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We have investigated the relaxation of zone-center nonequilibrium optical phonons in bulk cubic and
hexagonal semiconductors. Our theory is based on the application of Fermi's golden rule formula involving
anharmonic interaction between phonons. Calculations of the lifetimes of the zone-center longitudinal optical
(LO) and transverse opticglTO) phonons in cubic materials have been performed by modeling acoustic
phonon modes within Debye’s isotropic continuum scheme. Lifetimes, @fO), E;(TO), A(TO), Eg and E%
modes in wurtzite semiconductors have also been calculated by employing Debye’s scheme within a semi-
isotropic continuum model for acoustic modes. We have obtained a few trends in the lifetime results within a
crystal phasgcubic or hexagonal and between the two crystal phases. Our results support and explain
available experimental data over a large temperature range, and make some predictions.
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I. INTRODUCTION mainly due to the presence of nine optical modes in the

Study of optical phonon relaxation in semiconductors isWurtzite structure. o o
important because of its direct influence in energy relaxation Relatively far fewer theoretical investigations have been
of carriers. In technologically important devices electrons aréeported in this field. In general, phonon dephasing in solids
highly excited into conduction band either optically or by results from various sources like impurity scattering, carrier
applying electric field. These high energy carriers decay toscattering, and anharmonic interaction between phonons. For
wards their ground state, largely by emission of opticalhigh quality crystals with low concentration of free carriers
phonons. When the excited carrier density is large, the opti¢<<4x 10'®/cm?®), phonon dephasing due to carrier-phonon
cal phonon emission can be very fast with an eventual nonscattering and impurity scattering can be neglected. Also,
equilibrium population. The hot phonon population increaseslepopulation of nonequilibrium optical phonons takes place
the phonon absorption rates of the carriers, eventually reduen the time scale of about 1 ps at room temperat(vehich
ing their energy loss which strongly affects the optical charis much larger than that due to carrier-phonon interaction
acteristic and electronic transport properties of the semicon-~100 f9.1® Therefore, we can safely assume that the life-
ductor devices. Therefore, the thermal management itime of the hot phonons is almost exclusively contributed by
electronic devices is dominantly controlled by the nonequi-anharmonic interactions in the form of decay into phonons of
librium optical phonons created by the excited carriers. Suclower energies.
optical phonons occupy a limited and well defined range of The first theoretical calculation of phonon lifetime was
wave vectors close to the center of the Brillouin zérle.  performed by Cowley in Ge way back in 1965Cowley
polar semiconductors excess energy of carriers is removecbnsidered the anharmonic interaction as an axially symmet-
mainly by the interaction of longitudinal opticalLO) ric force between nearest neighbors and summed over all
phonons with the carriers, known as the Frohlich interactionpossible decay processes. Klent@riseated the decay of op-

The LO phonon damping in polar systems has been studical phonons into two acoustic phonons with opposite wave
ied experimentally both in the frequency domain using sponvectors. Available theoretical estimates of phonon lifetimes
taneous Raman spectroscép§yand in the time domain us- for bulk semiconductors show a huge spread and are only
ing incoherent anti-Stokes Raman scatteffh@nd time-  partially successful in accounting for experimental findings.
resolved coherent anti-Stokes Raman scattérifly. The first detailed calculations of anharmonic phonon decay
Transverse optica(TO) phonons are less important in with a clear understanding of different decay mechanisms
carrier-lattice thermalization due to their weak coupling withhas been done by Debernardi, Baroni, and Molif&af?.Fol-
carriers. In highly doped semiconductors carrier-LO phonoriowing a first-principles approach to study anharmonic decay
interaction is damped due to screening effédn this case  of phonons based on the electronic density functional theory,
TO phonons play an important role in the redistribution ofthe lifetime of the zone-center phonon in diamond, Si, Ge
energy in highly excited systems. Relaxation of TO phononsvas calculated by Debernardi and co-workérand for the
has been studied by several groups by applying timezone-center LO and TO phonons in GaAs, GaP, AlAs, InP by
resolved coherent anti-Stokes Raman  scatterindebernard??
techniqueg3-1"Most of such experimental studies have been In this work we present a comprehensive study of the
reported for cubic semiconductors with the diamond and zinanharmonic phonon lifetime in cubic and hexagonal semi-
blende structures. Recently, a few groups have reported meeenductors, and provide a detailed analysis of the various
surements of the phonon relaxation of the Raman activelecay processes involved. We have employed a semiempir-
modes in the wurtzite phase of GaN and AIN. However,ical approach for this purpose. Our model uses the lowest
interpretation of such experimental results is more involvedbrder anharmonicity as perturbation to the crystal harmonic
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potential. The expression for the decay rate has been ob- (2w -
tained by applying Fermi's golden rule formula in time de- P = 7|<f|V3\|>| o(E; - E). 3
pendent perturbation theory, with an expression for cubic
anharmonicity obtained in the framework of isotropic con-  While the lifetime of a modeys is determined from the
tinuum model. Calculations for cubic systems have been peibalance between the decay procgss-q’s' +q"s" and the
formed by modeling acoustic phonon modes within Debye'usion process gs+q’s’'—q"s’, it has been shown
isotropic continuum scheme. Lifetimes of various opticalpreviously® that the fusion process is usually too slow, indi-
modes in wurtzite semiconductors have also been calculatezhting that the lifetime is almost exclusively goverened by
by employing Debye’s scheme within a semi-isotropic con-the decay process. In the single-mode relaxation time
tinuum model. These results are used to support and expla@pproact? we assume that phonons in mogieare in non-
available experimental data, and to make predictions in somequilibrium population while phonons in modegs’ and
other cases. Particular attention has been paid to the study gfs” maintain their equilibrium Bose-Einstein distribution.
[lI-nitride materials in both zinc blende and wurtzite phasesWithin this concept, and using Eq&) and (3), the decay
rate of a phonon in modgs can be expressed as

Il THEORY ,T_l: fn’h—’yz 2 w(qs)w(q’s’)w(qﬂsﬁ)@
During carrier relaxation in semiconductors, nonequilib- a ZpEZNOQq,S,q,,Sﬂ Ngs
rium phonons are generated with wave vectors very close to L o
the Brillouin zone center. In this section we describe our X Bq,qr+qrd@(qs) ~ w(q's) — w(q"s")), (4)

theory of anharmonic decay of of such phonons. where w(qs) is the frequency of modgs with the equilib-

rium Bose-Einstein distribution functiamgs), c is the aver-
A. Hamiltonian and Fermi’s golden rule age acoustic phonon speed, and the three-phonon interaction
In reality, anharmonicity is only a small proportion of the strengthlAZifq,,l2 for the procesgis—q’s'+q"s’ has been
total crystal Hamiltonian, and can thus be considered as expressed in the forfa
perturbation on the harmonic part of the potential. We treat

.. . , 4 2
only the lowest order anharmonicity and express the Hamil- |Ass’,s’”|2= %Vzcicicin (5)
tonian as aa'q C
H=Huam* V3, (1)  with yas the mode-average Griineisen’s constant. In general,

h d h | | ial v is a wave vector, polarization mode, and temperature de-
whereH, Hyam andVs represent the total crystal potential, onqent For the present study, however, we need to consider

the harmonic part of the Hamiltonian, and the cubic anharthe value ofy for the LO and TO. modes at the zone center
monic part of the potential, respectively. Even only with the(i.e., for q=0). We will consider a temperature-average value

cubic anharmonic term, the expression for the full crystalys (hege coefficients. Furthermore, in this work we will re-

Hamiltonian is very complicated. We have used a forVef oo 0) andy(TO) as adjustable parameters and consider
from Ref. 23, which treats the crystal as an anharmonic elas-

tic continuum. Although the continuum model does not Sup_dif'ferent interaction coefﬁcientbb\zzl,sél,J2 for different three-
port optical phonon modes, many previous works have useBhonon processes in accordance with E. Such an ap-
such a mode(see, e.g., Ref. 34In this approach the cubic proach for the consideration of the anharmonic coupling con-
anharmonic part of the crystal Hamiltonian, using the secongtant to fit the temperature dependence of experimental
quantized notation, is expressed®as lifetimes of phonons is a common practiée.

vie i s aqq jsse o o
37 g 8P3N09q CCyCy AT 0+q’+9".G B. Model dispersion curves

s Measurements and realistic calculations of phonon disper-

X (als— ans)(a;rsr - &qfsf)(a;ngr —a gre), (2)  sion relations for zinc blende and wurtzite materials are well
documented. For example, the phonon dispersion curves for
GaN can be found in Refs. 27 and 28 for the wurtzite phase
, SRR o and in Ref. 29 for both the zinc blende and wurtzite phases.

vectors of phonons with p0|aI’IZ’<’;l:[I0n indicess’,s", and In the long wavelength limit acoustic curves can be approxi-
speedsc,, Cy , Cy, respectively,Act”, is a measure of the mated by linear dispersion relations. Although the optical
strength of a phonon-phonon scattering proc€sts a recip-  branch of a diatomic linear chain can be approximated by a
rocal lattice vector, and:;s,aqs are the phonon creation and quadratic dispersion relation, dispersion relations of three-
annihilation operators. Strictly speaking, there is no conceptlimensional crystals are in general quite complicated and a

of a reciprocal lattice vector for a continuum, but a draftingsimple approximation is not always possible.

technique can be usddf. Ref. 23 and references thergin To derive analytical expressions for the decay rate of a
The probability of a three-phonon interaction from an ini- zone-center optical mode due to cubic anharmonicity in the
tial state|i) to a final statdf) can be expressed, within Fer- crystal potential, we made appropriate approximations for
mi's golden rule formula, as phonon dispersion curves for zinc blende and wurtzite mate-

where p is the material densitylN,y is the number of unit
cells, Q is the volume per unit cellg,q’,q" are the wave
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(a) Klemens’s channel (b) Ridley’s channel with flat TO branch
FIG. 1. Schematic illustration of our model
dispersion curves for zinc blende materials.
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(c) Ridley’s channel with dispersive TO branch (d) Vall’ee—Bogani’s channel

rials. We used the Debye model within the continuum ap-ergy and momentum conservation conditions. It is conve-
proximation for acoustic branches, and considered opticatient to describe such a decay in terms of four possible chan-
branches as flat or linearlyather than quadraticalydisper-  nels. (i) The decay of the optical phonon into two acoustic
sive as appropriate. For diamond and zinc blende materiaishonons with opposite momenta is known as the Klemens
we further employed the isotropic approximation. A sche-channefP (ii) Ridley*° considered the possibility of a zone-
matic illustration of our model dispersion curves for zinc center longitudinal optical mode decaying into a transverse
blende materials has been presented in Fig. 1. For the wurtpptical mode and a longitudinal acoustic mode. This can be
ite structure, we employed the Debye model within a semigeneralized to a process involving the decay of the optical
isotropic model. In this scheme our calculations were permode into a lower-branch optical mode and an acoustic
formed along the three principal symmetry directidnsk, mode: we shall call this a generalized Ridley chaniiél)
I'-M andI"-A, and results were presented as the average ofhe optical mode may decay into a lower mode of the same
the values along these directions. A schematic illustration obranch and an acoustic mode, known as the Vallée-Bogani
the modeled dispersion relations for the wurtzite structure ishannef° (iv) In addition to the above three channels, in
presented in Fig. 2. It should be noted that the quadraticalurtzite materials a zone-center optical mode may also de-
variation with frequency of the density of states obtainedcay into two lower-branch optical modes. Within the Debye
from the application of the linear dispersion relation is in model for phonon dispersion, as briefly described above, we
general quite different from that obtained from the considerhave derived the following expressions for phonon intrinsic
ation of realistic phonon dispersion relations. This should bdifetime:

kept in mind when critically analyzing the results presented (a) Klemens channgel

in this work.

C. Expressions for intrinsic lifetime ﬁyz 5 stdz)]z

=1 / / —
A long wavelength optical phonon mode can decay into 7 [SO—SA+SA]= 64@6203 Wso Moso
lower energy optical and/or acoustic modes dictated by en- S'A S

(6)
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FIG. 2. Schematic illustration of our model dispersion curves
for wurtzite materials. (c) Generalized Vallée-Bogani channel
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7ISO— SO+ S'A] A. Wurtzite structure
fiy? . e 0S99 wgip) In this section we will present results for the decay rate of
= ?wgu\wsowsc? (9 various optical modes in IlI-nitride materials InN, GaN, AIN,
4mpC-Cqp N(wso) and BN in the wurtzite phase. The results for individual ma-
p

terials will be used to obtain useful trends. Group theoretical
analysi$® suggests that while the modes, E,, andE; are
1 , , Raman active, the modg, is silent. With this information in
71S0— S0 +S'0] mind, we have made calculations of the lifetimes of ofly
hy? . Nwgo)Nwgo) E,, andE; modes. As mentioned earlier, calculations were
—_— performed along the three symmetry directidhsk, I'=M,
andI'-A, and the final decay result for each mode is pre-
(10) sented as an average of the results along these directions.
The computed estimates are compared with available experi-
¢ mental measurements.
Our calculated lifetime at low temperature and room tem-

(d) Further channels

= Wy O o——
3 30WSOWs O — )
47TpEZCS,O N(wso)

whereS, S, S'=L or T, 0®%is zone-edge frequency, an

Wap=Wsn— W o OF W —wedge, and wgn=wso— we . Pro- . : .
cgsAses ?r?vol\?ir?g dausgohters%odes frgr% opstﬁ:al f)rc;inches, r&eratur_e, along with available experlmental data from Raman
ferred to as “further channels,” can take place in wurtziteScattering m_easuremgnts and t|me-resolyed spontaneous Ra—
materials, but not in materials with the diamond and zinc"&" scattering 'techmque, are reported in Table. l. There is
blende structures. lack of information on Griineisen’s constaptfor different
modes in the various nitrides. The recent work by Bretls
al.®* suggests that for AIN the value of between 300 and
D. Possible decay channels 1600 K lies in the range 0.70 and 0.96. In this work, we used

Energy and momentum conservation conditions ma aI-y:O'8 (the average of results reported in Brafsal for
9y Y 81300 and 1600 K for all modes in all the nitride materials

low for the zone-center LO and TO phonon modes in ZIr]Cdiscussed here, unless otherwise discussed further in the text.

blende materials to decay via one or many of the Klemens

. A . ; Any rescaling ofy to fit theory with experiment becomes
Rldley an_d Vallee—Boganl channels. In particular, the f(_)"OW'necessary in the absence of any reliable experimental data
ing combinations of daughter modes may be alloied:

for different modes, and also in view of the simplified dis-

LO mode decay persion relation employed.
(i) Klemens channel: LOsLA+LA; LA+TA; TA+TA,
(i) Ridley channel: LO-TO+LA; TO+TA, 1. InN
(iii) Vallée-Bogani channel: LO©>LO(zone edggtLA; L i i
A;(LO) mode An examination of the phonon dispersion
LO(zone edgget+TA. . X o

curves of InN2° with the help of Fig. 2, indicates that the
TO mode decay A;(LO) mode can decay via the Ridley and “further” chan-
Klemens channel: TG: LA+LA; LA+TA; TA+TA. nels. In particular, we find that the following Ridley decay

In wurtzite materials there are several zone-center opticdl©c€Sses take place:
modes:Al(LO),_ EZ, E,(TO), Al(TO), and E%. Decay of the A, (LO) — E% +TA; A)(LO) — Eg +LA:;
A;(LO) mode is allowed via channel@) (Klemeng, (b)
(Ridley), and(d) (Furthe) involving daughter modeB?, B2, A1(LO) — Ey(TO) +LA; Ay(LO) — Eo(TO) + TA;
E3, E;, E/(TO), A((TO) and acoustic modes. Mod&s(TO), AL(LO) — A(TO) + LA; Ay (LO) — A(TO) + TA.
E3, andA(TO) are also allowed to decay via channes,
(b), and (d). Only the Klemens channel is allowed for the
decay ofE3.

In addition, the following “further” decay processes are al-
lowed:

A(LO) — E3+E3;Ay(LO) — Ey(TO) + E3;
ll. RESULTS AND DISCUSSIONS A,(LO) — Ay(TO) + E3.

We will present results for a number of materials in theAlong I'-K all these decay mechanisms are allowed, along
(hexagongl wurtzite structure, and a number of materials inI"'-=M only the second of Ridley processes, and all the “fur-
the (cubig) zinc blende and diamond structures. We will alsother” processes are allowed, and aldhgA (the c direction)
compare results for a few nitride materials which may beonly the “further” processes are allowed. Our calculated life-
grown in both wurtzite and zinc blende structures. We usedime values are 0.19 ps at 5 (fow temperaturgand 0.08 ps
the material densityp, characteristic phonon frequencies, at 300 K. It is found that “further” channels contribute very
phonon acoustic speeds, andy as listed in strongly(about 80% towards the decay process. In particu-
Landolt-Bérnsteirt? unless otherwise stated. When consid-lar, the last two processes listed above provide a contribution
ering decay via further channels, for simplicity we consid-of about 60%.
ered the phonon speed in low-lying daughter optical Eg mode The Eg mode can follow the Ridley mechanism
branches as half of the longitudinal acoustic speed. to decay intoE{(TO)+(TA,LA), and A(TO)+(TA,LA)
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TABLE I. Calculated lifetime(7) results of the zone-center optical phonons in wurtzite materials atléTiK and 300 K(RT). These
results were obtained with the choige 0.8 for the mode-averaged Griineisen’s constant. For comparison, available experimental results are
also given.

Lifetime (p9)

LT RT
Mode Material Theory Expt. Theory Expt.
A(LO) InN 0.19 0.08
GaN 3.0 5.0 1.5 3.020.62-1.18
AN 0.27 0.75 0.16 0.57 0.45
BN 0.1 0.08
E; InN 30.4 3.3
GaN 2.2 1.3 14
AIN 1.52 2.9 0.89 0.83
BN 0.34 0.27
E((TO) InN
GaN 2.3 1.4 0.95
AIN 0.8 0.46 0.9%
BN 0.1 0.08
A(TO) InN
GaN 1.2 0.7 04
AIN 0.73 0.41 0.76
BN 0.15 0.12
E; InN 252.2 25.21
GaN 507 81.7 104
AIN 44.0 11.2 4.4
BN 14.9 7.3
aReference 35.
PReference 36.
‘Reference 37.
dReference 38.
along bothI'-M andI'-K. Along I"-A there is no partici- (i) Ay(LO) — E% +LA; (ii) Ay(LO) — E4(TO) + LA;

pation from the LA mode in the above processes. The total
lifetime decreases from 30.4 ps at 5 K to 3.3 ps at room ) A (LO) — E2+ TA; (iv) A(LO) — Eo(TO) + TA;
temperature. At 300 K, the percentage contributions of the
processeE§—> E,(TO)+TA and E§—>A1(TO)+TA are 41%
and 51%, respectively.
E3 mode Ej; is the lowest optical mode. Therefore, only However, an examination of the phonon dispersion cdfves
acoustic branches are available as the daughter modes. All shows that processd&§—(iv) are not allowed along -A,
the possible three processE§—>TA+TA, E;—> LA+LA, procesqii) is not allowed alond”-M, and procesg§v) is not
E§—>LA+TA fulfill the energy and momentum conservation allowed alongl’-K. Our computed results give a very slow
conditions. The calculated low temperature and room temeecay rate for processgg) and (vi) in the three symmetry
perature values of the lifetime are 252.2 and 25.21 ps, redirections. Similarly, alond’-K and I'-M directions pro-
spectively. At room temperature the relative weight of thecessegiii ) and(iv) give much smaller lifetime than the other
processesE§—>TA+TA and E§—>LA+TA are 84% and processes, thus providing the main contribution.
14.5%, respectively. The total lifetime decreases from 3.0 ps at 6 K to 1.5 ps
at 300 K. The lifetime of this mode has been measured by
Tsenet al3® and by Tripathy, Chua, and Ram&fmOn the
other hand, Bergmaaet al®” did not manage to measure the
A,(LO)mode The decay of the zone-cent&{(LO) mode |ifetime of this mode due to heavy plasmon damping effect.
in GaN can only take place via Ridley’s channel. The variousUsing metalorganic chemical vapor deposition grown
combinations of daughter phonon modes involved in such-doped GaN sample Tripathy and co-workers estimated the
decay processes are: room temperature value of the lifetime in the range

(V) Ay(LO) — BI+LA; (vi) A(LO) — BI+TA.

2. GaN
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FIG. 3. Temperature variation
of the lifetime of the A;(LO)
mode in wurtzite AIN. The solid
and dashed curves are obtained
with the Griineisen’s constany
taken as 0.57 and 0.8, respec-
tively. Filled circles represent ex-
perimental data from Tsest al.
(see Ref. 3b

Phonon Lifetime (ps)

0 50 100 150 200 250 300
T X)

0.62-1.16 ps from their measured Raman linewidth undeenergy optical modefa “further” channel as described in Eq.
different processing conditions such as wet chemical treat10)], or one optical and one acoustic mogd&dley’s chan-
ment, rapid thermal annealing, and thermal annealing. Tsenel). Relaxation of these modes via Klemens’s channel is
et al3® measured the lifetime values of 5 and 3 ps at lowforbidden on account of the energy and momentum conser-
temperature and room temperature, respectively, by employation requirements. The resulting decay mechanismEior
ing time-resolved spontaneous Raman spectroscopy for monode are

lecular beam epitaxy grown undoped samples. The theoreti-

cal estimate by Ridlé{ for low temperature decay rate of (i) B3 — E4(TO) + TA; (ii)E3 — A(TO) + TA;
5.0x 10" s7* corresponds to the lifetime value of 2 ps. As
seen in Fig. 3 the temperature variation of the lifetime from (iii )E2 — Bl + EL.

our theoretical work agrees very well with the experimental
measurements by Tsem al 3> beyond 150 K. The theoretical Of these three, the first two processes are found to contribute
result can be matched to the experimental value at roomery little (less than 5% at room temperatutewards the
temperature by scaling down the Griineisen constamb lifetime of the Eg mode. While the third process is not al-
0.57. However, with the scaled value gfthe theoretical lowed along thec axis, its contributions along the in-plane
curve lies appreciably above the experimental data points fadirections make up to 97% of the total lifetime result. It is
temperatures below 150 K. We believe that the differencdound that the lifetime of this mode is slightly lower than that
between theory and experiment can be explained by incorpaf the A;(LO) mode. The computed room-temperature result
rating contributions from additional scattering processesf 1.3 ps(obtained with the unscaled value ¢£0.8) is in
which do not depend on temperature. Possible sources woulfbod agreement with the experimental measurement of
be boundary, isotope, and impurity scatterings. Although it is] .4 ps3’
relatively straightforward to compute such contributions, we  Although there are two possible decay channels for
have not made an attempt to include contributions from suclE,(TO): (i) E;(TO)— A(TO)+TA, and (ii) Ey(TO)— Bi
scatterings. +E3, from our calculations we find that almost 100% contri-
The dominant contribution(~60%) in limiting the  pution to the total decay rate comes fr&(TO) — Bl +E3.
A;(LO) phonon lifetime is its decay intoB&,(TO) mode and  The numerical values of the calculated lifetime for these
a TA mode. The next important contributi¢rr 30%) comes  modes are 2.3 and 1.4 ps at low and room temperatures,
from the decay into &5 mode and a TA mode. Procesggs  respectively. The room-temperature value of the experimen-
and(ii) with daughter modes &5 or E;(TO) and a LAhave  tal measuremeftof this mode is 0.95 ps, which is about 1.5
almost negligible contribution. In analyzing their data Teén times smaller than our calculated result.
al.%> have concluded that th&,(LO) mode decays most ef- The only possible decay channel fé;(TO) mode is
fectively into a large wave vector TO phonon and a IargeAl(TO)—>B}+ E%. Similar to theEg andE;(TO) modes, this
wave vector LA or TA phonon. Our work agrees with this mode does not decay along the-A direction (c axis). The
analysis but provides a more accurate description of the moglomputed lifetime values for this mode are 1.2 and 0.7 ps at
possible decay mechanism. 6 and 300K, respectively. The experimental measurerffent
E%, E,(TO), and A(TO) modesThe zone-center energies gives a lifetime value of 0.4 ps at room temperature.
of the E3, E4(TO), andA,(TO) modes are very close to each E; mode. E is the lowest energy optical mode in the
other. These optical modes can possibly decay into two lowenexagonal GaN. The only available decay channel for this
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FIG. 4. Temperature variation
of the lifetime of the A;(LO)
mode in wurtzite AIN. The solid
and dashed curves are obtained
with the Griineisen’s constang
taken as 0.41 and 0.8, respec-
tively. Filled circles represent ex-
perimental data from Kubaét al.
(see Ref. 38
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mode is the Klemens channel. The decay processes for thigctor TO mode and an LA mode, Kubat al3® analyzed
mode areE;— LA+TA, Es—TA+TA, and E;—LA+LA. their results on the basis of Klemens's model. An inspection
These processes are allowed along the three principal synef the phonon dispersion curves for AIN in Ref. 29 clearly
metry directions. Our calculations, however, suggest that thisuggests that due to substantial mass difference between the
mode is very long lived, with a lifetime at least ten times thatAl and the N atoms, there exists a large gap between the
of the other optical modes. The long-lived nature of thisdcoustic and optical phonon branches in the AIN phonon
mode is in agreement with the experimental results obtaine@P€ctrum, with theA,(LO) frequency atI’ point being

by Bergmanet al3” who reported 10.1 ps for the room- 910 cm?, and at the zone-edge LA frequency being
temperature lifetime of this mode. 314 cml. So, similar to the case of th&,(LO) decay in

GaN, Klemens'’s model is not applicable for the decay of this
mode in AIN, since & 5 <w o. As reported above, the
3. AN Ridley-type processes give rise to a massive contribution of

A;(LO) mode. The allowed decay processes for the 84% and further channels with two optical daughter modes
A(LO) mode in AIN are(i) A;(LO)— B2+TA; (ii) A;(LO)  contribute approximately 16%.
—>Bf+LA; (iii ) Al(LO)—>E§+TA; (iv) Al(LO)—>E§+LA; For the chpmg v=0.8, our computed values for the
V) A(LO)—E,(TO)+LA; (vi) Ay (LO)—A,(TO)+TA: A;(LO) mode lifetime are 0.27 and 0.116 ps at low tempera-

. AN 2 =1 ture and room temperature, respectively. These values are
(vil) Ay(LO)—A(TO)+LA; (viil) A1(IEO)—>E2+E2. Howz— much lower than those measured from Raman linewidth by
ever, along the axis ?nIyAl(LO)—>Bl+TA, ALO)—Bi  kyball et al. and Bergmaret al. In order to improve agree-
+LA, A(LO)—E3+E; processes contribute. The decay ment between our theoretical results and the experimental
mechanismsA;(LO) —E5+E; and A((LO)—Ej(TO)+LA  results of Kubalket al, we scaled Griineisen’s constant down
are absent alond’'-M and I'=K directions, respectively. to y=0.41. This was done to match theory with experiment
The relative main contributions of various processes argt the highest reported temperature in the experimental data.
found as follows:A;(LO)—A(TO)+TA (35%), A(LO)  This was considered to be more sensible than fitting the ex-
—>E§+TA (23%), Al(Lo)_>Bf+TA (15%), and A;(LO) perimental results at the low-temperature end in view of the
HE§+ E% (16%) over the entire temperature range. The resffact that extra, temperature-independent, scattering mecha-
of the total contribution comes from other Ridley-like pro- nisms are likely to contribute at low temperatures. Figure 4
cesses. shows the theoretical results, and their comparison with the

Kuball et al3® measured lifetime values of 0.75 and experimental data by Kubadit al,38 for the entire tempera-
0.57 ps at 10 K and room temperature, respectively. Bergture range covered in their experimental work. Clearly the
manet al3” measured the lifetime value of 0.45 ps at roomtheory explains the magnitude and temperature dependence
temperature by employing a micro Raman scattering techef the experimental data all the way down to 300 K. How-
nique. The lower of the two experimental values reported irever, below about 200 K, the theoretical curve lies apprecia-
the work by Bergmaret al. is possibly due to more impuri- bly above the experimental data points. In view of the fact
ties in their samples. Notwithstanding the difference betweemhat the experimental data below 200 K are rather tempera-
the values reported by the two experimental groups, there igire insensitive, we suggest that the role of extra mecha-
a fundamental difference in the manner they have analyzedisms, such as boundary and impurity scatterings, should be
their results. While Bergmaet al. explained the decay of the included in explaining the experimental data.
A;(LO) mode to occur via Ridley’s channel into a large wave Eg mode.An inspection of the phonon dispersion curves
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reported in Ref. 29 shows the energetically possible decagneasurement is by Bergmaat al. who reported 0.91 ps at
mechanisms for theE3 mode areE5—E,(TO)+TA, E3 room temperature via Raman spectrosctjyo attempt was
—E((TO)+LA, E§—>A1(TO)+TA, EgeAl(TO)+LA, E§ made to improve agreement between theory and experiment.
—BI+TA, E2-BM+LA, E3—E}+TA, E3—E+LA, and A;(TO) mode.The decay channels available for the decay
E;—Bi+ E%. We find that the most dominant decay routesof the Ay(TO) mode are:A((TO)—B}+TA, A((TO)—B]

are E53—E;+TA (~60%) and E5—Bl+E}(~20%) over +LA, A(TO)—Ei+TA, A(TO)—ES+LA, A(TO)—B!

the entire temperature range. Figure 5 shows the variation orfE%, A(TO)— LA+LA. Along the ¢ axis only A,(TO)

the lifetime over a large temperature range. With the choice- Bi+ LA and Al(TO)—>Bi+ E% processes are allowed.
of y=0.8, our calculations produce lifetime values of 1.52,Along the I'-M direction the allowed processes are
0.89, and 0.25 ps at low temperature, room temperature, arN_L(TO)—)B%‘FTA, Al(TO)HBi+ LA, Al(TO)HE§+TA
1200 K, respectively. Our room-temperature result is in goocj;mdAl(-ro)_,E%Jr LA, and along the—K direction the al-
agreement with the Raman measurement of 0.8Rp$ 37 |owed process i#\(TO)— B+ TA. The most important de-

on a high quality sample. At the high-temperature end OUkay mechanism in limiting the lifetime iAl(TO)HE§+TA,
theoretical results agree quite well with the meas“reme”téontributing approximately 80%. Our findings for the life-
reported by Kuba_llet al® A ;caled down value ofy:0.§8 time values are 0.73 ps at 5 K and 0.41 ps at 300 K. These
brings the theoretical curve in very good agreement with th§ 5,5 are lower than the experimentally measured lifetime

experimental daf& in the temperature range 400—1200 K. value of 0.76 p¥ at 300 K. Again, no attempt was made to
Although there is a marked scatter in the experimental dat prove agreement between theory and experiment.

at low temperatures, we note that the theoretical curve falls EL mode %is the lowest lying optical mode in AIN, with
2 " ]

slightly below the experimental data. For example, at 10 I<the zone-center frequency lower than the zone-edge TA fre-

thﬁ experlmenbtal_vazlule rep_?r?eq by Kubai al. |sh2.£|) PS, quencies. So, the available daughter modes are only the
whereas we obtain 2.1 ps. This Is In contrast to the low temz ., qtic pranches close to the zone center. ABRdK di-

perature results for the lifetime of th&(LO) mode, for rection only theE§—>TA+TA process contributes. At room
which the theoretical curve lies above the experimental dat"’lemperature the processs— TA+TA and EL—LA+TA
Boundary and impurity scatterings are likely to reduce the;qonpinyte 86% and 14%, respectively. The total lifetime is

theoretical result even further down. We suggest that a dif, ps at low temperature reducing to 11.2 ps at room tem-
ferent value ofy, Iqrger tha_n Its high-temperature magn'tUdE_”perature. The reported room-temperature lifetime value from
would be helpful in explaining the low-temperature experi-iha Raman scattering measurements is 4 # [@milar to

mental results. P 1 . .
. . GaN, the lifetime of theE; mode is relatively longer than
E,(TO) mode.The processes which contribute to the de'that of other modes. 2 y long

cay of the Ei(TO) mode are E;(TO)—A(TO)+TA,
Ei(TO) —A(TO)+LA, E(TO)—Bi+TA, E(TO)—B;]
+LA, E(TO)—EX+TA, Ei(TO)—E3+LA, E(TO)—BI
+E3, E4(TO) — LA+LA. Our calculations yield the lifetime A;(LO) mode.BN is the only wurtzite material considered
values of 0.8 ps at 5 K and 0.46 ps at 300 K. The proceskere for which theA,(LO) mode can decay via three chan-
El(TO)—>E§+TA provides the main contributiofr60%). nels: Klemens, Ridley, and further. Compatible with the
The next important contribution comes from the processnergy-momentum conservation conditions, thg(LO)
El(TO)HB}+TA(~15%). The only available experimental mode in BN can decay via Ridley’s channel into one of the

4. BN

235208-8



LONG-WAVELENGTH NONEQUILIBRIUM OPTICAL... PHYSICAL REVIEW B 69, 235208(2004)

optical modes (E4(TO),A(TO),E3,B}) and an acoustic by the Ridley channel in GaN, AIN, and BN, it is more
mode, via Klemens’s channel into two LA modes, and viastrongly controlled by “further” channels in InN. On the
“further” channels into a combination & andE}. Not all  other hand, the Klemens channel is disallowed in all nitrides,
of these processes are, however, allowed in all of the threexcept BN for which it makes only a minor contribution. Our
principal symmetry direction§—A, T'=M, andT'-K. The  work also indicates that the lifetime of tHg, E,(TO), and
most important contributiorfabout 30% comes from the A;(TO) modes decrease across InN, GaN, AIN, BN.
processA,(LO) — E3+TA. Another 40% is almost equally The decay of the lowest lying optical modg in all of
contributed by the processe®\(LO)—E;(TO)+TA, these materials is dominantly controlled by the Klemens
AL (LO) —A(TO)+TA, andA,(LO) —Bi+TA. The remain- mechanism where the daughter phonons are two TA phonons
ing 30% contribution comes from the other allowed pro-with equal and opposite momenta. For tEg, Ey(TO),
cesses. The overall contributions from Klemens'’s, Ridley’sA:(TO) modes in GaN, the decay probability is maximum
and “further” channels are 5%, 70%, and 25%, respectivelyia the “further” decay channel involving} andE} phonon
Our calculations suggest very short lifetime values of 0.1 ananodes. In AIN these modes primarily decay via the Ridley
0.08 ps at low temperature and room temperature, respechannel, with the daughter modes beifg and TA. The
tively. To the best of our knowledge their is no report of anydominant channel for these modes in BN involves tEEp
experimental measurement of phonon lifetimes in hexagondranches.
BN.

E,(TO), A(TO) and Eg modes.These modes can decay
via Ridley’s, Klemens’s, and “further” channels. Alorig ) ) )
- A some of these processes are, however, not allowed. For In diamond structure 'materlals the zone-ce}nter optlgal
the E,(TO) mode we computed lifetime values of 0.1 ps at-TO mode can decay via Klemens's and Vallee-Bogani's
low temperature and 0.08 ps at room temperature, with maiff@nnels. In zinc blende materials the LO mode can decay
contributions from the processé‘sl(TO)eE%E% (48%), via Klemens'’s, Ridley’s, and Vallée-Bogani's channels, and

E,(TO)—TA+TA (23%), and E{(TO)—»LA+TA (15%). the TO mode can only decay via Klemens’s channel. In this
The calculated lifetime ,results for th&,(TO) mode are section we present results of the lifetimes of the zone-center
1

honon modes in diamond and several zinc blende semicon-
0.15 ps at low temperature and 0.12 ps at room temperatur uctors. The results will be used to examine trends across
with main contributions fromAl(TO)HE§+ E% (50%) and ;

2 different materials with the same crystal structure, and be-
2 1
A(TO) > TA+TA (20%). The phonon lifetime of thes, tween the zinc blende and wurtzite phases of a given mate-

mode decreases from 0.34 ps at low temperature 0 0.27 p%, oy calculated results are presented, and compared with
at 300 K. The relative weights of the processes are 50% fmr@xperiment in Table II.

E2—EL+EL, 20% from E5—TA+TA, and 12% fromE?2
_>B}1+TA.

E> mode.The modeE% can decay via Klemens'’s channel ] )
into two TA modes, or into a combination of LA and TA In diamond the zone-center optical mode can only decay
modes, alongl'-A and I'-M (but not alongl’'-K). The through the Klemens channel. Our calculations show that the
decay into a pair of TA modes gives almost the total contri-Phonon lifetime of the LTO mode is dominant{90% con-
bution (92%). This is the longest-lived mode, with a total tribution) controlled by its decay into different acoustic
lifetime value of 14.9 ps at low temperature and 7.3 ps aPranches. The experimental determination by Zouboulis and

B. Diamond and zinc blende structures

1. Diamond

room temperature. Grimsditct?® of the phonon lifetime from Raman linewidth
suggests a value of 2.46 ps at room temperature. To explain
5. Comparisons and trends their observation Zouboulis and Grimsditch also used the

nitride materials. It seems that thg,(TO) and A,(TO)
modes in InN do not decay at all. For other materialsEhe
mode is the longest lived. The lifetime of the lowest lying
optical mode,E%, is at least an order of magnitude longer 2 InN
than that of the other modes in all of the chosen wurtzite
materials. The shortest-ived mode in InN and AIN is _ The decay of the LO mode in cubic InN takes place solely
A,(LO), in BN are Ay(LO) and E4(TO), and in GaN it is Via Ridley’s channel. The processes I:OTO+TA and LO
A4(TO). For any mode, the shortest lifetime occurs for BN. — TO*LA contribute 75% and 25%, respectively. The cal-
Experimental results for GaN and AN are supportive of ourculated values of the lifetime are 0.5 and 0.21 ps at low
theoretical results. temperature and room temperature, respectively.

It is interesting to note that the lifetime of the highest
optical modeA;(LO), in GaN is roughly an order of magni- 3. GaN
tude larger than in the other nitrides. There is some support In GaN the zone-center LO phonon energy is too high for
for this behavior from experimental measurements on GaNhe Klemens channel to be allowed. Similarly, the Vallée-
and AIN. While the decay of thé,(LO) mode is dominated Bogani channel is not allowed. Therefore, the decay of the

good agreement over the entire temperature range of mea-
surements made by Zouboulis and Grimsditch.
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TABLE II. Lifetime (7) of the zone-center longitudinal optical phonon in diamond and zinc blende materials, together with relative
contributions from various decay channels. Available experimental results are also presented. See text for the choice of the anharmonicity
coefficienty.

7 (P9 . ] .
Klemens'’s Ridley’s Vallée-Bogani
Present theory experiment channel(%) channel(%) channel(%)
Low temperaturd6 K)
InN 0.5 100
GaN 4.4 100
AIN 0.45 30 70
BN 0.44 82 18
GaAs 8.7 16.8,9.2P 8.5 66 8 26
InP 39.3 24.1a],2 40.C° 100
AlSb 224.0 100
HgSe 28.0 90 10
Diamond 2.54 100
Room temperature
InN 0.21 100
GaN 25 100
AIN 0.32 30 70
BN 0.39 1.45 77 23
GaAs 2.3 2.%2.39 52 15 33
InP 6.1 7.6:6.65 100
AISb 21.0 100
HgSe 4.7 80 20
Diamond 2.30 2.46 100
[a] at 10 K.

aReference 6.
bReference 9.
‘Reference 10.
dReference 39.
®Reference 41.
fReference 43.

LO mode can only take place via the Ridley channel, withseparation between its optical and acoustic branth&se
more important contribution coming from the decay involv- zone-center LO mode can decay via the Ridley and Klemens
ing TA modes rather than LA modes. It should be pointed ouchannels. Our calculations suggest that the strongest contri-
that we considered the same value of the anharmonic coeffution (about 75% comes from the Klemens channel into
cient(y=0.8) for the cubic GaN as for the hexagonal phase. TA+TA, and a reasonable contributigabout 20% comes

The calculated lifetime values are 4.4 and 2.5 ps at low temffom the Ridley channel into TO+TA. The TO mode can
perature and room temperature, respectively. To the best @y decay via the Klemens channel. We estimate contribu-
our knowledge, there is no report of any experimental meallons Of 50% from the decay into LA+TA, 40% from the

surement to compare our results. decay_ int.o LA+LA, and 10% from the decay into TA+TA.
The lifetime values at lowm(room) temperature are 0.44
4. AN (0.39 and 1.68(1.42 ps for the LO and TO modes, respec-

In AIN the LO mode decays via both Ridley's and Kle- tively. Table Il lists our calculated values of the LO and TO
mens’'s channels, with 70% and 30% contributions, respedifetimes at three different temperatures, together with ex-
tively. The dominant contributioi60%) is from the decay Perimental results. At all temperature the lifetime of the TO
via Rid|ey’s process LG-TO+TA. The Klemens channel is mode is nearly four times the lifetime of the LO mode.

only allowed for the process LO LA+LA. The low- and The calculated lifetime values are plotted against tem-
room-temperature lifetime values are calculated as 0.45 anerature in Fig. 7, where experimental measurements from
0.32 ps, respectively. Ref. 41 are also reproduced for comparison. For the TO

mode the agreement between theory and experiment is very

5. BN good for the magnitude and variation of the lifetime over the
Due to nearly equal cationic and anonic masses the phentire temperature range of the measurement. There is also
non spectrum of cubic BN, similar to GaAs, shows no clearvery good agreement between theory and experiment for the
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lifetime results of the LO mode at the high-temperature endhe data. If their theoretical fitting is shifted to match the
of the measurements. Surprisingly, the theoretical curve fallbigh-temperature end of the data, the resulting lifetime result
far below the experimental data at temperatures belowvould fall very significantly below their experimental data
1300 K. In this respect we note that both the theoretical repoints, as our results suggest. We should further point out
sults and the experimental data show a linear temperatutthat in their paper Herchen and Cappelli state that “the in-
increase of the lifetime of the TO mode from the Debyetensity of the anti-Stokes component of the LO mode was
temperature® (1700 K) down to 2/305. The same must insufficient to record reliable spectra below 1200 K.” We are
be expected for the LO mode. Whereas this is vindicatedhus of the opinion that the experimental data at temperatures
from our theoretical results, the experimental data in Ref. 40nuch below®y may not be accurate and should be reinves-
show that this behavior does not hold near #g. tigated. We also do not share the view expressed by Herchen
It is interesting to note that the three-phonon linewidthand Cappelli that higher order anharmonic processes would
fitted by Herchen and Cappéflito pass through the room- need to be taken into account to bring theoretical results
temperature datum could not fit the high-temperature end oflose to experiment. This is because it is well documented

TABLE Ill. Lifetime (7) results for the zone-center LO and TO phonon modes in InP, GaAs and cubic BN. The values of Griineisen’s
constant used arg(LO)=1.24, ¥(TO)=1.24 for InP;y(LO)=1.8, »(TO)=1.8 for GaAs; andy(LO)=0.8, ¥(TO)=0.8 for BN.

Lifetime (ps)

Low temperaturé6 K) Low temperaturé78 K) Room temperaturé300 K)
Present experiment Present experiment Present experiment
theory theory theory
InP LO 39.3 24.18,40.0¢ 19.1 22.0034.5 6.1 7.69 6.6
TO 11.0 9.7 12.0£1.5, 3.9 2.6+0.£2.5
10.7+1.2
GaAs LO 8.7 16.5,9.2°¢ 6.4 6.496.29 2.3 2.192.39
8.3
TO 8.3 7.196.2F 6.9 ~5.0° 2.5 2.3
BN LO 0.44 0.44 0.39 1.45
TO 1.68 1.68 1.42 1f&at
271.5K)

aReference 6.
bReference 7.
‘Reference 9.
dReference 10.
®Reference 12.
fReference 41.
9Reference 43.
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that in general four-phonon processes are at least two orde8s7 and 2.3 ps at low and room temperatures, respectively.
of magnitude weaker than three-phonon processes even @ur low and room temperature results, and the temperature
very large temperaturés. dependence of the lifetime, agree well with the experimental
measurements by Kash and Tshrand by Vallée and
Bogani?1® Our work also strongly supports the view ex-
The phonon spectrum of GaAs shows a downward disperpressed in the works by Vallée and Boddfithat the intra-
sion of the LO brancR? This allows, subject to energy and band combination relaxation process £EQ.0’ +TA is quite
momentum conservation rules, the decay of the zone-centémportant in GaAs. However, our result for the Klemens
LO phonon via the Vallée-Bogani channel into a zone-edgehannel is very different from Vallée’s work. Our low-
LO phonon and a TA phonon. Our calculations show that thédemperature result also agrees well with the previous theoret-
Vallée-Bogani channel is quite important in the entire tem-ical result of 8.0 ps obtained by DebernaftiHowever, our
perature range of our study. We find that the percentage coffindings for the percentage contributions of different chan-
tributions towards the total lifetime from the Klemens, nels are very different from Debernardi’'s work. Whereas De-
Vallée-Bogani, and Ridley channels are 66%, 26%, and 8%enardi’s work shows that the most important decay mecha-
at low temperatures, and 52%, 33%, and 15% at room tenrism involves two different acoustic branches, we find that
perature, respectively. The total phonon lifetime values arghis mechanism does not fulfill the energy-momentum con-

6. GaAs
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servation condition. The main reason for the discrepancycal prediction of the dispersion of the LA branch in the
with respect to the relative importance of different decay—X direction. Furthermore, both experimental and theoretical
mechanisms between this work and the theoretical works bylispersion results clearly indicate that the Klemens channel
Vallée and by Debernardi is likely to be the simplified treat-LO— LA+LA is forbidden along the other two principal
ment of the density of states for acoustic branches in ousymmetry directiongviz., alongI'-L andI"'-K). All other
work. polarization combinations of the Klemens channel are com-
For the decay of the zone-center TO mode in GaAs, weletely forbidden. We have, therefore, based upon theoretical
find that the processes FTOLA+LA and TO—LA+TA are  dispersion curves, disallowed the Klemens channel in InP
involved. Our calculations suggest that the lifetime of the TOaltogether. The Vallée-Bogani channel is also disallowed in
mode is similar to that of the LO mode, with the low and InP. Thus the decay of the LO mode is totally governed by
high-temperature values for the TO mode lifetime being 8.3Ridley’s channel. The results of our calculations for the de-
and 2.5 ps, respectively. The process involving two differentay rates of the zone-center LO and TO modes are presented
acoustic modes gives a higher contributi@®%) than the in Tables Il and Ill. Our results are in very good agreement
other procesg41%) at room temperature. Our calculated with the work by Debernaréf who has shown that the decay
lifetime values are in excellent agreement with the resultof the LO mode is almost totally99%) contributed by the
obtained by Irmer, Wenzel, and MoneéReising the near- Ridley channel, with only 1% contribution from the Klemens
infrared Raman spectroscopy, who obtained lifetime valueshannel. Both the present work and the work by Debernardi
of 7.1 and 2.3 ps at low and room temperatures, respectivelgeem to disagree with the work by Vall&ewho has ana-
Similarly, our results are in good agreement with the infraredyzed the relaxation of the LO mode either only in terms of
time-resolved coherent anti-stokes Raman scattering me#ghe Klemens channel, or using almost identical contributions
surements made by Ganikhanov and Vaftéef 6.2 and from the Klemens and the Ridley channels.
1.5 ps at low and room temperatures, respectively. However, By using the valuey=1.242 for the Griineisen constant,
the two experimental groups have analyzed their measureve have obtained the lifetime for the LO phonon as 39.3,
ments differently. In analyzing their data, Ganikhanov and19.0, and 6.1 ps at 6, 78, and 300 K, respectively. Raman
Vallée clearly mentioned that the relaxation process is govmeasurements carried out by Vaflegive 40, 22, and 7.6 ps
erned by the decay into acoustic modes involving two differ-at 6, 78, and 300 K, respectively. Clearly, our results are in
ent branches, whereas Irmer, Wenzel, and Monecke proposgdod agreement with Vallée’s measurements at all these tem-
the decay mechanism involving two LA phonons. As men-peratures. Our room-temperature result is also in good agree-
tioned earlier, our work clearly suggests that both of thement with the Raman measurement of 6.65 ps obtained by
abovementioned processes are almost equally important. Irmer and co-worker$® However, it should be pointed out
that there is some scatter in experimental results made at low
7. AISb temperatures. For example, at 78 K experimental measure-
- _ . ments of 34.5 ps obtained by Irmer and co-workers is much
In AISD, similar to GaN, the LO branch lies t0o high for 5 per than 22 ps obtained by Vallée. Similarly, the result

the zone-center mode to decay via Klemens’s channel. Thu(524 1 p3 obtained at 10 K by Kernohaet al® is much lower
this is another material in which the LO phonon lifetime is thaﬁ the result(40 p9 obtained by Va'lllée The low-

solely controlled by Ridley's channel. For this material thetemperature result of 139.7 ps obtained in the theoretical

Grilineisen constant is reporﬁé@s?/=1.27. Using this value ork by Debernard? seems to be too large compared to
we have calculated the total lifetime values of 224, 72, an e :
oth our results as well as the existing experimental mea-

21 ps at 6, 77, and 300 K, respectively. These values arg
surements.

very large compared to other diamond and zinc blende ma- For calculating the decay rate of the TO mode we used the
terials we have studied. The contributions from the LO - .
same value ofy as for the LO mode, vizy=1.24. This

0, 0,
—TO+TA and LO—TO+LA processes are 80% and 20%, choice is reasonable, as the experimental valuegfof the

respectively. zone-center LO and TO modes are quite simfa®n ac-
count of energy conservation, the decay of the TO mode can
8. InP only take place via the Klemens channel FQ.A+LA. Our

A discussion of results for the decay rates of the LO andralculated values of the lifetime are 11.0, 9.7, and 3.9 ps at 6,
TO modes in InP requires a critical examination of its dis-78, and 300 K, respectively. These results agree well with
persion curves in the acoustic range. We first note that theréie Raman measurements carried out by Irmer and
are fewer experimental data points for acoustic mode§0-workeré® and Ganikhanov and Valléé,as well as with
around theX symmetry poinf# In particular, theoretical val- the low-temperature theoretical result obtained by
ues for the LA frequency at th¥ point, obtained from the Debernard?? We also note that the lifetime of the TO mode
applications of the phenomenological bond charge nfédel is smaller than the lifetime of the LO mode at all tempera-
as well as the first-principles density-functional thetrgre  tures.
appreciably lower than the experimental vaftie.

The Klemens decay channel LOLA+LA along the 9. HgSe
principal symmetry directiod’—X is allowed if the experi- HgSe is the only group II-VI material for which we have
mental result for the LA mode & is accepted. However, calculated the LO phonon lifetime. The reason for consider-
this channel is completely disallowed on account of theoreting this material was that it has two characteristic features in
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TABLE IV. Comparison of decay ratgs™?) of the zone-centeA'(LO) phonon in wurtzite materials and
the LO mode in zinc blende materials at low and room temperatures. Temperature-average relative contri-
butions from the Klemens, Ridley, and “further” channels are also presented.

Decay ratgTHz)

Klemens’'s Ridley’s “Further”
6 K 300 K channel(%) channg%) channelq%)
Zinc blende
LO
InN 2.0 48 100
GaN 0.23 0.4 100
AIN 2.2 3.1 30 70
BN 2.3 2.6 80 20
Waurtzite
Ay(LO)
InN 5.3 12.5 20 80
GaN 0.33 0.7 100
AIN 3.7 6.3 84 16
BN 10.0 12.5 5 70 25

its phonon dispersion curves. Apart from GaN, this is thetribution to the decay of the LO mode in all zinc blende
only zinc blende material for which the TO branch shows amaterials,albeit of different proportion for different materi-
significant amount ofupward dispersion. Second, the TA als. In particular, in InP, InN, GaN, and AISb, Ridley’s chan-
branch shows a significant amount of dip towards the zonael provides 100% contribution.
boundary. Our calculations, with a choicewf 1.0, based on (iv) GaAs is the only material studied here for which
the theoretical results for phonon frequencies and velocitie¥allée-Bogani’s channel provides an important contribution
in Ref. 46, produce lifetime values of 28.0 ps at low tem-to the decay of the LO mode.
perature and 4.7 ps at room temperature. Klemens'’s channel (v) For a given material, the lifetime of the TO can be
contributes heavily80%) towards the decay, with 20% con- smaller, similar, or larger than that of the LO mode. As an
tribution from Ridley’s channel. empirical observation we note thafTO) is expected to be
larger, similar, and smaller tharnLO) if the cation-anion
mass ratiom./m, is smaller, similar, and larger than unity,
The investigations reported in this work allow us to drawrespectively.
a few comparisons and trends for the lifetime of zone-center (vi) Based on the lifetime values of the LO mode, IlI-N
optical modes in zinc blende materials. These are a diregnaterials can be grouped into two classes: GaN with rela-
result of the characteristic features of the phonon dispersiotively larger lifetime (comparable to GaAsand InN, AIN,
relations in these materials. From the results presented iand BN with much shorter lifetimes.
Tables Il and Il we note the following trends.
(i) First, among all the zinc blende materif_alls StUd_ied here C. Comparison of results between zinc blende and wurtzite
the longest lifetime value for the LO mode is obtained for phases
AlISb. The shortest end of the lifetime values is obtained for
the nitrides InN, AIN, and BN. We will draw a few useful comparisons of phonon life-
(i) Second, the decay of the LO mode through K|e_ti_mes_ between the zinc blende and wurtzite phases by con-
mens’s channel can be directly related to the ratio of theSidering our results for the Group IlI-N materials. Table IV
basis atoms in the zinc blende materials. For example, thdisplays a comparison of decay rate of the LO mode in the
Klemens channel is forbidden in InP, InN, GaN, and AlSb.Zinc blende phase and tAg(LO) mode in the wurtzite phase
This can be easily understood from the application of thefor these materials. For all the nitrides considered here the
diatomic linear chain model, from which the condition for A(LO) mode has a lifetime which is smaller than the life-
the Klemens channel to be allowed on energy grounds is thdtme of the LO mode in the entire temperature range studied
the mass ratio of the constituent atoms does not exceed Bere. In our view, different factors contribute to this result.
The mass ratio in each of InP, InN, GaN, and AISb is much While the decay of the LO mode in cubic InN is totally
larger than 3, and consequently there are clear grounds f@overned by the Ridley channel, the decay of #€LO)
the Klemens channel to be disallowed. On the other hand, imode in the wurtzite phase is dominated by “further” chan-
diamond(mass ratio of 1.pthe Klemens channel provides nels. Due to the availability of a large number of “further”
100% contribution towards the decay of the optical mode. channels, the lifetime of the\;(LO) mode is 2.6 times
(iii) Third, Ridley’s channel provides an important con- shorter than the lifetime of the LO mode.

10. Comparisons and trends
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For GaN Ridley’s channel provides 100% contribution for ductors. We have systematically studied the relative impor-
the decay of the LO mode in the zinc blende phase and alsiance of different available channels for the decay of such
for the A;(LO) mode in the wurtzite phase. However, due tomodes. Our results are in good agreement with available ex-
the availability of many more optical branches in the wurtz-perimental data for most materials, except for the tempera-
ite phase, thed;(LO) mode decays via a larger number of ture variation of the LO mode in cubic BN. Our work also
Ridley’s decay processes than does the LO mode in the cubfgovides reliable predictions where there is lack of experi-
phase. Our calculations suggest that at room temperature tieental data.
lifetime of the A;(LO) mode is about 1.5 times shorter than ~ LO mode in zinc blende material&lemens’s channel is
that of the LO mode. forbidden in materials with the cation-anion mass ratio larger

In AIN the Klemens channel plays an important role than 3, such as InP, InN, GaN, and AISb. Ridley’s channel
(30%) in the decay rate of the LO mode in the zinc blendeprovides an important contribution to the decay in all zinc
phase. The crystal structure of the wurtzite phase modifieBlende materialsalbeit of different proportion for different
the acoustic branches in AIN such that the Klemens channénaterials. GaAs is the only material studied here for which
is no longer allowed, but “further” channels provide strong Vallée-Bogani’s channel provides an important contribution.

contribution to the decay rate of tg(LO) mode(15%). As III-N_materiaIs can b_e grouped into two classes: GaN with
a result, the lifetime of thé\;(LO) mode is approximately relatively larger lifetime(comparable to GaAs and InN,
1.8 times shorter than the lifetime of the LO mode. AIN, and BN with much shorter lifetimes.

(80%) in the decay of the LO mode in the zinc blende phaseth® LO mode, the TO mode is predicted to be short lived, of
Due to the changes in the phonon dispersion curves for tha@imilar lifetime, and long lived for materials with the cation-
two crystal phases, the Klemens channel plays only a ming®Nion mass ratio larger, similar, and smaller than unity.
role (5%), and the Ridley channel becomes slightly less im- A1(LO) mode in wurtzite materialsThe lifetime in GaN
portant, while “further” channels provide significant contri- is roughly an order of magnitude larger than in the other
bution (25%) towards the decay of th&,(LO) mode. As a  nhitrides. While the decay of this mode is dominated by the
result of these changes, the lifetime of thgLO) mode is ~ Ridley channel in GaN, AIN, and BN, it is more strongly
approximately 4.5 times shorter than the lifetime of the Locontrolled by “further” channels in InN. The Klemens chan-
mode. nel is dlsalloweq in all mtndes, except BN for which it
From the above discussion we note two important pointgnakes only a minor contribution.
regarding the importance of “further” channels in the wurtz-  A1(LO) vs LO: In general, the lifetime of thé,(LO)
ite phase.(i) Although the elimination or reduction of the Mode is smaller than the lifetime of the LO mode. This is
Klemens channel for AIN and BN in the wurtzite phase due to an intricate balance between the reductanelimi-
should lead to an increase in the lifetime of tAg(LO) nation of the contribution from the Klemens channel, reduc-
mode, this is offset much more heavily by the decay contrition in the contribution from the Ridley channel, and devel-
bution from “further” channels(ii) The presence of several OPment of the contribution from “further” channels in the
optical branches has led the “further” channels to contributdV/Urtzite phase. GaN is, however, an exception for which the

much more strongly than the Ridley channel in the wurtziteRidley channel provides 100% contribution for the decay of
phase of InN. the LO mode in the zinc blende phase and also for the

A;(LO) mode in the wurtzite phase.

Among the lll-nitrides in the wurtzite phase, the shortest
lifetime of any mode occurs for BN. ThE} mode is the

In this work we have computed the lifetime of optical longest lived, by at least an order of magnitude compared to
phonons in diamond, and zinc blende and wurtzite semiconany other optical mode.

IV. SUMMARY

*Corresponding author. and V. V. Toporov, Phys. Rev. B0, 14 923(1994.

1J. Kash, J. Hvam, J. C. Tsang, and T. Kuech, Phys. Re88B 6E. T. M. Kernohan, R. T. Philips, B. H. Bairamov, D. A. Ritchie,
5776(1988. and M. Y. Simmons, Solid State Commuh00, 263 (1996.

2R. K. Chang, J. M. Ralston, and D. E. Keating,Light Scatter- ’D. von der Linde, J. Kuhl, and H. Klingenberg, Phys. Rev. Lett.
ing Spectra of Solidsedited by G. B. Wright{Springer, Berlin, 44, 1505(1980.
1969, p. 369. 8J. A. Kash and J. C. Tsang, Bpectroscopy of Nonequilibrium

3J. A. Kash, S. S. Jha, and J. C. Tsang, Phys. Rev. B&{t1869 Electrons and Phononsdited by C. V. Shank and B. P. Za-
(1987). kharchenygElsevier, New York, 1992 p. 113.

4B. H. Bairamov, I. P. Ipatova, V. A. Milorava, V. V. Toporov, K. 9F. Vallée and F. Bogani, Phys. Rev. 43, 12 049(1991).
Naukkarinen, T. Tuomi, G. Irmer, and J. Monecke, Phys. Rev. BIOF. Vallée, Phys. Rev. Bt9, 2460(1994).
38, 5722(1988. 1w, E. Bron, J. Kuhl, and B. K. Rhee, Phys. Rev. B}, 6961
5B. H. Bairamov, V. A. Voitenko, I. P. Ipatova, V. K. Negoduyko, (1986.

235208-15



S. BARMAN AND G. P. SRIVASTAVA

12F Ganikhanov and F. Vallée, Phys. Rev.55, 15 614(1997).

I3A, Laubereau, D. von der Linde, and W. Kaiser, Opt. Commun.

7, 173(1973.

14G. M. Gale, F. Vallée, and C. Flytzanis, Phys. Rev. L&f, 1867
(1986

I5F, Vallée and C. Flytzanis, Phys. Rev. 45, 13 799(1992.

16T, Juhasz and W. E. Bron, Phys. Rev. LeiB, 2385(1989.

E. D. Grann, K. T. Tsen, and D. K. Ferry, Phys. Rev5B, 9847
(1996

183, A. Kash, J. C. Tsang, and J. M. Hvam, Phys. Rev. L&,
2151(1985.

19R. A. Cowley, J. Phys(Parig 26, 659 (1965.

20p, G. Klemens, Phys. ReWl48 845(1966.

21A. Debernardi, S. Baroni, and E. Molinari, Phys. Rev. Léts,
1819(1995.

22, Debernardi, Phys. Rev. B57, 12 847(1998.

23G. P. SrivastavaThe Physics of Phonorgslilger, Bristol, 1990.

24B. K. Ridley and R. Gupta, Phys. Rev. &3, 4939(1991).

253, Usher and G. P. Srivastava, Phys. Re\6® 14 179(1994).

26J. Menéndez and M. Cardona, Phys. Rev2® 2051(1984).

27V, Yu. Davydov, Yu. E. Kitaev, I. N. Goncharuk, A. N. Smirnov,
J. Graul, O. Semchinova, D. Uffmann, M. B. Smirnov, A. P.
Mirgorodsky, and R. A. Evarestov, Phys. Rev. &8, 12 899
(1998.

28C. Bungaro, K. Rapcewicz, and J. Bernholc, Phys. Rev6 B
6720(2000.

294, M. Tutiinci and G. P. Srivastava, Phys. Rev.68, 5028
(2000.

30B. K. Ridley, J. Phys.: Condens. Matt& L511 (1996

813, Barman and G. P. Srivastava, Appl. Phys. L&, 3395
(2002).

PHYSICAL REVIEW B69, 235208(2004)

32| andolt-Bornstein Numerical Data and Functional Relationships
in Science and Technologyol. 17, Semiconductorsedited by
O. Madelung, M. Sculz, and H. Wei$$982).

333, C. Miller and W. F. LoveTables of Irreducible Representa-
tions of Space Groups and Corepresentations of Magnetic Space
Groups(Pruett, Boulder, 1994

34R. J. Bruls, H. T. Hintzen, G. de With, R. Metselaar, and J. C. van
Miltenburg, J. Phys. Chem. Solids2, 783 (2001).

35K, T. Tsen, D. K. Ferry, A. Botchkarev, B. Sverdlov, A. Salvador,
and H. Morkoc, Appl. Phys. Lett72, 2132(1998.

363, Tripathy, S. J. Chua, and A. Ramam, J. Phys.: Condens. Matter
14, 4461(2002.

37, Bergman, D. Alexson, P. L. Murphy, R. J. Nemanich, M.
Dutta, M. A. Stroscio, C. Balkas, H. Shin, and R. F. Davis, Phys.
Rev. B 59, 12 977(1999.

38M. Kuball, J. M. Hayes, Ying Shi, and J. H. Edgar, Appl. Phys.
Lett. 77, 1958(2000.

39E. S. Zouboulis and M. Grimsditch, Phys. Rev. 48, 12 490
(1991).

40H, M. Tutiinct, G. P. Srivastava, and S. Duman, PhysicalB,
317, 190(2002.

41H. Herchen and M. A. Cappelli, Phys. Rev.4&, 14 193(1993.

42D, J. Ecsedy and P. G. Klemens, Phys. Revi® 5957(19779.

43G. Irmer, M. Wenzel, and J. Monecke, Phys. Status Solidids,
85 (1996.

44p. H. Borcherds, G. F. Alfrey, D. H. Saunderson, and A. D. B.
Woods, J. Phys. (B, 2022(1975.

4SH. M. Titiincii and G. P. Srivastava, Phys. Rev.5B, 15 675
(1996.

46B. D. Rajput and D. A. Browne, Phys. Rev. B3, 9052(1996.

235208-16



