13606

J. Phys. Chem. @007,111,13606-13610

Atomistic Origin of the Thermally Driven Softening of Raman Optical Phonons in Group

[l Nitrides

M. X. Gu,T L. K. Pan,* T. C. Au Yeung,' B. K. Tay," and Chang Q. Sun**

School of Electrical and Electronic Engineering, Nanyang Technologicaltsity, Singapore 639798, and
Engineering Research Center for Nanophotonics &dmted Instrument, Ministry of Education, East China

Normal University, Shanghai, China 20006

Receied: April 6, 2007; In Final Form: May 23,

2007

It has long been puzzling regarding the physical origin of the thermally induced red-shift of Raman optical

phonons in group Il nitride crystals despite some possible mechanisms such as phonon decay, thermal
expansion, interfacial effects, or their combinations. Here we show that an extension of the recent approach

[Sun, C. Q.; Pan, L. K.; Li, C. M.; Li, SPhys. Re. B 2005 72, 134301] to the functional dependence of the

frequency of Raman optical modes on the atomic bonding identities (bond length, bond strength, and atomic
coordination numbers) to the temperature domain has enabled us to gain a simple solution with improved
understanding of the thermally induced red-shift of Raman optical phonons. Reproduction of the measured
of AIN, GaN, and InN reveals that the thermally driven red-shift

temperature dependence of the Raman shift
arises simply from bond vibration and bond
cohesive energy.

|. Introduction

The vibronic behavior of atoms in a specimen such as group
Il nitrides (GaN, AIN, and InN) is not only of fundamental
significance to processes such as electioimonon coupling,
phonon-photon interaction, phonon transport, and thermal
conductivity, but also of technical importance to practical
applications in fields such as short wavelength light emitting,
high temperature, high frequency, high power electronic, and
thermal device$:* Generally, a red-shift of Raman optical

phonons happens when the temperature of measurement is

raised, such as in the case of Ga AIN,°1%and InN1! Similar

trends of the temperature dependence of Raman shift have also

been observed from some other materiétd® However, the
mechanisms for the observations are still puzzling with the
following possible model&:18

Ao(M) o) — oy _
W B Wy B
A(T) (Balkanski et al.)
A(T) + AT) (Menendez et al.)(l)
Ay(T) + Ay(T) + Ay(T) (Qianetal.)
Ay(T) (Liuetal.)
with
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expansion, together with derived information abonbdee

AM=AL1+ L]} +
1 ¢ _1 (Anharmonic-phonon-decay)
A1+ —+ 5
-1 (-1
T .
A(T) = exp[—3y; j; a(t) dt] — 1 (Thermal-expansion)
A(T)=2|a— bc—13 X
° C33
1+ fT ' o(t) dt (Interface-contribution)
1+ eg)?r— -1
1+ fT a() d
Bl

(Simplified phonon decay)
@

AT) = Bkl _ 1

wherew is the specific Raman phonon frequency measured at
reference temperature 0 Kjs the temperature of measurement,
andt is the integrandx = hwo/2kgT andy = 2x/3 (ks is
Boltzmans constant) correspond to the third and the forth order
of phonon decay, respectively. The constafsA,, B;, and

B, are feely adjustable parameters needing clear physical
indications. The other parameters in eq 2 are physically
meaningful and experimentally obtainable. For examplés

the mode Grioeisen parameter and the valueyp¥aries from
mode to modeo(T) is the coefficient of thermal expansion of
the specimen andg(T) is the coefficient of thermal expansion
of the substrate when the interface interaction is involegis

the residual strain in the sample at the growth temperafyre
C14Cs3z is the elastic constant ratio of the 13 and 33 elements
in the elastic tensor. The parametarandb in Az are phonon
deformation potentials.1°
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The models given in eq 1 represent that the phonon red-shift cohesive energ¥,(0), and the reduced mass of the bonding
may arise from anharmonic phonon decay, thermal expansion,atomsu. By using the coreshell configuration for nanostruc-
the interface interaction, or the combination of these factors. tures, eq 3 has allowed us to reproduce the size-dependent red-
Except for the terms of phonon decay, the additional terms shift of the Raman optical frequency with derived information
originate from the change of macroscopic properties with on the vibration frequency of an isolated dimer in InP, CeO2,
temperature. The red-shift of the optical modes represented bySnO2, CdS, and Si nanostructures at temperatures far below
the A-related term inA; was first assumed arising from the the melting poin!
decay of one optical phonon into two acoustic phonons of the  Equation 3 is valid at a very low temperature of measurement
same frequency but opposite momentum upon the sample beindT < 6p, 0p is Debye temperature). If the temperature effect is
excited by the incident photo®.The phonon decay has been considered, i.e., by considering the temperature effect on
extended to the higher fourth order represented by theekated bonding identities, we can extend eq 3 to the temperature
term in A1.21 Later, the effect of thermal expansion Ay was domain,
considered? Some works have shown that good reproduction E 2
of the measured dependence of the red-shift of Raman optical w(M)0 Z[ o(T) (4)
phonon could be reached without considering the effect of d «
thermal expansiof?17.18:2023.24However, some calculations
o . : wheré*
indicated that thermal expansion also played a certain non-
negligible role in theT-induced red-shift of the Raman _ _ (T
frequency’.2152527 Sometimes the temperature-dependent strain En(T) = Ex(0) j; 17,(t) dt
induced by lattice and thermal mismatch between the specimen d(T) =dy[1 + j;T o(t) dt
and the substrate became essential when the interface effect was
considered, and this is represented\ay*>11From the quantum  where#4(t) is the specific heat per bond, which follows the
mechanical point of view, th&-induced Raman red-shift can  specific heat of Debye approximation and reaches a constant
be fitted to a Bose Einstein population as indicated lay.518 value at high temperaturex(T) remains the temperature-
On the other hand, the first principle ab initio calculations have dependent thermal expansion coefficiaditis the bond length
also been conducted to calculate some of the individual termsat 0 K. The integrationfg n(t)dt represents the thermal
in eq 2 and then added up to examine the factors dominatingvibration energy. Combining eqgs 4 and 5 leads to
the temperature dependeftg® on the Raman modes.

®)

In fact, theT-induced Raman red-shift can be numerically 7(E.0) — j;T 7,(t) dty/u] M2
reproduced by using all the models in eq 2. Unfortunately, no w(T) = (6)
relationship has been established betweetimeluced Raman d(1+ fo o(t) dt)

shift and the atomistic parameters, i.e., the bonding identities

(bond length, bond strength, and bond order). Here we showor, the relative frequency measured at temperatufeto that
that an extension of the recent approach for the size-inducedmeasured at the 0 K,

Raman shift of nanostructufds? to the temperature domain 0

could lead to an immediate solution with one fitting parameter —~ =

termed asnodecohesive energy. Reproduction of the observa- ®o

tions revealed that the red-shift arises simply from thermally IT 74(t) dt 12
induced bond vibration and bond expansion. 1+ 7 ot an Y1 =<0 T.=0'T<6
. Principle 7T

T 1 1/2 o

Recent progres&33showed that it is possible to connect the (1+ fO a(t) dj {1 E/0) (To=0:T> 6p)
macro properties of a specimen to its atomistic parameters by @)
developing the functional dependence of the detectable quantities
to the bonding identities and the response of these bondingWith Ex(0), the modecohesive energy, being the only fitting
identities to the external stimulus such as coordination environ- parameter for a specific mode. Theodecohesive energy is a
ment33 temperature (vibration and expansiéh¥>pressure, etc.  certain portion of atomic bonding energy.
For instance, coordination number reduction causes the remain- The specific heat per bongy(T), and the integration of:-
ing bonds of the under-coordinated atoms to be shorter and(t) from 0 K to T or the conventionally termed specific internal
stronger; the rise in temperature has an opposite effect on theenergy per bondy(T), follow the relations
length and strength of all the bonds in the specimen through

T/6 4
the thermal vibration. From these perspectives, we have n,(t6,) = u = %(1)3 (’D’TLXD(XZ) dx
developed the functional dependence of the frequency of Raman z\Op) 7O & 1)
optical phonons on the atomic coordinati@anpond lengthd, -
and the bond energg, at T ~ 0 K31.32 UMy o SO dtgriT\s oyt 3¢ dx
E0)] e -z 7(@3) ° -1
w(0)0J a[ u 3) When the measuring temperatufeis higher thanfp, the

specific heatc, approaches a constant value &® R is the

whereu is the reduced mass of the bonding atoBg0) is the idea gas constant) according to Debye’s approximation.

modebonding energy (as will be elaborated shortlypa for
a specific bond. Equation 3 shows that the macroscopically
measurable Raman frequency is directly related to the coordina- The calculation was conducted with eq 7. The parameters of
tion numberz, the bond lengthd, the square root omode melting temperature T, Debye temperaturedp, and the

Ill. Results and Discussion
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TABLE 1: List of Input Data and Derived Mode Cohesive Energy for Eq 72

Tm (K) Ob (K) o (ref) Raman mode  wo (cm™?) Ex(0) (eV) 3 (x107%)
AIN 3273 1150 0c=—0.93+ (9.1x 10°)T — (2.4 x 107°) Ea(high) 658.6 1.13 0.94
o;= —0.734 (7.5x 10T — (2.1 x 10°9)
ref 36
A4(LO) 892.6 1.21 1.54
A4(TO) 613 0.71 1.74
Ei(LO) 914.7 1.31 1.52
E4(TO) 671.6 1.19 1.04
GaN 2773 600 a,= 3L X[(6/T)2exp@M)[exp©iT) —1]>  Ex(high) 570.2 1.44 0.57
Xi and6; are fitting parameters in ref 40
A4(LO) 738 0.97 1.20
A4(TO) 534 1.26 1.28
E.(LO) 745 0.95 0.68
E4(TO) 561.2 1.59 112
InN 1373 600 0. = 2.134+ 0.00608 E,(high) 495.1 0.76 1.15
o = 2.165+ 0.00260
ref 37
A1(LO) 595.8 0.50 0.92

aMelting temperatureT,), Debye temperaturedf), and the temperature dependent thermal expansion coeffici€Ri).(The intrinsic Raman
frequency atwg is extrapolated from experimental data to 0 K. The fitting results, that ismtecohesive energy at 0 K5,(0), of various Raman
active modes for AIN and GaN and InN are given in the last second columns. The last column provides the standard deviation between experimental
data and our theoretical calculations.

T-dependent thermal expansion coefficienfT), are taken as 3000

the known data for input as tabulated in Table 1. For cubic

crystals the thermal expansion coefficieat is isotropic. 2500

However, for noncubic solids such as hexagonal structured

group lll nitrides discussed here,is anisotropic. The principal 92000

values ofa for these hexagonal structures are those parallel ~=

and perpendicular to the-axis, which are denoted as and % 1500

0, respectively. To simplify the analysis, the linear thermal

expansion coefficientt is the directionally averaged value, 1000

expressed as. = (20, + 0)/3.3537 The thermal expansion 500

coefficients for AIN in Table 1 are obtained from ref 36 by

fitting the experimental data with the reference lattice constants 0

ag and ¢y taken at 77 K. The overall thermal expansion 0.0 0.5 1.0 15
coefficients for AIN and InN are from refs 36 and 37. The Tle

intrinsic phonon frequenciesq (wherei refers to different

optical Raman modes) are extrapolated from experimental Figure 1. lllustration of the temperature dependence of the reduced
observations to 0 K specific heat (inset) and its integration with respect to temperature (or

. . - the specific internal enerdy(T/6p)). The melting temperature is chosen
First, the calculation of the frequency shift in the Raman 4 he 1000 K for illustration purposes. For consideration of a single

spectrum was conducted &t 60p. Since the thermal expansion  bond, one has to divide the values by the atomic coordination number

coefficient a is normally in a range of 10 K1, 1 + (CN) z. Thec,(T/0p) andU(T/6p) are sensitive to the Debye temper-
imo(t)dt < 1 + 0.05. It is reasonable to ignore the thermal ature.

expansion for the first order approximation fbr> 6p. Hence,

eq 7 can be simplified as as an initial guess can be further refined by carefully fitting the
experimental data at the whole temperature range (especially
w(T) at the low-temperature range) by including the contribution of

= lattice thermal expansion. Results are listed in Table 1 with given
standard deviations.
(1+ fT alt) dt)_l 1 T 1’2% Figure 1 illustrates the temperature dependence of the reduced
0 E,(0) specific heat, (in units of gas constarR) and its integration

Wy

T \oT<1 with respect to temperaturk (or the termed specific internal
1+ /’T a(t) dt)’l 1-— 1'n ~1-BxT(8) energy)U(T/6p). For a single bond, one has to divide the values
0 2 E(0) by the atomic coordination numbe(in the current discussion,

z = 4 since each atom has four nearest neighboring atoms). At
B~ 1/12 x 1,/E,(0) high T, especially wheT > 6, the integration of the specific

heat or the specific internal energy depends linearlyTcas
which leads to the linear temperature dependence of the opticalshown in Figure 1. Hence the approximation in eq 8 is
Raman frequency at sufficiently high temperature. Such a linear reasonable. At low temperatures, on the other hand, the
approximation at high temperature agrees well with experimental integration shows a nonlinear relationship with respect to the
observations, from which the experimental sldpg, can be temperature in & form. The range of nonlinearity depends
easily determined by fitting to the linear Raman frequency shift highly on the Debye temperatué®, which can be seen from
versusT curve at the high-temperature range. By the relation U(T/6p) in Figure 1. From egs 7 and 8, it can be seen that the
of Bexp = Yom1/En(0) with 1 = 3R/z (T > 6p), the mode Debye temperaturép determines the width of the shoulder and
cohesive energiz,(0) can be estimated. The deriveg{® used the E,(0) determines the slope of the curve at high temperature.



Group Il Nitrides J. Phys. Chem. C, Vol. 111, No. 36, 20013609

900 T v T T T T T T
(@) (b) 740 1 (c) 5% InN |
<_ 880 {~ —~ 1
g F'E ...E 590

730 .

~ — theory o —— theory o
£ A E2(high) p A E2(high) g [ theon |
£ 8602 = A1(LO) = 7 £ z A E2(igh)
» 660 ﬁ = A1(LO) = T = A1(LO) T
c 1 e bid
g & 570l 1§ 4 l
S : :

640l | o 490 T

N 1 N 1 L 1 560 | L ! ] 485+ 1
0 400 800 1200 0 200 400 600 800 0 100 200 300 400 500
T (K) T (K) T(K)

Figure 2. Comparison of the predictions to the measufedependent optical frequency shift in the Raman spectrum of thg®) and the E2
modes for (a) AIN [ref 9], (b) GaN [ref 5], and (c) InN [ref 11] specimens. Extrapolated intrinsic phonon frequemeylmodecohesive energies
Ep(0) for various modes are given in Table 1.

Figure 2 shows the agreement between theory and measuregive preliminary information about the strength ofN bonding

ment of the typical Raman shifts with derivetbdecohesive in different directions. Information about the strength of metal
energyEy(0) given in Table 1. The slow decrease of the Raman metal bonding cannot be obtained since the i8 Raman
shift at very low temperatures arises from the snfigli(t) dt inactive. Furthermore, thesfand & modes relate to Nmetal
values as the specific hegi(T) is proportional toT® at very bonding in the axial and planar directions. Similarly, thede

low temperatures (see the inset in Figure 1). It is seen that thecohesive energy obtained from fitting to experimental data will
0p of AIN is higher than that of GaN and InN, and hence the give relative information about the Nmetal bond energy in
linearity of the optical frequency shift in the Raman spectrum both directions. Therefore, for a specific value of bond energy
for AIN extends to higher temperature. On the other hand, the there should be more valuesrabdecohesive energies and each
Eu(0) for the longitudinal modes ALO) and B(LO) of AIN is of them is just a portion of the unique bond energy. Hence, the
greater than that of GaN; however, for transverse modes, GaNEy(0) values obtained from fitting to ALO), A1(TO), E(LO),
shows an opposite order, which may arise from different bond and B(TO) modes are only part of the bonding energy, and
strengths in the nitrides. Thus, we have demonstrated thatthe exact portion is hardly detectable as so far no means has
without involving any freely adjustable parameters or mecha- been available to determine the-INl, N—metal, and metat
nisms of phonon decay or the interface interaction, we can metal bond energies.

reproduce the observations exceedingly well. Interface effect

may come into play for ultrathin films, which only modifies IV. Summary

the accuracy of thenodecohesive energy. .
As discussed earlier, thmodecohesive energy is different In summary, we have presented an approach for the atomistic

from the bond energy, but they are inter-related. In a complex Understanding of the physical origin of the thermally induced
unit cell containing two atoms, there is one bond between the '€d-shift of the Raman optical modes by developing the
two atoms. For each bond, there are three optical phonon modesfunctional dependence of the macroscopically measurable
i.e., LO, TO1, and TO2. One value of atomic bonding energy T-dependent Raman optical modes on microscopic atomic
may correspond to three different values rabde cohesive bonding identities and the response of thgse bond |dent|t|e§ to
energy. Each value of mode cohesive energy is just a portion the temperature change. A simple and stra|ghtforward arllalytl'cal
of the atomic bonding energy but the exact portion is yet to be form has been de_veloped from Fhe perspective of bond vibration
known. Furthermore, investigatidhrevealed that the eigen- andbond expansion An exceedingly good match to the measured
values of the Schiinger equation for lattice vibration follow a  |-dépendent Raman shift of AN, GaN, and InN specimens has
Fourier series with multiple orders. Considering the high-order '€d t0 information about thenodecohesive energy for various
contribution in the solutions to the Raman shift and the dipole ~PPonon modes, which is beyond the scope of conventional
dipole perturbatio?fto the vibration that splits the Raman peaks, 2PProaches. The agreement between the calculation and experi-
there should be more than three modes detectable if they argnental data may demonstrate that the current expression could
Raman active. On the other hand, the group theory predicts that'€Present the true situation of the thermally driven optical
for the wurtzite group Il nitrides structure that contains two Phonon frequency red-shift in the Raman spectrum. As this

N—metal atom pairs per unit cell, there are eight sets of phonon €Xercise is the first attempt to correlate the macroscopically
normal modes at th& point. They are 2A+ 2E; + 2B; + measurable parameters tp microscopic atomic bo.ndlng identities
2E,, but only the first 6 are Raman active, which argl20), in the ten"_lperatgre domain, there is still room for |mprove_3ment.
A4(TO), Ex(LO), Ei(TO), Ex(high), and E(low). These six active _Further discussions of such an approach to other situations are
Raman modes can be observed by different scattering geom-" Progress.
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