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Low-temperature (2 < T < 100 K) lattice thermal conductivity, jp in a semiconducting free-standing thin
film (FSTF) is studied using a modified Callaway model. The quantization of acoustic phonons in FSTFs is
taken into account and explicit contributions to jp from the shear, dilatational and flexural modes of the
confined acoustic phonons are considered. The scattering of phonons is assumed to be by sample bound-
aries, impurities, dislocations and other phonons via both normal and umklapp processes. Numerical
results are presented for the GaN system. The phonon confinement effect, the sample finite size effect
and the relative importance of confined phonon modes are investigated. The role of dislocations in lim-
iting jp is also discussed. Results are compared with those based on bulk description of acoustic phonons;
bulk phonons are found to underestimate (overestimate) jp in the boundary scattering regime (at higher
temperatures). The calculations demonstrate that low-temperature thermal conductivity studies can lead
to a better understanding of phonon scattering in FSTFs.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

In the recent past, considerable interest has been evinced in
understanding the thermal properties of semiconductor nano-
structures including those of GaN, which has attracted attention
as a potential material system for use in high-power, high-fre-
quency, high-temperature applications [1]. This is motivated in
part, by their use in optoelectronic devices such as laser diodes
and microwave power sources, where the heat dissipation places
limits on device performance. Another motivation is the continued
search for efficient nanostructured thermoelectric material sys-
tems. Thermoelectric materials are ranked by a figure of merit
ZT, which is defined as ZT = S2rT/r, where S is the Seeback coeffi-
cient, r the electric conductivity, r is the thermal conductivity
and T is the absolute temperature; materials with higher power
factor, S2r, and lower r are, therefore, preferred [2].

One of the thermal management issues in GaN technology is the
presence of structural defects in the material. In GaN growth, the
use of non-native substrates, such as sapphire and SiC present
not only the disadvantages of lattice and thermal mismatch be-
tween the active and substrate layers, but also the possibility of
unintentional contamination from the substrate during growth;
typical dislocation densities reported in GaN are Nd � 106–
1010 cm�2 [3]. Since any deviation from the ideal acoustical med-
ll rights reserved.
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ium of a perfect crystal is known to scatter phonons, the structural
imperfections in GaN, are expected to play an important role in
influencing the thermal conduction in the material, particularly
at lower temperatures (T < 100 K) [3,4].

Thermal conduction in semiconductors is mostly by acoustic
phonons. The contributions to the thermal conductivity (TC) of a
system are due from the various phonon scattering mechanisms
and depend substantially on the temperature that determines
which phonons contribute most as well as on the phonon spec-
trum. At low temperatures, where there is less anharmonic scatter-
ing, phonon dispersion plays an important role in thermal
transport. In bulk systems, acoustic phonons are described by a
nearly linear dispersion near the Brillouin zone centre. However,
when acoustically mismatched barriers are present in the material,
spatial confinement of phonons occurs causing a modification and
quantization of the phonon spectrum. This can lead to considerable
reduction in room temperature TC [5]. The phonon spatial confine-
ment effect is expected to be particularly strong in semiconductor
nanostructures, with structure feature sizes much smaller than the
phonon wavelength [5–8]. The phonon wavelength in a material
(which may be estimated using K = ahD/T, where a is the lattice
spacing and hD is the Debye temperature), can exceed the structure
feature size, W, below a certain temperature Tm. For instance, in the
case of wurtzite (WZ) GaN thin film of width w = 10 nm, Tm as-
sumes values of about 22 K and 16 K for the longitudinal and trans-
verse phonon modes, respectively.

In recent times, creation of free-standing quantum structures,
with the smallest dimensions as small as a few nanometers, has
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been made possible by the modern microfabrication techniques
[9]. These structures are either solid plates or rods connected to
the semiconductor substrate by the side of the smallest cross sec-
tion or supported on their ends. Such free-standing quantum nano-
structures, which provide two or one-dimensional confinement of
electrons and phonons, have attracted interest because of their po-
tential applications and their importance in understanding the
physics of low-dimensional systems. In this paper we examine
the impact of acoustic phonon confinement in isolated films.
Free-standing thin films (FSTFs), also referred to as free standing
quantum well structures, typically have thicknesses of about
10 nm and in-plane sizes about 2.5 � 0.25 lm2 [6,8]. Owing to spa-
tial confinement induced by the free surface boundaries the pho-
non dispersion in FSTFs changes; it causes flattening of the
dispersion curves and thereby a decrease in the phonon group
velocity which, besides other factors, determines TC of the struc-
ture [5,8]. An investigation of the low-temperature TC of semicon-
ductor nanostructures and, in particular FSTFs, which has hitherto,
not been addressed, therefore becomes imperative both from the
applications point of view as well as for gaining a better under-
standing of the physical processes participating in the thermal con-
duction in these structures.

The thermal properties of FSTF structures have received very lit-
tle attention [5,8,10,11]. The effect of acoustic phonon confinement
on the TC of FSTFs including those of GaN systems, has been stud-
ied theoretically by Balandin and co-workers [5,8]. They have
shown that phonon confinement in FSTFs leads to significant de-
crease in the room temperature TC. Zou, et al [10] have investi-
gated the effect of partial phonon confinement on room
temperature lattice TC of nanoscale AlN/GaN/AlN heterostructures
and shown that it leads to a higher TC than in a GaN thin film. Re-
cently, Huang et al [11] have studied the thermal conduction due
to confined phonons in Si thin films (w � 10–200 nm) in the tem-
perature range of 300–800 K. Results for TC due to confined pho-
nons in semiconductor nanowires are also reported [12,13].

In the present work, we investigate the effect of acoustic pho-
non confinement on the low-temperature (2 < T < 100 K) TC of FSTF
structures. We employ a modified Callaway model used success-
fully to explain the TC data of bulk structures [4,14–17]. Including
the explicit contributions from the phonon polarization branches
and considering the relevant scattering mechanisms, we illustrate
the effect of phonon confinement for GaN system which, being
characterized by high dislocation densities (Nd � 108 – 1010

cm�2), will provide not only a means of assessing relative impor-
tance of phonon scattering at the defects but also a non-destructive
sensitive technique to gauge the quality of the sample. In Section 2,
we give the theory of TC and confined-phonon dispersions. The re-
sults of our numerical calculations are presented and discussed in
Section 3. Conclusions are given in Section 4.
2. Theory

The TC, j, of a material is defined, under open circuit conditions,
by the relation [16]

U ¼ �jrT; ð1Þ

where U is the heat current density produced by the temperature
gradient rT. In general, j is a tensor; for an isotropic solid it is a
scalar. There are, generally, two contributions to j, namely the elec-
tronic TC, je, and the lattice or phonon TC, jp:

j ¼ je þ jp: ð2Þ

The lattice TC, jp, at not too low temperatures, forms the dom-
inant part of the TC of a semiconductor and is determined mainly
by the scattering of phonons by sample boundaries, impurities, de-
fects, other phonons and electrons.

2.1. Lattice thermal conductivity

The expression for lattice TC, jp, can be obtained by solving the
Boltzmann transport equation for phonons in the relaxation time
approximation, evaluating the heat current density carried by pho-
nons and using Eq. (1). Considering heat transport by phonons of
mode s explicitly, jp, can be expressed as [15,16]

jp ¼
X

s

js; ð3Þ

where each component js can be written as

js ¼ j1s þ j2s: ð4Þ

with,

j1s ¼
1
3

HT3
Z hs=T

0
dx

f ðxÞsc
sðxÞ

v sðxÞ
ð5Þ

and

j2s ¼
1
3

HT3

R hs=T
0 dxf ðxÞðsc

sðxÞ=sN
s ðxÞÞ

h i2

R hs=T
0 dxf ðxÞvsðxÞðsc

sðxÞ=sN
s ðxÞsR

s ðxÞÞ
: ð6Þ

Here f(x) = x4ex/(ex � 1)2, H ¼ k4
B=2p2�h3

; x ¼ �hxs=kBT and hs ¼
�hðxsÞmax=kB; ðxsÞmax being maximum frequency of phonons of mode
s and vs(xs) their velocity. In Eq. (6), sN

s ðxÞ denotes the relaxation
time for normal (N) phonon processes which are non-resistive,
and sR

s ðxÞ is the sum of all resistive (R) processes including those
due to Umklapp phonons of mode s: ðsR

s Þ
�1 ¼

P
iðsiÞ�1, where si is

the phonon relaxation time corresponding to the ith resistive scat-
tering process. The combined relaxation rate ðsc

sÞ
�1 can be written

as ðsc
sÞ
�1 ¼ ðsN

s Þ
�1 þ ðsR

s Þ
�1.

In the above expressions, it may be noted that, in most of the
cases, the R processes dominate so that ðsN

s Þ � ðsR
s Þ and only j1s

is important. However, when N processes become comparable to
R processes as, for example, in pure defect-free samples, the j2s

term contributes significantly [15–17]. In literature, most of the
studies of lattice TC neglect the contribution from j2s [5,10,11].
In the present work, we use, in our calculations, Eqs. (3)–(6) to
study the behaviour of the lattice TC of FSTFs.

2.2. Phonon dispersions and group velocities

The elastic continuum model provides a description of the
acoustic phonons for nanostructures with a confined dimension
of about a few nanometers. We consider a FSTF of thickness w
along the growth (z-) direction, normal to the (x � y) plane of thin
film. The phonon dispersion relations can be calculated using the
elasticity equation [7]

@2u
@t2 ¼ v2

Tr2uþ ðv2
L � v2

TÞrðr:uÞ ð7Þ

where u is the displacement vector, and vL and vT are the velocities
of longitudinal and transverse bulk acoustics phonons. With the
stress-free boundary conditions in the thickness direction, the FSTF
supports three different types of confined phonon polarizations [7]
characterized by their distinctive symmetries, namely the shear
waves, dilatational waves and the flexural waves.

The shear waves have only one non zero component of u =
(0,uy,0), which is perpendicular to the direction of wave propaga-
tion q = (qx,0), and lies in the plane of the quantum well. The dis-
persion relations for shear waves can be expressed in the form
[5,7]
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ðxSÞn ¼ vTðq2 þ q2
T;nÞ

1=2 ð8Þ

where qz,n = pn/w is the quantized wave vector in the thickness (z-)
direction and n, an integer, denotes the different branches of this
polarization.

The dilatational and flexural waves have two nonzero compo-
nents: u = (ux,0,uz), with dispersion relations given by

ðxD;FÞn ¼ vLðq2 þ q2
L;nÞ

1=2 ¼ vTðq2 þ q2
T;nÞ

1=2: ð9Þ

For dilatational waves, the parameters qL and qT are determined by
Eq. (9) and the transcendental equation

tanðqT w=2Þ
tanðqLw=2Þ ¼ �

4q2qLqT

ðq2 � q2
TÞ

2 : ð10Þ

The many solutions for qL and qT, for each q, are either real or imag-
inary depending on the value of q and n.

In the case flexural waves, the set of parameters qL and qT, are
derived from Eq. (9) and the equation

tanðqLw=2Þ
tanðqT w=2Þ ¼ �

4q2qLqT

ðq2 � q2
TÞ

2 : ð11Þ

Fig. 1 depicts the dispersion curves of a few lower branches, for
the dilatational (D), flexural (F) and shear (S) waves, calculated
numerically for a GaN FSTF of thickness 6 nm with vL = 7963 ms�1,
and vT = 4132 ms�1 [18]. The solid, dashed and dotted lines corre-
spond, respectively, to D, F and S waves. It is seen that, in contrast
to the bulk phonon case, there are, for each polarization, an infi-
nitely many discrete branches for a given value of q. At small q,
the S and D modes have a linear dispersion, whereas the F modes
have a quadratic dispersion, and hence a higher density of states.
It may be noted that the D and F modes may have localized as well
as propagating character depending on the branch and the in-plane
wave vector [7].

The phonon group velocity for nth branch of a given polariza-
tion s is defined as

v s;nðxsÞ ¼
dðxsÞn

dq
: ð12Þ

The group velocities vs,n(xs), for each branch of S,D and F modes,
determined by numerical differentiation of xs (q) is found to vary
with respect to branches; the higher the branch number, the smal-
ler the group velocity. The decrease in vs,n(xs), say, for the sixth
branch of D mode is nearly two times compared to the bulk longi-
tudinal value, vL. Further, for small values of q, the velocities of the
lowest branches of D and F modes are close to the vL, and for larger q
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Fig. 1. Confined acoustic phonon dispersion for first five branches of dilatational
(solid curves), flexural (dashed curves) and shear (dotted curves) modes in a GaN
FSTF of width 6 nm.
the group velocities of all the three modes tend to converge to the
bulk transverse velocity, vT. In literature, the contributions of the
discrete and infinitely many branches of the phonon modes are ta-
ken into account by either a population-weighted average group
velocity [8,10] or an algebraic averaged one [12]. In the present
study, with a view to investigate the role of dislocations and bound-
aries in influencing the low temperature TC of WZ GaN FSTFs, the
algebraic averaged velocity vs,(xs) is considered with the total num-
ber of phonon branches contributing being assumed to be given by
the ratio w/2c, where c is the lattice constant [10]. In Fig. 2 is shown
the energy dependence of the average group velocities for the D (so-
lid line), F (dashed) and S (dotted) modes. It is seen that the aver-
aged group velocities of all the three modes of confined phonons,
at large frequencies, are smaller than the bulk transverse velocity vT.

2.3. Relaxation times

In the temperature range of interest (2 < T < 100 K), the resistive
scattering processes limiting thermal conduction in a GaN system
include the scattering of phonons by sample boundaries, various
impurities and imperfections, carriers and other phonons. While
the phonon–phonon scattering mechanisms are characteristic of
the material, the other mechanisms are sample dependent.

2.3.1. Phonon–phonon scattering
The most significant of the phonon–phonon interactions con-

tributing to the thermal resistance in a crystal are assumed to be
the normal and Umklapp three-phonon processes [19]. The
three-phonon process relaxation times require a knowledge of
the phonon spectrum [15,16]. However, the N processes do not
contribute directly to the thermal resistance but are crucial in
spreading out the influence of the other resistive processes to the
entire phonon spectrum. Several forms for these relaxation times
have been suggested [16,19] based on their dependences on x
and T.

The phonon–phonon relaxation times are taken as [15,17]:

ðsN
s Þ
�1 ¼ BsNxa

s Tb; ð13Þ

and

ðsU
s Þ
�1 ¼ BsUx2

s T expð�Cs=TÞ ð14Þ

The scattering rate coefficients BsN and BsU typify the phonon–pho-
non normal and umklapp scatterings, respectively, in the material.
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Fig. 2. Energy dependent average group velocity of dilatational (solid curve),
flexural (dashed curve) and shear (dotted curve) phonon modes in a GaN FSTF of
width 6 nm. The dash-dotted and the dash-double dotted lines represent, respec-
tively, velocities for longitudinal and transverse bulk acoustic waves in GaN.
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In literature, these quantities have been chosen to satisfy the
expressions [4,15,17]

BsN ¼ ðkB=�h2Þb½�hcsV0=M½v sðxsÞ�5� ð15Þ
and BsU ¼ �hc2

s =M½vsðxsÞ�2hs; ð16Þ

where M is the average mass of an atom, V0 its volume and the
Gruneisen parameter cs for phonons of mode s is derivable from
phonon dispersion relations of material system. It may be noted
that the shear waves, which have the displacement vector u per-
pendicular to the direction of the wave propagation, are similar to
bulk transverse modes in the bulk semiconductor. Similarly the D
and F waves, which have a component of u in the direction of prop-
agation, can be viewed as a modification of the bulk longitudinal
mode. We accordingly, in what follows, assume that the frequency
and temperature dependencies for the D and F modes and S modes
are the same as those considered for longitudinal and transverse
bulk phonon modes, respectively. Correspondingly, in Eq. (13) we
take (a,b) � (2,3) for D and F modes and (1,4) for S modes[4,17].
In Eq. (8), the constant Cs is assumed to scale like the Debye temper-
atures hs corresponding to phonon mode s; usually they are taken as
Cs = hs/3 [15,16].

2.3.2. Sample dependent scattering
For a typical GaN sample, the relevant sample dependent scat-

tering mechanisms are those of phonon-boundary, phonon-defect,
phonon-dislocation and phonon-disorder scatterings.

For the scattering of phonons by impurities, the relaxation time
is expressed as [19]:

ðsI
sÞ
�1 ¼ V0C

4p½v sðxsÞ�3
x4

s ð17Þ

where C denotes the strength of the scattering from isotopes and
point defects, such as substitutional impurities as well as possible
strain in a specimen.

The scattering of phonons by boundaries, is taken as [15,19]

ðsB
s Þ
�1 ¼ ½v sðxsÞ=LE�; ð18Þ

where LE represents an effective phonon mean free path of the order
of the cross-sectional dimensions of the specimen. It includes ef-
fects resulting from sample size, geometry, specular reflection of
phonons at the surface, etc., which may lead to deviation from the
expected T3 behaviour. LE can be written in the form [15]

LE ¼
1
LC

1� p
1þ p

� �
þ 1

l

� ��1

ð19Þ

for a sample of length l and cross-sectional sides b and w, the Casi-
mir length LC = (4bw/p)1/2. The value of the specularity parameter p
varies from zero to one; whenever p > 0, partial specular reflection
occurs decreasing the effect of boundary scattering.

Dislocations, inherent in GaN samples are a source of scattering
of the phonons. The phonons can be scattered either by the elastic
strain field surrounding the dislocation line or by the cores of the
dislocation lines. The phonon scattering rate at the core of the dis-
location lines is given by [19–21]

ðsCD
s Þ
�1 ¼ gNd

V4=3
0

½v sðxsÞ�2
x3

s ð20Þ

where Nd is the dislocation density and g is the weight factor to ac-
count for the mutual orientation of the direction of the temperature
gradient and the dislocation line. For dislocations perpendicular to
the temperature gradient g = 1, while for those parallel to the gradi-
ent g = 0; for random orientation g = 0.55.

The scattering from the strain field, for both edge and screw
type dislocations, has been shown to vary as x, with a maximum
scattering strength for phonons with wavevectors oriented per-
pendicular to the axis of the dislocation [20,21]. The phonon scat-
tering rate by the screw and edge dislocation is given by

ðsSD
s Þ
�1 ¼ 23=2

37=2 gNSD
d b2

s c
2
s xs ð21Þ

ðsED
s Þ
�1 ¼ 23=2

37=2 gNED
d b2

Ec
2
s xs

1
2
þ vL

vT

� �2 1� 2k
1� k

� �2
" #

ð22Þ

where k is the Poisson’s ratio, bs = c and bE = a
p

2/3 are the magni-
tude of Burgers vectors for the screw and edge dislocations,
respectively.

The phonon scattering rate for mixed dislocation is [20,21]

ðsMD
s Þ

�1 ¼ 23=2

37=2 gNMD
d c2

s xs b2
s þ b2

E
1
2
þ vL

vT

� �2 1� 2k
1� k

� �2
 !" #

ð23Þ

Here NSD
d ;N

ED
d andNMD

d are the densities of the screw, edge and mixed
dislocations, respectively, and the total dislocation density is
Nd ¼ NSD

d þ NED
d þ NMD

d .
For the GaN samples being considered, the disorder associated

with the dislocation lines can also be a source of scattering for pho-
nons. The scattering rate is expressed as [20],

ðsDO
s Þ

�1 ¼ c2a3N2
dgc2

s x2
s

½v sðxsÞ�
; ð24Þ

It may be noted that, in the above equations, the spatial confine-
ment effect enters through the confined dispersion relation. In the
case of bulk description of phonons, the group velocities corre-
sponding to those of the appropriate modes, vs, assumed constant.

3. Results and discussion

Using the formalism described above, we present here, for the
first time, an analysis of the low-temperature (T < 100 K) lattice
TC of GaN FSTFs considering explicitly the heat conduction by
shear, dilatational and flexural modes of confined acoustic pho-
nons. In our analysis, we keep in view the typical behaviour of
TC of pure semiconducting materials. Starting from temperatures
above room temperature, the TC, j, increases as T�1 or faster with
decreasing temperature, reaches a maximum jmax at Tmax around
T � 0.05 hD and falls off as T3 at very low temperatures. The high-
temperature behaviour is due to scattering of phonons amongst
themselves whereas the T3 dependence comes from that of the
specific heat of the material. Near the maximum, TC is sensitive
to the imperfections and impurities in the material.

Keeping in view the dominance of the various scattering mech-
anisms in the different temperature regions, we have performed
numerical calculations of jp (T) in the temperature range
2 < T < 100 K for GaN FSTFs considering the dispersive nature of
the confined acoustic phonons and using equations given in Sec-
tion 2. With a view to bring out the effect of phonon confinement,
we have also presented results for jp using bulk description of
phonons often used in literature [4,6,14–20]. The material param-
eters characteristic of WZ GaN used in the calculations are [18]:
a = 3.189 Ao, c = 5.185 Ao, q = 6100 kg m�3, k = 0.37, vL = 7.963 �
103 ms�1, and vT = 4.132 � 103 ms�1. The Debye temperatures hs,
required in the calculations of jp are taken from the respective
phonon spectra. Owing to lack of experimental data on phonon
spectra of FSTFs, the maximum value (qs)max of the wavevector,
corresponding to (xs)max, is, according to the Debye model, taken
as: qmax = (6p2NAq/Ma)1/3, where NA is Avogadro’s number and Ma

is atomic weight[12]. The values obtained from Fig. 1 for a FSTF
of width 6 nm are hS = 361 K, hD = 425 K and hF = 402 K, for shear,
dilatational and flexural waves, respectively. In the case of bulk
description of phonons, we assume hT = 301 K and hL = 434 K,
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which are the values obtained from the phonon spectrum of bulk
WZ GaN deduced from the second order Raman scattering experi-
ments [4].

The important sample-dependent phonon scattering mecha-
nisms operative in GaN, and which influence jp for T < �Tmax, are
the phonon-impurity, phonon-disorder, phonon-dislocation and
phonon-boundary scatterings. In our calculations we assume a typ-
ical value for the strength of the impurity scattering: C = 10�4, a
value which obtains fits for TC of bulk GaN samples [4]. With a
view to investigate the roles played by the sample boundaries
and the dislocations in limiting low-temperature TC we treat LE

and Nd as parameters; we take g = 0.55. The mode Gruniessen
parameters cs characterize the intrinsic phonon–phonon scattering
mechanisms operative in the system. In literature a good represen-
tation of the TC of bulk GaN samples in the temperature range 4–
400 K is obtained using cL = 1.1 and cT = 0.45 for the longitudinal
and transverse modes, respectively [4]. Considering the S waves
to be similar to the transverse waves in the bulk semiconductors
and viewing the D and F waves as a modification of the bulk longi-
tudinal mode we take, for the confined phonons, cS = 0.45 and
cD = cF = 1.1.

With a view to better understand the relative importance of
various sample dependent and intrinsic scattering mechanisms de-
scribed, in determining the low-temperature jp, we first examine
the variation of their relaxation rates s�1 (x) as a function of pho-
non frequency, x at T = 77 K. Fig. 3 depicts the frequency depen-
dence of the various individual relaxation rates calculated for a
FSTF of typical dimensions (l � b � w=) 100 lm � 100 lm � 6 nm
[7–9] with Nd = 1010 cm�2 using Eqs. (13)–(24), but taking the
overall value of vs (xs). Curves a–d, represent the relaxation rates
due to boundaries (assumed specular, p = 1), dislocations, impuri-
ties and other phonons, respectively. Curve 1 shows the behaviour
of the overall scattering rate calculated using Matheissen’s rule:
s�1ðxÞ ¼

P
sðsc

sðxsÞÞ�1, where

ðsc
sÞ
�1 ¼ ðsB

s Þ
�1 þ ðsI

sÞ
�1 þ ðsD

s Þ
�1 þ ðsN

s Þ
�1 þ ðsU

s Þ
�1
: ð25Þ

Here, the phonon–dislocation scattering rate ðsD
s Þ
�1, as depicted in

the figure (curve b), includes contribution from core of dislocations,
strain field of edge, screw and mixed dislocations and disorder. It is
0 2 4 6 8 10 12
105

106

107

108

109

1010

1011

1012

0 2 4 6 8 10

1

2

3

4
T = 10 K

3

1

τ
-1
 (1

08 s-1
)

ω (1013 s-1)

3

2

1

d

c

b

a

T=77 K

τ-1
 (s

-1
)

ω  (1013s-1)

Fig. 3. Frequency dependence of phonon relaxation rates in a GaN FSTF of width
6 nm with p = 1 at T = 77 K, due to scattering from sample boundaries (curve a),
dislocations (curve b), impurities (curve c) and other phonons (curve d). Curve 1
denotes the overall contribution. Curve 2 represents the overall contribution for
p = 0. Curve 3 depicts the variation of overall contribution due to bulk phonons with
p = 1. The inset shows s�1(x) at T = 10 K for confined (curve 1) and bulk (curve 3)
phonons for p = 1.
found that the dominant contribution to s�1(x) is from phonon–
phonon scattering, for nearly the entire frequency range considered
with impurity scattering becoming important for x > 5 � 1013 s�1.
Curve 2 in Fig. 3 shows the frequency dependence of s�1 calculated
for the diffuse boundary scattering limit (p = 0). It is found, in this
case, that the dominant contributions to s�1 (x) arise from sample
boundaries for x < 2 � 1013 s�1 and from other phonons for higher
frequencies; the contribution from impurities and dislocations is
significant for x > 7 � 1013 s�1. For comparison, we have also eval-
uated the relaxation rates assuming bulk description of phonons,
with a dispersion xs = vsq for both longitudinal and transverse
modes. Curve 3 corresponds to the overall scattering rate calculated
with the bulk description of phonon modes with p = 1.0 and
s�1ðxÞ ¼ s�1

L ðxÞ þ 2s�1
T ðxÞ. A comparison of curves 1 and 2 with

3 shows that the effect of phonon confinement is mostly to enhance
the overall scattering rates. With a view to illustrate the phonon
confinement effect for T < Tmax, we choose to examine the variation
of s�1 (x) at T = 10 K. Its behaviour is shown in the inset of Fig. 3.
Curves 1 and 3 depict, respectively, the variations of s�1(x) calcu-
lated (with p = 1.0) for confined phonons and for bulk description
of the phonons. It is seen that, for x < 7 � 1013 s�1 the confined
phonon rates are lower than those calculated assuming the bulk
description of phonons,. This is due to the smaller group velocity
of the confined phonons, at the lower temperatures, where bound-
ary scattering is dominant.

In the modified Callaway model employed here, heat transport
by shear, dilatational and flexural phonon modes is considered
explicitly. With a view to study their individual contributions to
jp, we have performed calculations, for a FSTF of typical dimen-
sions 100 lm � 100 lm � 6 nm [8,9], with specular boundaries
(p = 1.0) and with Nd = 1010 cm�2. Curves a, b and c in Fig. 4 show
the temperature variation of individual contributions to jp from
F, D and S phonon modes, respectively. Curve 1 represents the var-
iation of the total TC jp(=jS + jF + jD). It is seen that, for the
parameters considered, jmax (�1000 W/mK) occurs at Tmax � 30 K.
Further, over a temperature range considered, the dominant con-
tribution to jp is from the S modes although both F and D modes
also contribute significantly. For T < 20 K, where the boundary
scattering is dominant, jp (� LE/vs(x)2), besides depending on
the structure dimensions, is sensitive to the variation of group
velocity. For T > 20 K, the dislocations and impurities scatter
more efficiently. For T > 50 K, the intrinsic phonon scattering
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Fig. 4. Temperature variation of jp of GaN FSTFs of width 6 nm with p = 1. Curves a,
b and c represent the individual contributions to jp from F, D and S phonon modes,
respectively; curve 1 depicts the total contribution. Curve 2 shows the variation of
total jp due to bulk phonons. The inset shows the temperature variation of the
contributions j1 (dashed curve) and j2 (dotted curve) to jp (curve 1).
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Fig. 5. The temperature dependence of jp of GaN FSTFs of width 6 nm with p = 0.5
and three in-plane dimensions: 100 lm � 100 lm (curve 1), 10 lm � 10 lm (curve
2) and 1 lm � 1 lm (curve 3). Curve 4 represents variation of jp of a 10 nm FSTF
with in-plane dimension 10 lm � 10 lm. The inset shows the temperature
variation of jp of FSTF of dimensions 100 lm � 100 lm � 6 nm with p = 1 (curve
a), p = 0.5 (curve b) and p = 0 (curve c).
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Fig. 6. Temperature variation of jp of a GaN FSTF of dimensions
100 lm � 100 lm � 6 nm with p = 1.0. Curves 1,2 and 3 represent jp for three
values of Nd: 108 cm�2, 1010 cm�2 and 1012 cm�2, respectively.
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mechanisms become important. It may be noted that the lowest
flexural mode has essentially a surface-bound character, while
the lowest dilatational mode is completely localized only if the
in-plane wavevector is large enough [7]. For comparison, we show
the temperature variation of jp calculated with bulk description of
phonons in the FSTF. Curve 2 depicts the behaviour. It is found that,
the degenerate transverse bulk phonon modes yield the dominant
contribution to jp (=jL + 2jT). The effect of phonon confinement,
arising through the different dispersions is evident in respect of
smaller magnitude and a different temperature dependence. It is
seen that, for the parameters considered, the value of jmax, for
the confined phonons, is smaller by a factor of about two and the
position of Tmax is shifted to lower temperatures. For T > Tmax,
where the phonon–phonon and impurity scatterings are impor-
tant, the magnitude of jp is found to be less than that due to the
bulk phonons. Such a reduction in magnitude has been reported
in the case of room temperature TC of Si FSTFs [5,11]. However,
for T < 20 K, where the boundary scattering is effective in limiting
jp, our calculations show that the magnitude of jp calculated con-
sidering conduction with bulk description of phonons, could be
underestimated. This may be attributed to larger scattering rates,
in the boundary scattering regime, of bulk phonons, in comparison
with those of confined phonons (see inset of Fig. 3). To estimate the
contributions of j1 and j2 to jp, we show in the inset of Fig. 4, the
temperature variation of the individual contributions j1 ð¼

P
sj1sÞ

and j2 ð¼
P

sj2sÞ to jp; the dashed curve, the dotted curve and
curve 1 represent j1, j2 and jp, respectively. It is found that, for
the parameters considered, j2, is significant for higher tempera-
tures. It may be noted that in literature most of the studies of lat-
tice TC neglect the contributions from j2s [5,10,11], a contribution
originating from the momentum conserving nature of three-pho-
non normal processes.

With a view to understand the role of sample dependent scat-
tering mechanisms in limiting low temperature TC in FSTFs, we
first investigate the boundary-limited TC which results from the
scattering of phonons at the sample surfaces. The various factors
determining the effective phonon mean free path LE are the sample
dimensions and the specularity parameter. In Fig. 5 is shown the
temperature dependence of jp calculated for a FSTF of width
6 nm with p = 0.5 and Nd = 1010 cm�2, for the samples of various
in-plane dimensions (l x b): 100 lm � 100 lm (Curve 1),
10 lm � 10 lm (Curve 2) and 1 lm � 1 lm (Curve 3). These
dimensions corresponds to LE = 2.56 lm, 0.766 lm and 0.208 lm,
respectively. A comparison of curves 1,2 and 3 shows that a reduc-
tion in the in-plane dimensions of the FSTF results in a change in
not only the magnitude of jp but also its behaviour. The reduction
in magnitude of jp and the shift in the position of Tmax towards
higher temperatures for smaller dimensions indicates the increas-
ing dominance of boundary scattering. Curve 4 in Fig. 5 shows the
variation of jp calculated for a FSTF of width 10 nm and in-plane
size 10 lm � 10 lm. A comparison of curves 2 and 4 shows that
an increase in well width, increases the magnitude of jp, the effect
of change of well-width being through LE and phonon dispersion;
for the range of temperatures considered the influence of LE is
found to be more (nearly 90%) than that of vgs. To illustrate the role
of the specularity parameter p in limiting TC in FSTF structures, we
show in the inset of Fig. 5 the temperature dependence of jp for a
FSTF of dimensions 100 lm � 100 lm � 6 nm for three values of p.
Curves a, b and c correspond to jp calculated with p = 1, 0.5 and 0,
respectively. It is seen that a decrease in the value of p from 1.0
(corresponding to LE = l = 100 lm), to 0.5 (corresponding to
LE = 2.56 lm � 3LC) reduces jmax by nearly four times and shifts
Tmax from 29 to 66 K. When the surface scattering is diffuse
(p = 0), jp depends linearly on the sample dimensions and the ef-
fect of boundary scattering is maximum. For the sample dimen-
sions considered, we find LE = 0.866 lm, giving a value
jmax � 225 W/mK at Tmax � 80 K. It may be noted that analyses of
low temperature (0 < T < 40 K) thermal conductance measure-
ments, on suspended GaAs nanostructures of different geometry
(w � 150 nm), have shown that diffuse surface scattering plays a
major role in the phonon transport [22–24].

One of the characteristics of GaN material is that it has a large
variation of dislocation densities. To illustrate the effect of disloca-
tions on jp we have studied the temperature variation of jp for dif-
ferent dislocation densities, Nd. Curves 1, 2 and 3 in Fig. 6 represent
jp calculated for FSTF of dimensions 100 lm � 100 lm � 6 nm
with p = 1 for Nd = 108, 1010 and 1012 cm�2, respectively. The effect
of dislocations is not only to reduce the magnitude of jp but also to
modify its temperature dependences. The contribution from the
strain field due to screw dislocations is found to be more than that
due to edge dislocations, and the contributions due to core disloca-
tions and disorder associated with dislocations is small. Further, it
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is found that jp, is not sensitive to dislocations for Nd < 108 cm�2 is
as observed in bulk GaN [4,21].

To bring out the influence of phonon dispersion on the low tem-
perature (T < Tmax) TC, we have performed calculations of jp for a
FSTF of width 6 nm for different increasing values of LE, corre-
sponding to decreasing influence of boundary scattering. We take
p = 1.0 and Nd = 109 cm�2. In Fig. 7, the dotted and the dashed
curves depict jp calculated with l (=LE) = 0.6 mm and 6 mm,
respectively. Curve 1 represents jp for a sample assumed to be of
infinite length, which corresponds to absence of boundary scatter-
ing, that is LE =1. We find that with increase in LE, the temperature
dependence of jp changes over from the characteristic boundary
scattering T3 behaviour (dotted curve) upto nearly 10 K, to a T2

dependence (dashed curve) up to almost Tmax, revealing the influ-
ence of dislocation scattering. With a view to assess the relative
importance of the component confined phonon modes in the ab-
sence of boundary scattering, we have performed calculations of
jp with LE =1. Curves a, b and c, in Fig. 7 depict, respectively,
the contributions from S, D and F modes to jp (curve 1). We find
that, in this case for T < 10 K, the contribution from S modes is less
than that from D and F modes. This may be attributed to impurity
scattering becoming important (in which case jp � v2

s ) down to
lower temperatures (� 4 K), and to the smaller group velocity of
S waves. It may be noted that with influence of boundary scatter-
ing being neglected, jp (for T < Tmax) is limited by both impurity
and dislocation scatterings and for the value of Nd considered, we
find that the contribution to thermal resistance from dislocation
scattering is only about 20%. Further, it is of interest to note that
in the case of jp calculated when boundary scattering and disloca-
tions are important (that is, with LE = 0.1 mm and Nd = 1010 cm�2)
the roles of S and F modes are reversed (see Fig. 4).

It may be noted that, in the model employed here, the fre-
quency and temperature dependencies of phonon relaxation times,
often used for the bulk materials [4,15,17] may not describe cor-
rectly the phonon transport in FSTFs. Besides, in the present study,
the values of the mode Gruneissen parameters cs for the S, D and F
modes, are taken to be constant and the same as those used for lon-
gitudinal and transverse modes of bulk phonons. An inclusion of
the temperature and frequency dependences of cs [17], as well as
the energy and momentum conservation relations for the possible
transitions between polarizations during the phonon–phonon
interactions [6,25], would better describe the anharmonicity ef-
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Fig. 7. Temperature dependence of jp of a GaN FSTF of width 6 nm, with p = 1 and
Nd = 109 cm�2. The dotted and the dashed curves represent jp calculated with
LE = 0.6 and 6 mm, respectively. Curves a, b and c show, respectively, the variation
of individual contributions from S, D and F phonon modes, to the total TC, jp (curve
1) calculated with LE =1.
fects on the TC of FSTFs. A detailed investigation of low-tempera-
ture thermal transport in FSTFs incorporating the influence of
these modifications, which could throw more light on the conduc-
tion processes, is in progress.

4. Conclusions

We have presented, for the first time, calculations of the low-
temperature lattice TC for GaN free standing thin films, including
the dispersive nature of the confined acoustic phonons and consid-
ering explicit contributions from shear, dilatational and flexural
modes. We have employed a modified Callaway formalism, and as-
sumed the phonons to be scattered by various sample-dependent
as well as intrinsic scattering mechanisms operative in the system.
We find that, for the parameters considered, the heat flow is pri-
marily due to S mode phonons over nearly the entire temperature
range considered. Further it is found that the parameters charac-
terizing boundary scattering have an important role in determin-
ing the lattice TC. In comparison with TC calculated with bulk
description of phonons, we find that although there is a significant
reduction in magnitude at higher temperatures, in the boundary
scattering region the magnitude due to bulk phonons may be
underestimated. The relative importance of the confined phonon
modes as well as the role of dislocations in limiting the TC are dis-
cussed. Detailed experimental and theoretical studies of low tem-
perature TC of FSTFs are required to better understand the physical
processes participating in the thermal conduction in these
structures.
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