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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 optical(TO) phonons in cubic materials have been performed by modeling acoustic
phonon modes within Debye’s isotropic continuum scheme. Lifetimes ofA1sLOd, E1sTOd, A1sTOd, E2

2 andE2
1

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 phase(cubic 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

Study of optical phonon relaxation in semiconductors is
important because of its direct influence in energy relaxation
of carriers. In technologically important devices electrons are
highly excited into conduction band either optically or by
applying electric field. These high energy carriers decay to-
wards their ground state, largely by emission of optical
phonons. When the excited carrier density is large, the opti-
cal phonon emission can be very fast with an eventual non-
equilibrium population. The hot phonon population increases
the phonon absorption rates of the carriers, eventually reduc-
ing their energy loss which strongly affects the optical char-
acteristic and electronic transport properties of the semicon-
ductor devices. Therefore, the thermal management in
electronic devices is dominantly controlled by the nonequi-
librium optical phonons created by the excited carriers. Such
optical phonons occupy a limited and well defined range of
wave vectors close to the center of the Brillouin zone.1 In
polar semiconductors excess energy of carriers is removed
mainly by the interaction of longitudinal optical(LO)
phonons with the carriers, known as the Fröhlich interaction.

The LO phonon damping in polar systems has been stud-
ied experimentally both in the frequency domain using spon-
taneous Raman spectroscopy,2–6 and in the time domain us-
ing incoherent anti-Stokes Raman scattering7,8 and time-
resolved coherent anti-Stokes Raman scattering.9–11

Transverse optical(TO) phonons are less important in
carrier-lattice thermalization due to their weak coupling with
carriers. In highly doped semiconductors carrier-LO phonon
interaction is damped due to screening effect.12 In this case
TO phonons play an important role in the redistribution of
energy in highly excited systems. Relaxation of TO phonons
has been studied by several groups by applying time-
resolved coherent anti-Stokes Raman scattering
techniques.13–17Most of such experimental studies have been
reported for cubic semiconductors with the diamond and zinc
blende structures. Recently, a few groups have reported mea-
surements of the phonon relaxation of the Raman active
modes in the wurtzite phase of GaN and AlN. However,
interpretation of such experimental results is more involved

mainly due to the presence of nine optical modes in the
wurtzite structure.

Relatively far fewer theoretical investigations have been
reported in this field. In general, phonon dephasing in solids
results from various sources like impurity scattering, carrier
scattering, and anharmonic interaction between phonons. For
high quality crystals with low concentration of free carriers
s,431016/cm3d, phonon dephasing due to carrier-phonon
scattering and impurity scattering can be neglected. Also,
depopulation of nonequilibrium optical phonons takes place
on the time scale of about 1 ps at room temperature,17 which
is much larger than that due to carrier-phonon interaction
s,100 fsd.18 Therefore, we can safely assume that the life-
time of the hot phonons is almost exclusively contributed by
anharmonic interactions in the form of decay into phonons of
lower energies.

The first theoretical calculation of phonon lifetime was
performed by Cowley in Ge way back in 1965.19 Cowley
considered the anharmonic interaction as an axially symmet-
ric force between nearest neighbors and summed over all
possible decay processes. Klemens20 treated the decay of op-
tical phonons into two acoustic phonons with opposite wave
vectors. Available theoretical estimates of phonon lifetimes
for bulk semiconductors show a huge spread and are only
partially successful in accounting for experimental findings.
The first detailed calculations of anharmonic phonon decay
with a clear understanding of different decay mechanisms
has been done by Debernardi, Baroni, and Molinari.21,22Fol-
lowing a first-principles approach to study anharmonic decay
of phonons based on the electronic density functional theory,
the lifetime of the zone-center phonon in diamond, Si, Ge
was calculated by Debernardi and co-workers,21 and for the
zone-center LO and TO phonons in GaAs, GaP, AlAs, InP by
Debernardi.22

In this work we present a comprehensive study of the
anharmonic phonon lifetime in cubic and hexagonal semi-
conductors, and provide a detailed analysis of the various
decay processes involved. We have employed a semiempir-
ical approach for this purpose. Our model uses the lowest
order anharmonicity as perturbation to the crystal harmonic
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potential. The expression for the decay rate has been ob-
tained by applying Fermi’s golden rule formula in time de-
pendent perturbation theory, with an expression for cubic
anharmonicity obtained in the framework of isotropic con-
tinuum model. Calculations for cubic systems have been per-
formed by modeling acoustic phonon modes within Debye’s
isotropic continuum scheme. Lifetimes of various optical
modes in wurtzite semiconductors have also been calculated
by employing Debye’s scheme within a semi-isotropic con-
tinuum model. These results are used to support and explain
available experimental data, and to make predictions in some
other cases. Particular attention has been paid to the study of
III-nitride materials in both zinc blende and wurtzite phases.

II. THEORY

During carrier relaxation in semiconductors, nonequilib-
rium phonons are generated with wave vectors very close to
the Brillouin zone center. In this section we describe our
theory of anharmonic decay of of such phonons.

A. Hamiltonian and Fermi’s golden rule

In reality, anharmonicity is only a small proportion of the
total crystal Hamiltonian, and can thus be considered as a
perturbation on the harmonic part of the potential. We treat
only the lowest order anharmonicity and express the Hamil-
tonian as

H = Hharm+ V3, s1d

whereH, Hharm, andV3 represent the total crystal potential,
the harmonic part of the Hamiltonian, and the cubic anhar-
monic part of the potential, respectively. Even only with the
cubic anharmonic term, the expression for the full crystal
Hamiltonian is very complicated. We have used a form ofV3
from Ref. 23, which treats the crystal as an anharmonic elas-
tic continuum. Although the continuum model does not sup-
port optical phonon modes, many previous works have used
such a model(see, e.g., Ref. 24). In this approach the cubic
anharmonic part of the crystal Hamiltonian, using the second
quantized notation, is expressed as23

V3 =
1

3!
Î "3

8r3N0V
o

qsq8s8q9s9

Î qq8q9

cscs8cs9
Aqq8q9

ss8s9 dq+q8+q9,G

3 saqs
† − a−qsdsaq8s8

† − a− q8s8dsaq9s9
† − a− q9s9d, s2d

where r is the material density,N0 is the number of unit
cells, V is the volume per unit cell,q,q8 ,q9 are the wave
vectors of phonons with polarization indicess,s8 ,s9, and

speedscs,cs8 ,cs9, respectively,Aqq8q9
ss8s9 is a measure of the

strength of a phonon-phonon scattering process,G is a recip-
rocal lattice vector, andaqs

† ,aqs are the phonon creation and
annihilation operators. Strictly speaking, there is no concept
of a reciprocal lattice vector for a continuum, but a drafting
technique can be used(cf. Ref. 23 and references therein).

The probability of a three-phonon interaction from an ini-
tial stateuil to a final stateufl can be expressed, within Fer-
mi’s golden rule formula, as

Pi
f =

2p

"
ukf uV3uilu2dsEf − Eid. s3d

While the lifetime of a modeqs is determined from the
balance between the decay processqs→q8s8+q9s9 and the
fusion process qs+q8s8→q9s9, it has been shown
previously25 that the fusion process is usually too slow, indi-
cating that the lifetime is almost exclusively goverened by
the decay process. In the single-mode relaxation time
approach,23 we assume that phonons in modeqs are in non-
equilibrium population while phonons in modesq8s8 and
q9s9 maintain their equilibrium Bose-Einstein distribution.
Within this concept, and using Eqs.(2) and (3), the decay
rate of a phonon in modeqs can be expressed as

tqs
−1 =

p"g2

2rc̄2N0V
o

q8s8q9s9

vsqsdvsq8s8dvsq9s9d
n̄q8s8n̄q9s9

n̄qs

3 dq,q8+q9dsvsqsd − vsq8s8d − vsq9s9dd, s4d

wherevsqsd is the frequency of modeqs with the equilib-
rium Bose-Einstein distribution functionn̄sqsd, c̄ is the aver-
age acoustic phonon speed, and the three-phonon interaction

strengthuAqq8q9
ss8s9 u2 for the processqs→q8s8+q9s9 has been

expressed in the form23

uAqq8q9
ss8s9 u2 =

4r2

c̄2 g2cs
2cs8

2 cs9
2 , s5d

with g as the mode-average Grüneisen’s constant. In general,
g is a wave vector, polarization mode, and temperature de-
pendent. For the present study, however, we need to consider
the value ofg for the LO and TO. modes at the zone center
(i.e., forq=0). We will consider a temperature-average value
of these coefficients. Furthermore, in this work we will re-
gardgsLOd andgsTOd as adjustable parameters and consider

different interaction coefficientsuAqq8q9
ss8s9 u2 for different three-

phonon processes in accordance with Eq.(5). Such an ap-
proach for the consideration of the anharmonic coupling con-
stant to fit the temperature dependence of experimental
lifetimes of phonons is a common practice.26

B. Model dispersion curves

Measurements and realistic calculations of phonon disper-
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
and in Ref. 29 for both the zinc blende and wurtzite phases.
In the long wavelength limit acoustic curves can be approxi-
mated by linear dispersion relations. Although the optical
branch of a diatomic linear chain can be approximated by a
quadratic dispersion relation, dispersion relations of three-
dimensional crystals are in general quite complicated and a
simple approximation is not always possible.

To derive analytical expressions for the decay rate of a
zone-center optical mode due to cubic anharmonicity in the
crystal potential, we made appropriate approximations for
phonon dispersion curves for zinc blende and wurtzite mate-
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rials. We used the Debye model within the continuum ap-
proximation for acoustic branches, and considered optical
branches as flat or linearly(rather than quadratically) disper-
sive as appropriate. For diamond and zinc blende materials
we further employed the isotropic approximation. A sche-
matic illustration of our model dispersion curves for zinc
blende materials has been presented in Fig. 1. For the wurtz-
ite structure, we employed the Debye model within a semi-
isotropic model. In this scheme our calculations were per-
formed along the three principal symmetry directionsG−K,
G−M andG−A, and results were presented as the average of
the values along these directions. A schematic illustration of
the modeled dispersion relations for the wurtzite structure is
presented in Fig. 2. It should be noted that the quadratical
variation with frequency of the density of states obtained
from the application of the linear dispersion relation is in
general quite different from that obtained from the consider-
ation of realistic phonon dispersion relations. This should be
kept in mind when critically analyzing the results presented
in this work.

C. Expressions for intrinsic lifetime

A long wavelength optical phonon mode can decay into
lower energy optical and/or acoustic modes dictated by en-

ergy and momentum conservation conditions. It is conve-
nient to describe such a decay in terms of four possible chan-
nels. (i) The decay of the optical phonon into two acoustic
phonons with opposite momenta is known as the Klemens
channel.20 (ii ) Ridley30 considered the possibility of a zone-
center longitudinal optical mode decaying into a transverse
optical mode and a longitudinal acoustic mode. This can be
generalized to a process involving the decay of the optical
mode into a lower-branch optical mode and an acoustic
mode: we shall call this a generalized Ridley channel.(iii )
The optical mode may decay into a lower mode of the same
branch and an acoustic mode, known as the Vallée-Bogani
channel.9,10 (iv) In addition to the above three channels, in
wurtzite materials a zone-center optical mode may also de-
cay into two lower-branch optical modes. Within the Debye
model for phonon dispersion, as briefly described above, we
have derived the following expressions for phonon intrinsic
lifetime:

(a) Klemens channel:

t−1fSO→ S8A + S8Ag =
"g2

64prc̄2cS8A
3 vSO

5 fn̄svSO/2dg2

n̄svSOd
,

s6d

t−1fSO→ S8A + S9Ag

=
"g2

4prc̄2cS9A
3 vS9A

3
vSOvS8A

n̄svS8Adn̄svS9Ad

n̄svSOd
, s7d

(b) Generalized Ridley channel:

t−1fSO→ S8O + S9Ag

=
"g2

4prc̄2cS9A
3 vS9A

3
vSOvS8O

n̄svS8Odn̄svS9Ad

n̄svSOd
, s8d

(c) Generalized Vallée-Bogani channel:

FIG. 1. Schematic illustration of our model
dispersion curves for zinc blende materials.

FIG. 2. Schematic illustration of our model dispersion curves
for wurtzite materials.
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t−1fSO→ SOedge+ S9Ag

=
"g2

4prc̄2cS9A
3 vS9A

3
vSOvSO

edge
n̄svSO

edgedn̄svS9Ad

n̄svSOd
, s9d

(d) Further channels:

t−1fSO→ S8O + S9Og

=
"g2

4prc̄2cS9O
3 vS9O

3
vSOvS8O

n̄svS8Odn̄svS9Od

n̄svSOd
,

s10d

whereS, S8, S9=L or T, vedge is zone-edge frequency, and
vS9A =vSO−vS8O or vSO−vSO

edge, and vS9O=vSO−vS8O. Pro-
cesses involving daughter modes from optical branches, re-
ferred to as “further channels,” can take place in wurtzite
materials, but not in materials with the diamond and zinc
blende structures.

D. Possible decay channels

Energy and momentum conservation conditions may al-
low for the zone-center LO and TO phonon modes in zinc
blende materials to decay via one or many of the Klemens,
Ridley and Vallée-Bogani channels. In particular, the follow-
ing combinations of daughter modes may be allowed:31

LO mode decay:
(i) Klemens channel: LO→LA+LA; LA+TA; TA+TA,
(ii ) Ridley channel: LO→TO+LA; TO+TA,
(iii ) Vallée-Bogani channel: LO→LOszone edged+LA;

LOszone edged+TA.

TO mode decay:
Klemens channel: TO→LA+LA; LA+TA; TA+TA.

In wurtzite materials there are several zone-center optical
modes:A1sLOd, E2

2, E1sTOd, A1sTOd, andE2
1. Decay of the

A1sLOd mode is allowed via channels(a) (Klemens), (b)
(Ridley), and(d) (Further) involving daughter modesB1

1, B1
2,

E2
2, E2

1, E1sTOd, A1sTOd and acoustic modes. ModesE1sTOd,
E2

2, andA1sTOd are also allowed to decay via channels(a),
(b), and (d). Only the Klemens channel is allowed for the
decay ofE2

1.

III. RESULTS AND DISCUSSIONS

We will present results for a number of materials in the
(hexagonal) wurtzite structure, and a number of materials in
the (cubic) zinc blende and diamond structures. We will also
compare results for a few nitride materials which may be
grown in both wurtzite and zinc blende structures. We used
the material densityr, characteristic phonon frequencies,
phonon acoustic speeds, andg as listed in
Landolt-Börnstein,32 unless otherwise stated. When consid-
ering decay via further channels, for simplicity we consid-
ered the phonon speed in low-lying daughter optical
branches as half of the longitudinal acoustic speed.

A. Wurtzite structure

In this section we will present results for the decay rate of
various optical modes in III-nitride materials InN, GaN, AlN,
and BN in the wurtzite phase. The results for individual ma-
terials will be used to obtain useful trends. Group theoretical
analysis33 suggests that while the modesA1, E2, andE1 are
Raman active, the modeB1 is silent. With this information in
mind, we have made calculations of the lifetimes of onlyA1,
E2, and E1 modes. As mentioned earlier, calculations were
performed along the three symmetry directionsG−K, G−M,
and G−A, and the final decay result for each mode is pre-
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-
perature, along with available experimental data from Raman
scattering measurements and time-resolved spontaneous Ra-
man scattering technique, are reported in Table I. There is
lack of information on Grüneisen’s constantg for different
modes in the various nitrides. The recent work by Brulset
al.34 suggests that for AlN the value ofg between 300 and
1600 K lies in the range 0.70 and 0.96. In this work, we used
g=0.8 (the average of results reported in Brulset al.34 for
300 and 1600 K) for all modes in all the nitride materials
discussed here, unless otherwise discussed further in the text.
Any rescaling ofg to fit theory with experiment becomes
necessary in the absence of any reliable experimental data
for different modes, and also in view of the simplified dis-
persion relation employed.

1. InN

A1sLOd mode. An examination of the phonon dispersion
curves of InN,29 with the help of Fig. 2, indicates that the
A1sLOd mode can decay via the Ridley and “further” chan-
nels. In particular, we find that the following Ridley decay
processes take place:

A1sLOd → E2
2 + TA; A1sLOd → E2

2 + LA;

A1sLOd → E1sTOd + LA; A1sLOd → E1sTOd + TA;

A1sLOd → A1sTOd + LA; A1sLOd → A1sTOd + TA.

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

A1sLOd → E2
2 + E2

1;A1sLOd → E1sTOd + E2
1;

A1sLOd → A1sTOd + E2
1.

Along G−K all these decay mechanisms are allowed, along
G−M only the second of Ridley processes, and all the “fur-
ther” processes are allowed, and alongG−A (thec direction)
only the “further” processes are allowed. Our calculated life-
time values are 0.19 ps at 5 K(low temperature) and 0.08 ps
at 300 K. It is found that “further” channels contribute very
strongly (about 80%) towards the decay process. In particu-
lar, the last two processes listed above provide a contribution
of about 60%.

E2
2 mode. TheE2

2 mode can follow the Ridley mechanism
to decay into E1sTOd+sTA,LA d, and A1sTOd+sTA,LA d
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along bothG−M and G−K. Along G−A there is no partici-
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
temperature. At 300 K, the percentage contributions of the
processesE2

2→E1sTOd+TA andE2
2→A1sTOd+TA are 41%

and 51%, respectively.
E2

1 mode. E2
1 is the lowest optical mode. Therefore, only

acoustic branches are available as the daughter modes. All of
the possible three processesE2

1→TA+TA, E2
1→LA+LA,

E2
1→LA+TA fulfill the energy and momentum conservation

conditions. The calculated low temperature and room tem-
perature values of the lifetime are 252.2 and 25.21 ps, re-
spectively. At room temperature the relative weight of the
processesE2

1→TA+TA and E2
1→LA+TA are 84% and

14.5%, respectively.

2. GaN

A1sLOdmode. The decay of the zone-centerA1sLOd mode
in GaN can only take place via Ridley’s channel. The various
combinations of daughter phonon modes involved in such
decay processes are:

sid A1sLOd → E2
2 + LA; sii d A1sLOd → E1sTOd + LA;

siii d A1sLOd → E2
2 + TA; sivd A1sLOd → E1sTOd + TA;

svd A1sLOd → B1
1 + LA; svid A1sLOd → B1

1 + TA.

However, an examination of the phonon dispersion curves29

shows that processes(i)–(iv) are not allowed alongG−A,
process(ii ) is not allowed alongG−M, and process(v) is not
allowed alongG−K. Our computed results give a very slow
decay rate for processes(v) and (vi) in the three symmetry
directions. Similarly, alongG−K and G−M directions pro-
cesses(iii ) and(iv) give much smaller lifetime than the other
processes, thus providing the main contribution.

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 al.35 and by Tripathy, Chua, and Ramam.36 On the
other hand, Bergmanet al.37 did not manage to measure the
lifetime of this mode due to heavy plasmon damping effect.
Using metalorganic chemical vapor deposition grown
n-doped GaN sample Tripathy and co-workers estimated the
room temperature value of the lifetime in the range

TABLE I. Calculated lifetimestd results of the zone-center optical phonons in wurtzite materials at 6 K(LT) and 300 K(RT). These
results were obtained with the choiceg=0.8 for the mode-averaged Grüneisen’s constant. For comparison, available experimental results are
also given.

Mode Material

Lifetime (ps)

LT RT

Theory Expt. Theory Expt.

A1sLOd InN 0.19 0.08

GaN 3.0 5.0a 1.5 3.0,a 0.62–1.16b

AlN 0.27 0.75d 0.16 0.57,d 0.45c

BN 0.1 0.08

E2
2 InN 30.4 3.3

GaN 2.2 1.3 1.4c

AlN 1.52 2.9d 0.89 0.83c

BN 0.34 0.27

E1sTOd InN

GaN 2.3 1.4 0.95c

AlN 0.8 0.46 0.91c

BN 0.1 0.08

A1sTOd InN

GaN 1.2 0.7 0.4c

AlN 0.73 0.41 0.76c

BN 0.15 0.12

E2
1 InN 252.2 25.21

GaN 507 81.7 10.1c

AlN 44.0 11.2 4.4c

BN 14.9 7.3

aReference 35.
bReference 36.
cReference 37.
dReference 38.
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0.62–1.16 ps from their measured Raman linewidth under
different processing conditions such as wet chemical treat-
ment, rapid thermal annealing, and thermal annealing. Tsen
et al.35 measured the lifetime values of 5 and 3 ps at low
temperature and room temperature, respectively, by employ-
ing time-resolved spontaneous Raman spectroscopy for mo-
lecular beam epitaxy grown undoped samples. The theoreti-
cal estimate by Ridley30 for low temperature decay rate of
5.031011 s−1 corresponds to the lifetime value of 2 ps. As
seen in Fig. 3 the temperature variation of the lifetime from
our theoretical work agrees very well with the experimental
measurements by Tsenet al.35 beyond 150 K. The theoretical
result can be matched to the experimental value at room
temperature by scaling down the Grüneisen constantg to
0.57. However, with the scaled value ofg the theoretical
curve lies appreciably above the experimental data points for
temperatures below 150 K. We believe that the difference
between theory and experiment can be explained by incorpo-
rating contributions from additional scattering processes
which do not depend on temperature. Possible sources would
be boundary, isotope, and impurity scatterings. Although it is
relatively straightforward to compute such contributions, we
have not made an attempt to include contributions from such
scatterings.

The dominant contributions,60%d in limiting the
A1sLOd phonon lifetime is its decay into aE1sTOd mode and
a TA mode. The next important contributions,30%d comes
from the decay into aE2

2 mode and a TA mode. Processes(i)
and(ii ) with daughter modes asE2

2 or E1sTOd and a LA have
almost negligible contribution. In analyzing their data Tsenet
al.35 have concluded that theA1sLOd mode decays most ef-
fectively into a large wave vector TO phonon and a large
wave vector LA or TA phonon. Our work agrees with this
analysis but provides a more accurate description of the most
possible decay mechanism.

E2
2, E1sTOd, and A1sTOd modes.The zone-center energies

of theE2
2, E1sTOd, andA1sTOd modes are very close to each

other. These optical modes can possibly decay into two lower

energy optical modes[a “further” channel as described in Eq.
(10)], or one optical and one acoustic mode(Ridley’s chan-
nel). Relaxation of these modes via Klemens’s channel is
forbidden on account of the energy and momentum conser-
vation requirements. The resulting decay mechanisms forE2

2

mode are

sid E2
2 → E1sTOd + TA; sii dE2

2 → A1sTOd + TA;

siii dE2
2 → B1

1 + E2
1.

Of these three, the first two processes are found to contribute
very little (less than 5% at room temperature) towards the
lifetime of the E2

2 mode. While the third process is not al-
lowed along thec axis, its contributions along the in-plane
directions make up to 97% of the total lifetime result. It is
found that the lifetime of this mode is slightly lower than that
of theA1sLOd mode. The computed room-temperature result
of 1.3 ps(obtained with the unscaled value ofg=0.8) is in
good agreement with the experimental measurement of
1.4 ps.37

Although there are two possible decay channels for
E1sTOd: (i) E1sTOd→A1sTOd+TA, and (ii ) E1sTOd→B1

1

+E2
1, from our calculations we find that almost 100% contri-

bution to the total decay rate comes fromE1sTOd→B1
1+E2

1.
The numerical values of the calculated lifetime for these
modes are 2.3 and 1.4 ps at low and room temperatures,
respectively. The room-temperature value of the experimen-
tal measurement37 of this mode is 0.95 ps, which is about 1.5
times smaller than our calculated result.

The only possible decay channel forA1sTOd mode is
A1sTOd→B1

1+E2
1. Similar to theE2

2 andE1sTOd modes, this
mode does not decay along theG−A direction (c axis). The
computed lifetime values for this mode are 1.2 and 0.7 ps at
6 and 300K, respectively. The experimental measurement37

gives a lifetime value of 0.4 ps at room temperature.
E2

1 mode. E2
1 is the lowest energy optical mode in the

hexagonal GaN. The only available decay channel for this

FIG. 3. Temperature variation
of the lifetime of the A1sLOd
mode in wurtzite AlN. The solid
and dashed curves are obtained
with the Grüneisen’s constantg
taken as 0.57 and 0.8, respec-
tively. Filled circles represent ex-
perimental data from Tsenet al.
(see Ref. 35).
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mode is the Klemens channel. The decay processes for this
mode areE2

1→LA+TA, E2
1→TA+TA, and E2

1→LA+LA.
These processes are allowed along the three principal sym-
metry directions. Our calculations, however, suggest that this
mode is very long lived, with a lifetime at least ten times that
of the other optical modes. The long-lived nature of this
mode is in agreement with the experimental results obtained
by Bergmanet al.37 who reported 10.1 ps for the room-
temperature lifetime of this mode.

3. AlN

A1sLOd mode. The allowed decay processes for the
A1sLOd mode in AlN are(i) A1sLOd→B1

2+TA; (ii ) A1sLOd
→B1

2+LA; (iii ) A1sLOd→E2
2+TA; (iv) A1sLOd→E2

2+LA;
(v) A1sLOd→E1sTOd+LA; (vi) A1sLOd→A1sTOd+TA;
(vii ) A1sLOd→A1sTOd+LA; (viii ) A1sLOd→E2

2+E2
1. How-

ever, along thec axis onlyA1sLOd→B1
2+TA, A1sLOd→B1

2

+LA, A1sLOd→E2
2+E2

1 processes contribute. The decay
mechanismsA1sLOd→E2

2+E2
1 and A1sLOd→E1sTOd+LA

are absent alongG−M and G−K directions, respectively.
The relative main contributions of various processes are
found as follows: A1sLOd→A1sTOd+TA (35%), A1sLOd
→E2

2+TA (23%), A1sLOd→B1
2+TA (15%), and A1sLOd

→E2
2+E2

1 (16%) over the entire temperature range. The rest
of the total contribution comes from other Ridley-like pro-
cesses.

Kuball et al.38 measured lifetime values of 0.75 and
0.57 ps at 10 K and room temperature, respectively. Berg-
manet al.37 measured the lifetime value of 0.45 ps at room
temperature by employing a micro Raman scattering tech-
nique. The lower of the two experimental values reported in
the work by Bergmanet al. is possibly due to more impuri-
ties in their samples. Notwithstanding the difference between
the values reported by the two experimental groups, there is
a fundamental difference in the manner they have analyzed
their results. While Bergmanet al.explained the decay of the
A1sLOd mode to occur via Ridley’s channel into a large wave

vector TO mode and an LA mode, Kuballet al.38 analyzed
their results on the basis of Klemens’s model. An inspection
of the phonon dispersion curves for AlN in Ref. 29 clearly
suggests that due to substantial mass difference between the
Al and the N atoms, there exists a large gap between the
acoustic and optical phonon branches in the AlN phonon
spectrum, with theA1sLOd frequency atG point being
910 cm−1, and at the zone-edge LA frequency being
314 cm−1. So, similar to the case of theA1sLOd decay in
GaN, Klemens’s model is not applicable for the decay of this
mode in AlN, since 2vLA ,vLO. As reported above, the
Ridley-type processes give rise to a massive contribution of
84% and further channels with two optical daughter modes
contribute approximately 16%.

For the choiceg=0.8, our computed values for the
A1sLOd mode lifetime are 0.27 and 0.16 ps at low tempera-
ture and room temperature, respectively. These values are
much lower than those measured from Raman linewidth by
Kuball et al. and Bergmanet al. In order to improve agree-
ment between our theoretical results and the experimental
results of Kuballet al., we scaled Grüneisen’s constant down
to g=0.41. This was done to match theory with experiment
at the highest reported temperature in the experimental data.
This was considered to be more sensible than fitting the ex-
perimental results at the low-temperature end in view of the
fact that extra, temperature-independent, scattering mecha-
nisms are likely to contribute at low temperatures. Figure 4
shows the theoretical results, and their comparison with the
experimental data by Kuballet al.,38 for the entire tempera-
ture range covered in their experimental work. Clearly the
theory explains the magnitude and temperature dependence
of the experimental data all the way down to 300 K. How-
ever, below about 200 K, the theoretical curve lies apprecia-
bly above the experimental data points. In view of the fact
that the experimental data below 200 K are rather tempera-
ture insensitive, we suggest that the role of extra mecha-
nisms, such as boundary and impurity scatterings, should be
included in explaining the experimental data.

E2
2 mode.An inspection of the phonon dispersion curves

FIG. 4. Temperature variation
of the lifetime of the A1sLOd
mode in wurtzite AlN. The solid
and dashed curves are obtained
with the Grüneisen’s constantg
taken as 0.41 and 0.8, respec-
tively. Filled circles represent ex-
perimental data from Kuballet al.
(see Ref. 38).
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reported in Ref. 29 shows the energetically possible decay
mechanisms for theE2

2 mode areE2
2→E1sTOd+TA, E2

2

→E1sTOd+LA, E2
2→A1sTOd+TA, E2

2→A1sTOd+LA, E2
2

→B1
1+TA, E2

2→B1
1+LA, E2

2→E2
1+TA, E2

2→E2
1+LA, and

E2
2→B1

1+E2
1. We find that the most dominant decay routes

are E2
2→E2

1+TA s,60%d and E2
2→B1

1+E2
1s,20%d over

the entire temperature range. Figure 5 shows the variation of
the lifetime over a large temperature range. With the choice
of g=0.8, our calculations produce lifetime values of 1.52,
0.89, and 0.25 ps at low temperature, room temperature, and
1200 K, respectively. Our room-temperature result is in good
agreement with the Raman measurement of 0.83 ps(Ref. 37)
on a high quality sample. At the high-temperature end our
theoretical results agree quite well with the measurements
reported by Kuballet al.38 A scaled down value ofg=0.68
brings the theoretical curve in very good agreement with the
experimental data38 in the temperature range 400–1200 K.
Although there is a marked scatter in the experimental data
at low temperatures, we note that the theoretical curve falls
slightly below the experimental data. For example, at 10 K
the experimental value reported by Kuballet al. is 2.9 ps,
whereas we obtain 2.1 ps. This is in contrast to the low tem-
perature results for the lifetime of theA1sLOd mode, for
which the theoretical curve lies above the experimental data.
Boundary and impurity scatterings are likely to reduce the
theoretical result even further down. We suggest that a dif-
ferent value ofg, larger than its high-temperature magnitude,
would be helpful in explaining the low-temperature experi-
mental results.

E1sTOd mode.The processes which contribute to the de-
cay of the E1sTOd mode are E1sTOd→A1sTOd+TA,
E1sTOd→A1sTOd+LA, E1sTOd→B1

1+TA, E1sTOd→B1
1

+LA, E1sTOd→E2
1+TA, E1sTOd→E2

1+LA, E1sTOd→B1
1

+E2
1, E1sTOd→LA+LA. Our calculations yield the lifetime

values of 0.8 ps at 5 K and 0.46 ps at 300 K. The process
E1sTOd→E2

1+TA provides the main contributions,60%d.
The next important contribution comes from the process
E1sTOd→B1

1+TAs,15%d. The only available experimental

measurement is by Bergmanet al. who reported 0.91 ps at
room temperature via Raman spectroscopy.37 No attempt was
made to improve agreement between theory and experiment.

A1sTOd mode.The decay channels available for the decay
of the A1sTOd mode are:A1sTOd→B1

1+TA, A1sTOd→B1
1

+LA, A1sTOd→E2
1+TA, A1sTOd→E2

1+LA, A1sTOd→B1
1

+E2
1, A1sTOd→LA+LA. Along the c axis only A1sTOd

→B1
1+LA and A1sTOd→B1

1+E2
1 processes are allowed.

Along the G−M direction the allowed processes are
A1sTOd→B1

1+TA, A1sTOd→B1
1+LA, A1sTOd→E2

1+TA
andA1sTOd→E2

1+LA, and along theG−K direction the al-
lowed process isA1sTOd→B1

1+TA. The most important de-
cay mechanism in limiting the lifetime isA1sTOd→E2

1+TA,
contributing approximately 80%. Our findings for the life-
time values are 0.73 ps at 5 K and 0.41 ps at 300 K. These
values are lower than the experimentally measured lifetime
value of 0.76 ps37 at 300 K. Again, no attempt was made to
improve agreement between theory and experiment.

E2
1 mode. E2

1 is the lowest lying optical mode in AlN, with
the zone-center frequency lower than the zone-edge TA fre-
quencies. So, the available daughter modes are only the
acoustic branches close to the zone center. AlongG−K di-
rection only theE2

1→TA+TA process contributes. At room
temperature, the processesE2

1→TA+TA and E2
1→LA+TA

contribute 86% and 14%, respectively. The total lifetime is
44 ps at low temperature reducing to 11.2 ps at room tem-
perature. The reported room-temperature lifetime value from
the Raman scattering measurements is 4.4 ps.37 Similar to
GaN, the lifetime of theE2

1 mode is relatively longer than
that of other modes.

4. BN

A1sLOd mode.BN is the only wurtzite material considered
here for which theA1sLOd mode can decay via three chan-
nels: Klemens, Ridley, and further. Compatible with the
energy-momentum conservation conditions, theA1sLOd
mode in BN can decay via Ridley’s channel into one of the

FIG. 5. Temperature variation
of the lifetime of theE2

2 mode in
wurtzite AlN. The solid and
dashed curves are obtained with
the Grüneisen’s constantg taken
as 0.68 and 0.8, respectively.
Filled circles represent experi-
mental data from Kuballet al.
(see Ref. 38).
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optical modes (E1sTOd ,A1sTOd ,E2
2,B1

1) and an acoustic
mode, via Klemens’s channel into two LA modes, and via
“further” channels into a combination ofB1

1 andE2
1. Not all

of these processes are, however, allowed in all of the three
principal symmetry directionsG−A, G−M, and G−K. The
most important contribution(about 30%) comes from the
processA1sLOd→E2

1+TA. Another 40% is almost equally
contributed by the processesA1sLOd→E1sTOd+TA,
A1sLOd→A1sTOd+TA, andA1sLOd→B1

1+TA. The remain-
ing 30% contribution comes from the other allowed pro-
cesses. The overall contributions from Klemens’s, Ridley’s,
and “further” channels are 5%, 70%, and 25%, respectively.
Our calculations suggest very short lifetime values of 0.1 and
0.08 ps at low temperature and room temperature, respec-
tively. To the best of our knowledge their is no report of any
experimental measurement of phonon lifetimes in hexagonal
BN.

E1sTOd, A1sTOd and E2
2 modes.These modes can decay

via Ridley’s, Klemens’s, and “further” channels. AlongG
−A some of these processes are, however, not allowed. For
the E1sTOd mode we computed lifetime values of 0.1 ps at
low temperature and 0.08 ps at room temperature, with main
contributions from the processesE1sTOd→E2

1+E2
1 (48%),

E1sTOd→TA+TA (23%), and E1sTOd→LA+TA (15%).
The calculated lifetime results for theA1sTOd mode are
0.15 ps at low temperature and 0.12 ps at room temperature,
with main contributions fromA1sTOd→E2

1+E2
1 (50%) and

A1sTOd→TA+TA (20%). The phonon lifetime of theE2
2

mode decreases from 0.34 ps at low temperature to 0.27 ps
at 300 K. The relative weights of the processes are 50% from
E2

2→E2
1+E2

1, 20% from E2
2→TA+TA, and 12% fromE2

2

→B1
1+TA.

E2
1 mode.The modeE2

1 can decay via Klemens’s channel
into two TA modes, or into a combination of LA and TA
modes, alongG−A and G−M (but not alongG−K). The
decay into a pair of TA modes gives almost the total contri-
bution (92%). This is the longest-lived mode, with a total
lifetime value of 14.9 ps at low temperature and 7.3 ps at
room temperature.

5. Comparisons and trends

The results presented above indicate that there are no
regular trends for the lifetimes of optical modes across the
nitride materials. It seems that theE1sTOd and A1sTOd
modes in InN do not decay at all. For other materials theE2

1

mode is the longest lived. The lifetime of the lowest lying
optical mode,E2

1, is at least an order of magnitude longer
than that of the other modes in all of the chosen wurtzite
materials. The shortest-lived mode in InN and AlN is
A1sLOd, in BN are A1sLOd and E1sTOd, and in GaN it is
A1sTOd. For any mode, the shortest lifetime occurs for BN.
Experimental results for GaN and AlN are supportive of our
theoretical results.

It is interesting to note that the lifetime of the highest
optical mode,A1sLOd, in GaN is roughly an order of magni-
tude larger than in the other nitrides. There is some support
for this behavior from experimental measurements on GaN
and AlN. While the decay of theA1sLOd mode is dominated

by the Ridley channel in GaN, AlN, and BN, it is more
strongly controlled by “further” channels in InN. On the
other hand, the Klemens channel is disallowed in all nitrides,
except BN for which it makes only a minor contribution. Our
work also indicates that the lifetime of theE2

2, E1sTOd, and
A1sTOd modes decrease across InN, GaN, AlN, BN.

The decay of the lowest lying optical modeE2
1 in all of

these materials is dominantly controlled by the Klemens
mechanism where the daughter phonons are two TA phonons
with equal and opposite momenta. For theE2

2, E1sTOd,
A1sTOd modes in GaN, the decay probability is maximum
via the “further” decay channel involvingB1

1 andE2
1 phonon

modes. In AlN these modes primarily decay via the Ridley
channel, with the daughter modes beingE2

1 and TA. The
dominant channel for these modes in BN involves twoE2

1

branches.

B. Diamond and zinc blende structures

In diamond structure materials the zone-center optical
LTO mode can decay via Klemens’s and Vallée-Bogani’s
channels. In zinc blende materials the LO mode can decay
via Klemens’s, Ridley’s, and Vallée-Bogani’s channels, and
the TO mode can only decay via Klemens’s channel. In this
section we present results of the lifetimes of the zone-center
phonon modes in diamond and several zinc blende semicon-
ductors. The results will be used to examine trends across
different materials with the same crystal structure, and be-
tween the zinc blende and wurtzite phases of a given mate-
rial. Our calculated results are presented, and compared with
experiment, in Table II.

1. Diamond

In diamond the zone-center optical mode can only decay
through the Klemens channel. Our calculations show that the
phonon lifetime of the LTO mode is dominantly(90% con-
tribution) controlled by its decay into different acoustic
branches. The experimental determination by Zouboulis and
Grimsditch39 of the phonon lifetime from Raman linewidth
suggests a value of 2.46 ps at room temperature. To explain
their observation Zouboulis and Grimsditch also used the
Klemens model. Usingg=0.8 we calculated the lifetime val-
ues of 2.54 ps at low temperature and 2.30 ps at room tem-
perature. As seen from Fig. 6 our calculated results show
good agreement over the entire temperature range of mea-
surements made by Zouboulis and Grimsditch.

2. InN

The decay of the LO mode in cubic InN takes place solely
via Ridley’s channel. The processes LO→TO+TA and LO
→TO+LA contribute 75% and 25%, respectively. The cal-
culated values of the lifetime are 0.5 and 0.21 ps at low
temperature and room temperature, respectively.

3. GaN

In GaN the zone-center LO phonon energy is too high for
the Klemens channel to be allowed. Similarly, the Vallée-
Bogani channel is not allowed. Therefore, the decay of the
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LO mode can only take place via the Ridley channel, with
more important contribution coming from the decay involv-
ing TA modes rather than LA modes. It should be pointed out
that we considered the same value of the anharmonic coeffi-
cient sg=0.8d for the cubic GaN as for the hexagonal phase.
The calculated lifetime values are 4.4 and 2.5 ps at low tem-
perature and room temperature, respectively. To the best of
our knowledge, there is no report of any experimental mea-
surement to compare our results.

4. AlN

In AlN the LO mode decays via both Ridley’s and Kle-
mens’s channels, with 70% and 30% contributions, respec-
tively. The dominant contribution(60%) is from the decay
via Ridley’s process LO→TO+TA. The Klemens channel is
only allowed for the process LO→LA+LA. The low- and
room-temperature lifetime values are calculated as 0.45 and
0.32 ps, respectively.

5. BN

Due to nearly equal cationic and anonic masses the pho-
non spectrum of cubic BN, similar to GaAs, shows no clear

separation between its optical and acoustic branches.40 The
zone-center LO mode can decay via the Ridley and Klemens
channels. Our calculations suggest that the strongest contri-
bution (about 75%) comes from the Klemens channel into
TA+TA, and a reasonable contribution(about 20%) comes
from the Ridley channel into TO+TA. The TO mode can
only decay via the Klemens channel. We estimate contribu-
tions of 50% from the decay into LA+TA, 40% from the
decay into LA+LA, and 10% from the decay into TA+TA.
The lifetime values at low(room) temperature are 0.44
(0.39) and 1.68(1.42) ps for the LO and TO modes, respec-
tively. Table III lists our calculated values of the LO and TO
lifetimes at three different temperatures, together with ex-
perimental results. At all temperature the lifetime of the TO
mode is nearly four times the lifetime of the LO mode.

The calculated lifetime values are plotted against tem-
perature in Fig. 7, where experimental measurements from
Ref. 41 are also reproduced for comparison. For the TO
mode the agreement between theory and experiment is very
good for the magnitude and variation of the lifetime over the
entire temperature range of the measurement. There is also
very good agreement between theory and experiment for the

TABLE II. Lifetime std 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
coefficientg.

t (ps)
Klemens’s

channel(%)
Ridley’s

channel(%)
Vallée-Bogani
channel(%)Present theory experiment

Low temperatures6 Kd
InN 0.5 100

GaN 4.4 100

AlN 0.45 30 70

BN 0.44 82 18

GaAs 8.7 16.5,a 9.2,b 8.5f 66 8 26

InP 39.3 24.1[a],a 40.0c 100

AlSb 224.0 100

HgSe 28.0 90 10

Diamond 2.54 100

Room temperature

InN 0.21 100

GaN 2.5 100

AlN 0.32 30 70

BN 0.39 1.45e 77 23

GaAs 2.3 2.1,c 2.39f 52 15 33

InP 6.1 7.6,c 6.65f 100

AlSb 21.0 100

HgSe 4.7 80 20

Diamond 2.30 2.46d 100

[a] at 10 K.
aReference 6.
bReference 9.
cReference 10.
dReference 39.
eReference 41.
fReference 43.
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lifetime results of the LO mode at the high-temperature end
of the measurements. Surprisingly, the theoretical curve falls
far below the experimental data at temperatures below
1300 K. In this respect we note that both the theoretical re-
sults and the experimental data show a linear temperature
increase of the lifetime of the TO mode from the Debye
temperatureQD s1700 Kd down to 2/3QD. The same must
be expected for the LO mode. Whereas this is vindicated
from our theoretical results, the experimental data in Ref. 40
show that this behavior does not hold near 2/3QD.

It is interesting to note that the three-phonon linewidth
fitted by Herchen and Cappelli41 to pass through the room-
temperature datum could not fit the high-temperature end of

the data. If their theoretical fitting is shifted to match the
high-temperature end of the data, the resulting lifetime result
would fall very significantly below their experimental data
points, as our results suggest. We should further point out
that in their paper Herchen and Cappelli state that “the in-
tensity of the anti-Stokes component of the LO mode was
insufficient to record reliable spectra below 1200 K.” We are
thus of the opinion that the experimental data at temperatures
much belowQD may not be accurate and should be reinves-
tigated. We also do not share the view expressed by Herchen
and Cappelli that higher order anharmonic processes would
need to be taken into account to bring theoretical results
close to experiment. This is because it is well documented

FIG. 6. Temperature variation
of the lifetime of the LTO mode in
diamond. Also shown are the ex-
perimental data taken from
Zouboulis and Grimsditch(see
Ref. 39).

TABLE III. Lifetime std results for the zone-center LO and TO phonon modes in InP, GaAs and cubic BN. The values of Grüneisen’s
constant used aregsLOd=1.24,gsTOd=1.24 for InP;gsLOd=1.8, gsTOd=1.8 for GaAs; andgsLOd=0.8, gsTOd=0.8 for BN.

Lifetime (ps)

Low temperatures6 Kd Low temperatures78 Kd Room temperatures300 Kd
Present
theory

experiment Present
theory

experiment Present
theory

experiment

InP LO 39.3 24.18,a 40.0d 19.1 22.0,d 34.5g 6.1 7.6,d 6.65g

TO 11.0 9.7 12.0±1.5,e

10.7±1.1g
3.9 2.6±0.4,e 2.5g

GaAs LO 8.7 16.5,a 9.2,c

8.5g
6.4 6.4,d 6.25b 2.3 2.1,d 2.39g

TO 8.3 7.1,g 6.2e 6.9 ,5.0e 2.5 2.3g

BN LO 0.44 0.44 0.39 1.45f

TO 1.68 1.68 1.42 1.6f (at
271.5 K)

aReference 6.
bReference 7.
cReference 9.
dReference 10.
eReference 12.
fReference 41.
gReference 43.
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that in general four-phonon processes are at least two orders
of magnitude weaker than three-phonon processes even at
very large temperatures.43

6. GaAs

The phonon spectrum of GaAs shows a downward disper-
sion of the LO branch.29 This allows, subject to energy and
momentum conservation rules, the decay of the zone-center
LO phonon via the Vallée-Bogani channel into a zone-edge
LO phonon and a TA phonon. Our calculations show that the
Vallée-Bogani channel is quite important in the entire tem-
perature range of our study. We find that the percentage con-
tributions towards the total lifetime from the Klemens,
Vallée-Bogani, and Ridley channels are 66%, 26%, and 8%
at low temperatures, and 52%, 33%, and 15% at room tem-
perature, respectively. The total phonon lifetime values are

8.7 and 2.3 ps at low and room temperatures, respectively.
Our low and room temperature results, and the temperature
dependence of the lifetime, agree well with the experimental
measurements by Kash and Tsang8 and by Vallée and
Bogani.9,10 Our work also strongly supports the view ex-
pressed in the works by Vallée and Bogani9,10 that the intra-
band combination relaxation process LO→LO8+TA is quite
important in GaAs. However, our result for the Klemens
channel is very different from Vallée’s work. Our low-
temperature result also agrees well with the previous theoret-
ical result of 8.0 ps obtained by Debernardi.22 However, our
findings for the percentage contributions of different chan-
nels are very different from Debernardi’s work. Whereas De-
benardi’s work shows that the most important decay mecha-
nism involves two different acoustic branches, we find that
this mechanism does not fulfill the energy-momentum con-

FIG. 7. Temperature variation
of the lifetime of the LO and TO
modes in cubic BN. Also shown
are the experimental data taken
from Herchen and Cappelli(see
Ref. 41).
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servation condition. The main reason for the discrepancy
with respect to the relative importance of different decay
mechanisms between this work and the theoretical works by
Vallée and by Debernardi is likely to be the simplified treat-
ment of the density of states for acoustic branches in our
work.

For the decay of the zone-center TO mode in GaAs, we
find that the processes TO→LA+LA and TO→LA+TA are
involved. Our calculations suggest that the lifetime of the TO
mode is similar to that of the LO mode, with the low and
high-temperature values for the TO mode lifetime being 8.3
and 2.5 ps, respectively. The process involving two different
acoustic modes gives a higher contribution(59%) than the
other process(41%) at room temperature. Our calculated
lifetime values are in excellent agreement with the results
obtained by Irmer, Wenzel, and Monecke43 using the near-
infrared Raman spectroscopy, who obtained lifetime values
of 7.1 and 2.3 ps at low and room temperatures, respectively.
Similarly, our results are in good agreement with the infrared
time-resolved coherent anti-stokes Raman scattering mea-
surements made by Ganikhanov and Vallée12 of 6.2 and
1.5 ps at low and room temperatures, respectively. However,
the two experimental groups have analyzed their measure-
ments differently. In analyzing their data, Ganikhanov and
Vallée clearly mentioned that the relaxation process is gov-
erned by the decay into acoustic modes involving two differ-
ent branches, whereas Irmer, Wenzel, and Monecke proposed
the decay mechanism involving two LA phonons. As men-
tioned earlier, our work clearly suggests that both of the
abovementioned processes are almost equally important.

7. AlSb

In AlSb, similar to GaN, the LO branch lies too high for
the zone-center mode to decay via Klemens’s channel. Thus
this is another material in which the LO phonon lifetime is
solely controlled by Ridley’s channel. For this material the
Grüneisen constant is reported32 asg=1.27. Using this value
we have calculated the total lifetime values of 224, 72, and
21 ps at 6, 77, and 300 K, respectively. These values are
very large compared to other diamond and zinc blende ma-
terials we have studied. The contributions from the LO
→TO+TA and LO→TO+LA processes are 80% and 20%,
respectively.

8. InP

A discussion of results for the decay rates of the LO and
TO modes in InP requires a critical examination of its dis-
persion curves in the acoustic range. We first note that there
are fewer experimental data points for acoustic modes
around theX symmetry point.44 In particular, theoretical val-
ues for the LA frequency at theX point, obtained from the
applications of the phenomenological bond charge model45

as well as the first-principles density-functional theory,22 are
appreciably lower than the experimental value.44

The Klemens decay channel LO→LA+LA along the
principal symmetry directionG−X is allowed if the experi-
mental result for the LA mode atX is accepted. However,
this channel is completely disallowed on account of theoret-

ical prediction of the dispersion of the LA branch in theG
−X direction. Furthermore, both experimental and theoretical
dispersion results clearly indicate that the Klemens channel
LO→LA+LA is forbidden along the other two principal
symmetry directions(viz., alongG−L and G−K). All other
polarization combinations of the Klemens channel are com-
pletely forbidden. We have, therefore, based upon theoretical
dispersion curves, disallowed the Klemens channel in InP
altogether. The Vallée-Bogani channel is also disallowed in
InP. Thus the decay of the LO mode is totally governed by
Ridley’s channel. The results of our calculations for the de-
cay rates of the zone-center LO and TO modes are presented
in Tables II and III. Our results are in very good agreement
with the work by Debernardi22 who has shown that the decay
of the LO mode is almost totally(99%) contributed by the
Ridley channel, with only 1% contribution from the Klemens
channel. Both the present work and the work by Debernardi
seem to disagree with the work by Vallée,10 who has ana-
lyzed the relaxation of the LO mode either only in terms of
the Klemens channel, or using almost identical contributions
from the Klemens and the Ridley channels.

By using the valueg=1.2432 for the Grüneisen constant,
we have obtained the lifetime for the LO phonon as 39.3,
19.0, and 6.1 ps at 6, 78, and 300 K, respectively. Raman
measurements carried out by Vallée10 give 40, 22, and 7.6 ps
at 6, 78, and 300 K, respectively. Clearly, our results are in
good agreement with Vallée’s measurements at all these tem-
peratures. Our room-temperature result is also in good agree-
ment with the Raman measurement of 6.65 ps obtained by
Irmer and co-workers.43 However, it should be pointed out
that there is some scatter in experimental results made at low
temperatures. For example, at 78 K experimental measure-
ments of 34.5 ps obtained by Irmer and co-workers is much
larger than 22 ps obtained by Vallée. Similarly, the result
s24.1 psd obtained at 10 K by Kernohanet al.6 is much lower
than the result s40 psd obtained by Vallée. The low-
temperature result of 139.7 ps obtained in the theoretical
work by Debernardi22 seems to be too large compared to
both our results as well as the existing experimental mea-
surements.

For calculating the decay rate of the TO mode we used the
same value ofg as for the LO mode, viz.g=1.24. This
choice is reasonable, as the experimental values ofg for the
zone-center LO and TO modes are quite similar.32 On ac-
count of energy conservation, the decay of the TO mode can
only take place via the Klemens channel TO→LA+LA. Our
calculated values of the lifetime are 11.0, 9.7, and 3.9 ps at 6,
78, and 300 K, respectively. These results agree well with
the Raman measurements carried out by Irmer and
co-workers43 and Ganikhanov and Vallée,12 as well as with
the low-temperature theoretical result obtained by
Debernardi.22 We also note that the lifetime of the TO mode
is smaller than the lifetime of the LO mode at all tempera-
tures.

9. HgSe

HgSe is the only group II–VI material for which we have
calculated the LO phonon lifetime. The reason for consider-
ing this material was that it has two characteristic features in
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its phonon dispersion curves. Apart from GaN, this is the
only zinc blende material for which the TO branch shows a
significant amount ofupward dispersion. Second, the TA
branch shows a significant amount of dip towards the zone
boundary. Our calculations, with a choice ofg=1.0, based on
the theoretical results for phonon frequencies and velocities
in Ref. 46, produce lifetime values of 28.0 ps at low tem-
perature and 4.7 ps at room temperature. Klemens’s channel
contributes heavily(80%) towards the decay, with 20% con-
tribution from Ridley’s channel.

10. Comparisons and trends

The investigations reported in this work allow us to draw
a few comparisons and trends for the lifetime of zone-center
optical modes in zinc blende materials. These are a direct
result of the characteristic features of the phonon dispersion
relations in these materials. From the results presented in
Tables II and III we note the following trends.

(i) First, among all the zinc blende materials studied here
the longest lifetime value for the LO mode is obtained for
AlSb. The shortest end of the lifetime values is obtained for
the nitrides InN, AlN, and BN.

(ii ) Second, the decay of the LO mode through Kle-
mens’s channel can be directly related to the ratio of the
basis atoms in the zinc blende materials. For example, the
Klemens channel is forbidden in InP, InN, GaN, and AlSb.
This can be easily understood from the application of the
diatomic linear chain model, from which the condition for
the Klemens channel to be allowed on energy grounds is that
the mass ratio of the constituent atoms does not exceed 3.
The mass ratio in each of InP, InN, GaN, and AlSb is much
larger than 3, and consequently there are clear grounds for
the Klemens channel to be disallowed. On the other hand, in
diamond(mass ratio of 1.0) the Klemens channel provides
100% contribution towards the decay of the optical mode.

(iii ) Third, Ridley’s channel provides an important con-

tribution to the decay of the LO mode in all zinc blende
materials,albeit of different proportion for different materi-
als. In particular, in InP, InN, GaN, and AlSb, Ridley’s chan-
nel provides 100% contribution.

(iv) GaAs is the only material studied here for which
Vallée-Bogani’s channel provides an important contribution
to the decay of the LO mode.

(v) For a given material, the lifetime of the TO can be
smaller, similar, or larger than that of the LO mode. As an
empirical observation we note thattsTOd is expected to be
larger, similar, and smaller thantsLOd if the cation-anion
mass ratiomc/ma is smaller, similar, and larger than unity,
respectively.

(vi) Based on the lifetime values of the LO mode, III-N
materials can be grouped into two classes: GaN with rela-
tively larger lifetime (comparable to GaAs), and InN, AlN,
and BN with much shorter lifetimes.

C. Comparison of results between zinc blende and wurtzite
phases

We will draw a few useful comparisons of phonon life-
times between the zinc blende and wurtzite phases by con-
sidering our results for the Group III-N materials. Table IV
displays a comparison of decay rate of the LO mode in the
zinc blende phase and theA1sLOd mode in the wurtzite phase
for these materials. For all the nitrides considered here the
A1sLOd mode has a lifetime which is smaller than the life-
time of the LO mode in the entire temperature range studied
here. In our view, different factors contribute to this result.

While the decay of the LO mode in cubic InN is totally
governed by the Ridley channel, the decay of theA1sLOd
mode in the wurtzite phase is dominated by “further” chan-
nels. Due to the availability of a large number of “further”
channels, the lifetime of theA1sLOd mode is 2.6 times
shorter than the lifetime of the LO mode.

TABLE IV. Comparison of decay ratesst−1d of the zone-centerA1sLOd 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 rate(THz)

Klemens’s
channel(%)

Ridley’s
channel(%)

“Further”
channels(%)6 K 300 K

Zinc blende

LO

InN 2.0 4.8 100

GaN 0.23 0.4 100

AlN 2.2 3.1 30 70

BN 2.3 2.6 80 20

Wurtzite

A1sLOd
InN 5.3 12.5 20 80

GaN 0.33 0.7 100

AlN 3.7 6.3 84 16

BN 10.0 12.5 5 70 25
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For GaN Ridley’s channel provides 100% contribution for
the decay of the LO mode in the zinc blende phase and also
for theA1sLOd mode in the wurtzite phase. However, due to
the availability of many more optical branches in the wurtz-
ite phase, theA1sLOd mode decays via a larger number of
Ridley’s decay processes than does the LO mode in the cubic
phase. Our calculations suggest that at room temperature the
lifetime of theA1sLOd mode is about 1.5 times shorter than
that of the LO mode.

In AlN the Klemens channel plays an important role
(30%) in the decay rate of the LO mode in the zinc blende
phase. The crystal structure of the wurtzite phase modifies
the acoustic branches in AlN such that the Klemens channel
is no longer allowed, but “further” channels provide strong
contribution to the decay rate of theA1sLOd mode(15%). As
a result, the lifetime of theA1sLOd mode is approximately
1.8 times shorter than the lifetime of the LO mode.

In BN the Klemens channel plays the dominant role
(80%) in the decay of the LO mode in the zinc blende phase.
Due to the changes in the phonon dispersion curves for the
two crystal phases, the Klemens channel plays only a minor
role (5%), and the Ridley channel becomes slightly less im-
portant, while “further” channels provide significant contri-
bution (25%) towards the decay of theA1sLOd mode. As a
result of these changes, the lifetime of theA1sLOd mode is
approximately 4.5 times shorter than the lifetime of the LO
mode.

From the above discussion we note two important points
regarding the importance of “further” channels in the wurtz-
ite phase.(i) Although the elimination or reduction of the
Klemens channel for AlN and BN in the wurtzite phase
should lead to an increase in the lifetime of theA1sLOd
mode, this is offset much more heavily by the decay contri-
bution from “further” channels.(ii ) The presence of several
optical branches has led the “further” channels to contribute
much more strongly than the Ridley channel in the wurtzite
phase of InN.

IV. SUMMARY

In this work we have computed the lifetime of optical
phonons in diamond, and zinc blende and wurtzite semicon-

ductors. We have systematically studied the relative impor-
tance of different available channels for the decay of such
modes. Our results are in good agreement with available ex-
perimental data for most materials, except for the tempera-
ture variation of the LO mode in cubic BN. Our work also
provides reliable predictions where there is lack of experi-
mental data.

LO mode in zinc blende materials:Klemens’s channel is
forbidden in materials with the cation-anion mass ratio larger
than 3, such as InP, InN, GaN, and AlSb. Ridley’s channel
provides an important contribution to the decay in all zinc
blende materials,albeit of different proportion for different
materials. GaAs is the only material studied here for which
Vallée-Bogani’s channel provides an important contribution.
III-N materials can be grouped into two classes: GaN with
relatively larger lifetime(comparable to GaAs), and InN,
AlN, and BN with much shorter lifetimes.

LO vs TO modes in zinc blende materials:Compared to
the LO mode, the TO mode is predicted to be short lived, of
similar lifetime, and long lived for materials with the cation-
anion mass ratio larger, similar, and smaller than unity.

A1sLOd mode in wurtzite materials:The lifetime in GaN
is roughly an order of magnitude larger than in the other
nitrides. While the decay of this mode is dominated by the
Ridley channel in GaN, AlN, and BN, it is more strongly
controlled by “further” channels in InN. The Klemens chan-
nel is disallowed in all nitrides, except BN for which it
makes only a minor contribution.

A1sLOd vs LO: In general, the lifetime of theA1sLOd
mode is smaller than the lifetime of the LO mode. This is
due to an intricate balance between the reduction(or elimi-
nation) of the contribution from the Klemens channel, reduc-
tion in the contribution from the Ridley channel, and devel-
opment of the contribution from “further” channels in the
wurtzite phase. GaN is, however, an exception for which the
Ridley channel provides 100% contribution for the decay of
the LO mode in the zinc blende phase and also for the
A1sLOd mode in the wurtzite phase.

Among the III-nitrides in the wurtzite phase, the shortest
lifetime of any mode occurs for BN. TheE2

1 mode is the
longest lived, by at least an order of magnitude compared to
any other optical mode.
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