensity of the first-order GaAs-like LO-phonon
pears further shifted toward lower frequency at 390 tm mode further increases, and that of the first-order GaP-like
with a linewidth of 5.0 le. Furthermore, as expected, the Lo_phonon mode decreases as the phosphorous concentra-
intensity of the first-order GaAs-like LO-phonon mode in- tion changes from 0.65 to 0.59. The asymmetry parameter
creases, and that of the flrst-orQer GaP-like LO-phonon modga/rb (Table ) is observed to decrease for the first-order
decreases as the concentration of phosphorous decreaggsgas.jike LO-phonon mode, and increases for the first-order
GaP-like LO-phonon mode as the concentration of phosphor-
TABLE II. Lifeti_me of the first-order GaAs-like and GaP-like g5 changes from 0.65 to 0.59. A decrease in the linewidth
LO-phonon mode in GaAs Py and a shift in the line center toward high frequency is ob-
served for these two modes with decreasing temperature.
lifetime lifetime Equations(5) and_ (6) are used to fit the_ exp_erimentally ob-
09 09 s_erved changes in the line center and IlneW|d_th, and the best-
Temp. fit values of the anharmonic constants are given in Table I.
(in K) x=0.90 x=0.65 x=0.59 x=0.90 x=0.65 x=0.59 Equation(9) is used to calculate the lifetime of these two
modes which is given in Table II.

GaAs-like LO-phonon GAP-like LO-phonon

295 1.25 1.42 3.54 2.12 1.52

250 1.42 1.63 3.54 2.12 1.77

200 177 193 424 265 212 3. In,GayAs

150 2.12 2.65 5.31 3.03 2.36 In,Ga, _,As ternary alloy semiconductors exhibit a partial
100 2.65 3.22 5.31 3.54 3.03 two-mode behavior, one mode at the gallium-rich end and
50 3.03 3.54 7.07 4.24 3.54 the two modes for indium-rich samples. The scattering vol-
10 3.03 3.54 7.07 4.24 354 ume of these samples is rather small because of their opaque

nature and small penetration depth. The scattered signal was
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TABLE lll. Best-fit values of the anharmonic constants for the

. . . G - -
first-order GaAs-like LO-phonon mode in,/@a; _,As. oAS1- xR GoP

GaP-like LO phonon %x20.59

A C (1)0 B
X (cm™b (cm™ (cm™b I'J/Ty, - 0.6

-
~

%
0.05 0.986 —2.298 298.520 1.20 E 10+
0.12 1.266 —-2.331 295.768 1.57 &
0.19 2.134 —2.350 292.153 1.74 E 8
0.24 2.472 —2.369 289.247 2.00 e [
0.53 3.144 —-2.312 281.243 2.25 €6

£t

L

collected at each frequencyrf8 s toimprove the quality of 0.90
the spectrum. At the same time, the error in the measurement m _/

of the line center and linewidth is minimized to less than 0.6
cm ! by keeping the slit width at 7@m. Raman studies of
MVPE-grown (100-oriented InGa,_,As (x=0.05, 0.12, 50 100 15 200 70 300

0.19, 0.24, and 0.53were investigated with the 5145-A line Temperature (K)

of the argon-ion laser at various temperatures. The

In,Ga _,As compounds investigated in this work are FIG. 2. Temperature dependence of the difference in the line
gallium-rich samples in which only the GaAs-like LO- center between GaAs,P, and GaP for the first-order GaP-like
phonon mode is prominent. The first-order InAs-like LO- LO-phonon mode.

phonon mode appears for=0.19, but it is too weak for

changes in the line center and linewidth to be measured. Alonal disorder is observed. As the temperature is lowered,
softening of the first-order GaAs-like LO-phonon mode andhardening of phonons and a decrease in the linewidth is ob-
an increase in its linewidth at room temperature is observegerved. Experimentally observed changes in the line center
with an increasing concentration of indium. Furthermore, thend linewidth may be understood in terms of three-phonon
asymmetry parameteF /T, (Table Ill) increases for the Processesin which an optical phonon decays into two acous-
first-order GaAs-like LO-phonon mode with an increasingtic phonons for temperatures much below the Debye tem-
concentration of indium. As the temperature is decreasedyerature of the sample. At low temperatures, the thermal an-
this mode shows similar behaviors for all,@e_,As harmonicity in the sample is reduced, and the phonon modes
samples: the line center of this mode shifts toward high frebecome sharp and narrow. Equati¢bsand(6) are used to
guency and its linewidth decreases. Equatisnd(6) are fit the experimentally observed changes in the line center and
again used to fit the experimenta”y Observed Changes in thliﬂeW|dth, and the best-fit values of the anharmonic constants
line center and linewidth of this mode. The best-fit values ofare given in Tables | and III.

the anharmonic constants are given in Table Ill. Equat®n A comparative study of the values of the anharmonic con-
is used to obtain the lifetime of the first-order GaAs-like Stants of GaP and Gafs,P; reveals that the degree of an-

LO-phonon mode for different indium concentrations, and isharmonicity experienced by the first-order GaP-like LO-
given in Table IV. phonon mode in GaAs,P, is greater than that of the LO-

phonon mode in GaP. In GaP, the anharmonicity depends
only upon the temperatures, and increases with increasing
o temperature. In ternary alloys, on the other hand, there are
The effect of anharmonicity on Raman spectra of GaPtwo components of anharmonicity, one corresponding to
GaAs P, and InGa,_,As has been discussed in the pre-temperature and the other to compositional disorder. There is
vious sections. Softening of phonons, an increase in the lingg qualitative difference between these two different kinds of
width with increasing temperature, and increasing composianharmonicities: temperature-induced anharmonicity gives
rise to a shift in the phonon frequency and a change in the

TABLE IV. Lifetime of the first-order GaAs-like LO-phonon linewidth. Compositional-fluctuation-induced anharmonicity,

o

4. Comparative study of anharmonic effects

mode in InGa; _As. on the other hand, yields, in addition, changes in the phonon
line shapes which can be described by an asymmetry param-
GaAs-like LO-phonon lifetime eter (,/Tp). This observation indicates that the
Temp. (ps) temperature-induced anharmonicity and compositional-

(in K) Xx=0.05 x=0.12 x=019 x=024 x=053 fluctuation-induced anharmonicity are not additive in nature
due to their different characters. However, at low tempera-

295 3.22 2.36 1.93 1.77 1.41  tures, one can qualitatively separate out the two components
220 5.31 3.03 2.36 1.93 1.77 of the anharmonicity by comparing the anharmonicity-
160 7.07 4.24 3.03 2.65 2.12 induced effects in binary and ternary systems, since, for the
120 7.07 5.31 3.79 3.22 2.36 latter, at low temperatures, anharmonicity is mainly due to
70 10.61 7.07 4.24 4.24 3.54  compositional disorder. Furthermore, the values of the anhar-
15 10.61 10.61 5.31 4.24 3.54 monic constants increase with increasing compositional dis-

order in ternary alloys. Figures 2 and 3 show the difference
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FIG. 3. Temperature dependence of the difference in the line- FIG. 5. Temperature dependence of the difference in the line-

width between GaAs ,P, and GaP for the first-order GaP-like width between 1§Ga _xAs and I,0gGa.0As for the first-order
LO-phonon mode. GaAs-like LO-phonon mode.

in the li . . be seen from Tables | and IlI.
in the line center and linewidth between GaAg, and GaP Another salient feature of the alloy spectrum is that an-

for the first-order GaP-Iik_e LO-phonon mode as a function tharmonicity due to compositional disorder distorts the pho-
temperature. From the figures, one can see sharp changesig jine shapes, leading to a tail on the low-energy side. This

the difference with the decrease in phosphorous concentris i, sharp contrast to temperature-induced anharmonicity,
tion, wh|ch |nd|ca'ges that the degree _(_)f anha_rmonlcny M"where the phonon line shapes do not change. Figures 6 and 7
creases with the increase in compositional disorder. Simigp gy the effect of compositional-disorder-induced anharmo-
:grly, .';'%S'bA' and 5 give the difference in the line center anchicity on the line center and linewidth of the first-order GaP-
inewidth between 151G _,As and Iny oGay oA for the e | O phonon in GaAg. ,P, at 10 K, and the first-order
first-order GaAs-like LO-phonon mode as a function of tem-5 4 as-jike LO phonon in IgGa, ,As at 15 K. At these tem-

j X ! : “x .
perature, which also shows a steep increase in the difference, o1 res, anharmonicity is mainly due to compositional dis-
with an increase in indium concentration. It can also be seef,jer. The changes in the line center and linewidth with the
from these figures that the effect of anharmonicity prevail§n.rease in compositional disorder are not quantitatively ex-
even at low temperatures with increasing compositional d'sblained by self-consistently solving the CPA equations for
order. The values of the anharmonic constadtandA also the self-energy (w). However, from these figures one can

increase with increasing compositional disorder, which canpcane large changes in phonon energy and width with an

increase in compositional disorder. It can also be seen that
In 61y As - Ing.05G 0. g5AS these changes are more pronounced than temperature-

20F H
GaAs-like LO phonon induced effects.
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\ The first-order TO-phonon mode is dipole forbidden in
» the Raman spectrum of thel00)-oriented sample in the
278 ) . | . 0 backscattering geometry configuration. But, in the Raman
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spectrum of GaAg,P, o, the GaP-like first-order TO-phonon
mode appears as a prominent peak. This is attributed to the
presence of compositional disorder in ternary systems due to

FIG. 7. Concentration dependence of the line center and “neal_loylng. For thls_mode, Raman e_xperlments were recorded
width for the first-order GaAs-like LO phonon in /8a,_,As at 15 with the 5145-A I|_ne Qf the argon-ion laser at different tem-
K. peratures. The slit width of the double monochromator was

kept at 75um, which gave a resolution of 0.6 cmi t. One

In GaAs P, ternary alloys, a two-mode behavior is ob- wogld normally expect that this mode, which is a disorder-
served for anharmonicity, one corresponding to the first&ctivated one, would not have any temperature dependence.
order GaAs-like LO-phonon mode, and the other correHowever, as the temperature is lowered, the I|n_e center is
sponding to the first-order GaP-like LO-phonon mode. It isoPserved to shift toward high frequency and the linewidth is
therefore pertinent to explore the effect of anharmonicity orfound to decrease as shown in Fig. 8. Equati)sand (6)
both these types of phonons in this alloy system. It is foundlescribe the temperature dependence of allowed modes. The
that the degree of anharmonicity of the GaP-like LO-phonorfemperature dependence of the disorder-activated 'modes is
mode increases, whereas the corresponding effect in tHot clear. However, when Eq) and(6) are used to fit the
GaAs-like LO-phonon mode decreases with a lowering 01e>_<per|men_tally observed changes in the line center and line-
the phosphorous concentration. Furthermore, the first-ordeyidth of this mode, good agreement between theory and ex-
GaP-like LO phonon has a greater anharmonicity than th@€riment is obtained fo€=—2.601 cm ', A=2.538 cm
GaAs-like LO phonon for a givem. Even in phosphorous- andwo=372.816 cm*. Equation(9) is used to estimate the
rich samples, the GaP-like LO phonon has greater anharmdfetime of this mode as a function of temperature, which
nicity than the GaAs-like LO-phonon, whereas one mightdives 7=1.93 ps at 295 K, 3.54 ps at 100 K, and, at 10 K,
expect the reverse, since the GaAs-like LO phonon experiz7=4.24 ps. From the strong temperature dependence of this
ences a high degree of disorder in phosphorous-rich sample®ode, we can conclude that the anharmonicity due to tem-
This feature is attributed to the difference in the masses operature is dominant in ternary systems with a lesser degree
phosphorous and arsenic. of disor_der, v_vhereas the anharm_onicity_ due to disorder_is

Finally, our results show that the lifetime of first-order Predominant in ternary systems with a higher degree of dis-
optical phonons in GaP decreases with increasing temper&rder.
ture and, in GaAg_,P, and InGa, _,As, it decreases with
increasing temperature and increasing compositional disor-
der, making the strongly interacting optical phonons decay In first-order Raman scattering, acoustic-phonon modes
into weakly interacting acoustic phonons. The greater thare not allowed. However, for second-order scattering, the

Concentration,x

C. Second-order transverse-acoustic mode
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FIG. 10. Temperature dependence of the second-order
FIG. 9. Temperature dependence of the second-order transversgansverse-acoustic phonon structure in GaRs o

acoustic-phonon structure in GaP.

of phonons. The occupation number of phonons taking part
selection rules are relaxed. This mode is very weak comin any scattering process at finite temperature is given as
pared to the first-order LO-phonon mode. The slit width of
the double monochromator was maintained at 50, n=1+ng, (10)

which gave a resolution of 4 cm’l, to improve the signal.  \yherenj is the Bose-Einstein function given as
The temperature-induced shift in the line center and a change

in the linewidth is difficult to be observed at this resolution 1
level. Figure 9 shows the second-order transverse-acoustic N~ GFogTkeT_ 1" (11

phonon structure, 2TA(), at various temperatures in GaP.
The 2TA(X) mode appears at around 212 ¢hat 295 K in  where wj, is the mean position of the mode afdis the
the Raman spectrum ¢£00-oriented GaP. From Fig. 9, one temperature. The occupation number indicates that the den-
can see that this mode becomes broad, and its intensity deity of phonon states for the second-order transverse-acoustic
creases as the temperature is decreased. The temperature plgenon decreases with a decrease in the temperature.
pendence of this mode was recorded using the 4765-A line Figure 10 shows the 2TA{) mode structure for
of the argon-ion laser to avoid resonance effect at xhe GaAg P, g at various temperatures. In the Raman spectrum
point. of GaAg 1Py at 295 K, this mode appears as a weak and
For a sharp mode, the number of phonons taking part ifroad structure at around 207 ch This mode, which ap-
the scattering process can be determined by the intensity gfears at around 212 cmin the Raman spectrum of GaP,
the mode. However, if the mode is broad, the number ofhifts toward low frequency and becomes weak and broad as
phonons taking part in the scattering process will also dethe phosphorous concentration decreases from 1.0 to 0.9.
pend upon the width of the mode. The number of phonondhe oscillator strength of the 2TX() mode structure does
taking part in the scattering process for the mode, shown imot change as the temperature is lowered, which is evident
Fig. 9, is proportional to the area under the mode structurdrom Fig. 10. In the case of GaP, the overall structure of the
At any finite temperature, the total number of phonons takin TA(X) mode changes with a decrease in the temperature.
part in the scattering process will be proportional to theirThis is explained on the basis of occupation nhumber, which
occupation number, because of the creation and annihilatioimdicates that the density of phonon states for this mode de-
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creases with a decrease in temperature. But, in the case ofit by comparing the anharmonicity-induced effects in bi-
GaAg Pye this mode does not undergo any appreciablenary and ternary systems. The strong temperature depen-
change as a function of temperature. This could be due to thdence of the dipole-forbidden GaP-like TO phonon in
suppression of the temperature dependence of this mode §382As 1P, ¢ indicates that thermal anharmonicity is dominant
the disorder-induced effect. The decrease in the density dpr low values of alloying, while compositional-disorder-

phonon states for this mode with a decrease in temperature igduced anharmonicity predominates for high values of al-

anharmonicity, one for the first-order GaAs-like LO phonon
and the other for the first-order GaP-like LO phonon. The
degree of anharmonicity for the GaP-like LO phonon in-
A comparative study of anharmonic effects in binary andcreases, whereas the corresponding effect in the GaAs-like
ternary systems shows two components for anharmonicity ihO phonon decreases with a lowering of phosphorous con-
ternary alloys: one due to temperature and the other due tcentration, indicating that the degree of anharmonicity in-
compositional disorder. The anharmonicity in binary systemsreases with an increase in disorder. Furthermore, the degree
increases with increasing temperature and, while in ternargf anharmonicity is different for these two modes, greater for
alloys, it increases with increasing temperature and increashe GaP-like LO phonon, for a given value of phosphorous
ing composition fluctuations. Both thermal and concentration, and this is attributed to the difference in the
compositional-disorder-induced anharmonicities introduce anasses of phosphorous and arsenic. The density of phonon
shift in the phonon frequency and a change in the linewidthstates for the 2TAX) mode in GaP is found to decrease with
and, in addition, the latter contributes significantly to thedecreasing temperature, while its counterpart in GaRso
phonon line shapes which indicates the nonadditive nature a6 independent of temperature, indicating that the
the two components of the anharmonicity due their differencompositional-disorder-induced effect compensates for the
characters. Anharmonicity at low temperatures, in ternary altemperature-induced effect in GaAP, o Finally, the life-
loys, is due mainly to compositional disorder, because otime of the first-order optical modes is found to decrease
which the components of anharmonicity could be separatedith increasing anharmonicity.

IV. CONCLUSION
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