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We show that large amplitude coherent acoustic phonon wave packets can be generated and detected in
InxGa1−xN/GaN epilayers and heterostructures in femtosecond pump-probe differential reflectivity experi-
ments. The amplitude of the coherent phonon increases with increasing indium fraction x and unlike other
coherent phonon oscillations, both amplitude and period are strong functions of the laser probe energy. The
amplitude of the oscillation is substantially and almost instantaneously reduced when the wave packet reaches
a GaN-sapphire interface below the surface indicating that the phonon wave packets are useful for imaging
below the surface. A theoretical model is proposed which fits the experiments well and helps to deduce the
strength of the phonon wave packets. Our model shows that localized coherent phonon wave packets are
generated by the femtosecond pump laser in the epilayer near the surface. The wave packets then propagate
through a GaN layer changing the local index of refraction and, as a result, modulate the reflectivity of the
probe beam. Our model correctly predicts the experimental dependence on probe wavelength as well as
epilayer thickness.
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I. INTRODUCTION

Heterostructures of GaN and InGaN are important mate-
rials owing to their applications to blue laser diodes and
high-power electronics.1 Strong coherent acoustic phonon
oscillations have recently been detected in InGaN/GaN mul-
tiple quantum wells.2,3 These phonon oscillations were much
stronger than folded acoustic phonon oscillations observed in
other semiconductor superlattices.4–6

InGaN/GaN heterostructures are highly strained at high
In concentrations giving rise to large built-in piezoelectric
fields,7–10 and the large strength of the coherent acoustic pho-
non oscillations was attributed to the large strain and piezo-
electric fields.2

In this paper, we report the generation of strong localized
coherent phonon wave packets in strained layer InxGa1−xN/
GaN epilayers and heterostructures grown on GaN and sap-
phire substrates.11 By focusing high repetition rate frequen-
cy-doubled femtosecond Ti:Sapphire laser pulses onto
strongly strained InGaN/GaN heterostructures, we can,
through the carrier-phonon interaction, generate coherent
phonon wave packets which are initially localized near the
epilayer/surface but then propagate away from the surface/
epilayer and through a GaN layer. As the wave packets
propagate, they modulate the local index of refraction and
can be observed in the time-dependent differential reflectiv-
ity of the probe pulse. There is a sudden drop in the ampli-
tude of the reflectivity oscillation of the probe pulse when
the phonon wave packet reaches a GaN-sapphire interface
below the surface. Theoretical calculations as well as experi-

mental evidence support this picture; the sudden drop of am-
plitude when the wave encounters the GaN-sapphire inter-
face cannot be explained if the wave packet had a large
spatial extent. When the wave packet encounters the GaN-
sapphire interface, part of the wave gets reflected while most
of it gets transmitted into the sapphire substrate, depending
on the interface properties and the excess energy of the ex-
citing photons. This experiment illustrates a nondestructive
way of generating high-pressure tensile waves in strained
heterostructures and using them to probe semiconductor
structure below the surface of the sample. Since the strength
of this nondestructive wave is determined by the strain be-
tween GaN and InGaN, it is likely that even stronger coher-
ent phonons can be generated in InGaN/GaN digital alloys
grown on a GaN substrate.

II. EXPERIMENTAL RESULTS

In the experiments, frequency-doubled pulses of mode-
locked Ti:Sapphire lasers are used to perform reflective
pump-probe measurements on four different sample types
which are shown in Fig. 1: Type I InGaN epilayers; Type II
InGaN/GaN double quantum wells �DQWs�; Type III
InGaN/GaN single quantum well �SQW�; and Type IV
InGaN/GaN light-emitting diode �LED� structures. The peak
pump power is estimated to be 400 MW/cm2, corresponding
to a carrier density of 1019 cm−3 and the doubled pulse width
is 250 fs. All samples were grown on a c-plane sapphire
substrate by metalorganic chemical vapor deposition. The
InGaN epilayers shown in Fig. 1�a� consist of 1 �m GaN
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grown on a sapphire substrate and capped with 30 nm of
InxGa1−xN with In composition, x, varying from 0.04 to 0.12.
The DQW sample shown in Fig. 1�b� consists of GaN
�1 �m�, DQWs of In0.12Ga0.88N �1–16 nm�, a barrier of GaN
�1–16 nm�, and a GaN cap layer �0.1 �m�. The SQW sample
in Fig. 1�c� consists of GaN �2 �m�, an In0.12Ga0.88N well
�24 nm�, and a GaN cap layer �0.1 �m�. The blue LED struc-
ture shown in Fig. 1�d� consists of n-GaN �4 �m�, five quan-
tum wells of In0.15Ga0.85N �2 nm� and four barriers of GaN
�10 nm�, p-Al0.1Ga0.9N �20 nm�, and p-GaN �0.2 �m�.

Differential reflection pump-probe measurements were
performed on the InxGa1−xN epilayers whose structure is
shown schematically in Fig. 1�a�. Figure 2 shows the oscil-
latory component of the measured probe differential reflec-
tivity for the InGaN epilayers �Type I� with various In con-
centrations, x. For comparison purposes, we performed
differential reflectivity measurements on a pure GaN HVPE
grown sample in order to show that no differential reflectiv-
ity oscillations are present in the absence of strain and an
epilayer. The energy of the pump laser was varied between
3.22 and 3.35 eV, to keep the excess carrier energy above the
InGaN band gap but below the GaN band gap. We note that
if the laser energy was below the InGaN band gap, no signal
was detected. Therefore, carrier generation is essential to
observing the oscillations. This is in contrast to a recent co-
herent optical phonon experiment12 in which coherent optical
phonons in bulk GaN are excited by photons with energies
far below the band gap via impulsive stimulated Raman scat-
tering. The inset shows the pump-probe signal prior to the
background subtraction for x=0.12. The background results
from the relaxation of the photoexcited electrons and holes.
The oscillations are quite large, on the order of 10−2–10−3

and the period is 8–9 ps, independent of the In composition
but dependent on the probe photon energy. The amplitude of
the oscillation is approximately proportional to the In con-
centration indicating that the strain at the InGaN/GaN inter-
face is important. The observed period is approximately �
=� /2Csn,13 where � is the probe beam wavelength, Cs
=7857 m/s is the longitudinal acoustic sound velocity in
wurtzite GaN, and n=2.4 is the refractive index.

We performed two-color pump-probe experiments for a
Type III InGaN SQW sample as shown in Fig. 1�b�. Figure 3

shows the differential reflectivity oscillations for different
probe energies. Note that the period of the oscillation
changes and is proportional to the probe wavelength. In ad-
dition, the amplitude of the differential reflectivity oscillation
decreases as the detuning �with respect to the pump� be-
comes larger. The inset shows the oscillation amplitude as a
function of the probe energy in a logarithmic scale and there
is an �2 order of magnitude decrease in differential reflec-
tivity when the probe energy changes from 3.26 eV to 1.63
eV.

Interestingly, Fig. 4 shows that the amplitude of the oscil-
latory component of the differential reflectivity is indepen-
dent of the bias voltage, even though the carrier lifetime
changes dramatically with voltage bias. Figure 4 shows the

FIG. 1. The simple diagram of the sample structures used in these experiments. �a� InGaN epilayer �Type I�, �b� InGaN/GaN DQWs
�Type II�, �c� GaN SQW �Type III�, �d� InGaN/GaN blue LED structure �Type IV�.

FIG. 2. The oscillatory component of the differential reflection
pump-probe data for the InxGa1−xN epilayers with various In com-
position �x=0.04, 0.08, 0.10, and 0.12�. For comparison, differential
reflection in a pure GaN high-pressure vapor phase epitaxy �HPVE�
grown sample is shown. The reflection signal prior to the back-
ground subtraction for x=0.12 is shown in the inset.
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bias-dependent acoustic phonon differential reflectivity oscil-
lations in a Type IV blue LED structure �see Fig. 1�d�� at a
pump energy of 3.17 eV. The lifetime of the background
signal drastically decreases as the bias increases as shown in
Fig. 4�a�. This is due to the carrier recombination time and
the decrease in the tunneling escape time in the strong exter-
nal bias regime.14 On the other hand, the amplitude and fre-
quency of the oscillatory component of the differential re-
flectivity does not change much with bias voltage �Fig. 4�b��.
Since the observed reflectivity oscillation is independent of
the carrier lifetime for lifetimes as short as 1 ps due to ul-
trafast tunneling �bottom curve of Fig. 4�a��, it implies that
once the source that modulates the experimentally observed

reflectivity is launched by the subpicosecond generation of
carriers, the remaining carriers do little to affect the source.
This suggests that the reflectivity oscillation is due to the
strain pulse which is generated at short times once the pump
excites the carriers and modulates the lattice constant.

Figure 5 shows the well and barrier-dependent acoustic
phonon differential reflectivity oscillations in the Type II
DQW samples �see Fig. 1�b�� at a pump energy of 3.22 eV.
The amplitude increases as the well width increases. How-
ever, the oscillation amplitude of the differential reflectivity
does not change much with the barrier width. This means
that the generation of the acoustic phonons is due to the
InGaN well and not the GaN barrier. This also verifies that
the oscillation is due to the strain in InGaN layer.

Interesting results are seen in the long time behavior of
the reflectivity oscillations shown in Fig. 6�a�. The long-time
scale reflectivity oscillation is plotted for the epilayer �I�,
DQW �II�, SQW �III�, and the blue LED structure �IV� at
3.29 eV �below the GaN band gap�. Astonishingly, the oscil-
lation amplitude abruptly decreases within one cycle of an
oscillation at a critical time which appears to scale with the
thickness of the GaN layer in each sample. In addition, the
slope of the GaN thickness versus the critical time is very
close to the known value of the sound velocity in GaN �inset
of Fig. 6�a��.2 Figure 6�b� shows results when the probe laser
energy is changed to 3.44 eV which is above the GaN band
gap. Then, the laser probe is sensitive to coherent phonon
oscillations only within an absorption depth of the surface.
We see that the amplitude of the reflectivity oscillation ex-
ponentially decays with a decay time of 24.2 ps correspond-
ing to a penetration depth in GaN of about 0.17 micron
�=24.2 ps�7000 m/s�. The oscillation reappears at 260 ps
for epilayer �I� and 340 ps for DQW �II�. This is twice the
critical time for the oscillations to disappear when the photon
energy is 3.29 eV. This further shows that the probe pulse is
sensitive to the coherent acoustic wave. The “echo” in the
probe signal results from the partial reflection of the coherent
phonon off the GaN/sapphire interface.

FIG. 3. The oscillation traces of a SQW �III� at different probe
energies. The pump energy is centered at 3.26 eV. The bottom curve
has been magnified 30 times. The inset shows the oscillation am-
plitude as a function of probe photon energy on a logarithmic scale.

FIG. 4. �a� Pump-probe differential reflectivity for the blue LED
structure �Type IV� varying the external bias at a pump energy of
3.17 eV. The decay time of the background signal is drastically
reduced as the bias increases. �b� The oscillatory amplitude does not
change much with bias.

FIG. 5. The oscillatory component of the pump-probe differen-
tial transmission traces of DQWs �II� at 3.22 eV. The left figure
shows the well width dependence and the right figure shows the
barrier width dependence.

FEMTOSECOND PUMP-PROBE SPECTROSCOPY OF… PHYSICAL REVIEW B 72, 195335 �2005�

195335-3



III. THEORY

To explain the experimental results discussed in the last
section, we have developed a theoretical model of the gen-
eration, propagation, and detection of coherent acoustic
phonons in strained GaN/InGaN heterostructures. The pump
laser pulse generates a strain field that propagates through
the sample which, in turn, causes a spatiotemporal change in
the index of refraction. This change is responsible for the
oscillatory behavior seen in the probe-field reflectivity in
various semiconductor heterostructures. An approximate
method of solving Maxwell’s equations in the presence of
spatiotemporal disturbances in the optical properties and ob-
taining the reflectivity of the probe field in thin films excited
by picosecond pump pulses can be found in Thompsen et
al.13

We note that Thompsen et al.13 describes the surface gen-
eration and detection of coherent longitudinal optical �LO�
phonons due to rapid heating and thermal expansion by a
picosecond laser pulse in a-As2Te3 and similar compounds.
In our experiments, the coherent LO phonon generation
mechanism in the strained piezoelectric GaN/InGaN struc-
tures has its origin in the deformation and piezoelectric
electron-phonon interaction throughout the structure and so
the coherent phonon generation mechanisms in the two cases
are quite different.

The spatiotemporal disturbance of the refractive index is
caused by the propagating coherent phonon wave packets.
Thus, an essential ingredient in understanding the probe re-

flectivity is a model for the generation and propagation of the
very short strain pulse in the sample. Recently, a microscopic
theory explaining the generation and propagation of such
strain pulses was reported by Sanders et al. in Ref. 15 �see
also the erratum in Ref. 16�, where it was shown that propa-
gating coherent acoustic phonon wave packets are created by
the nonequilibrium carriers excited by the ultrafast pump
pulse. For a tutorial introduction to the generation of coher-
ent acoustic phonons in semiconductor heterostructures, the
reader is referred to the recent review article by Chern et
al.17 The acoustic phonon oscillations arise through the
electron-phonon interaction with the photoexcited carriers.
Both acoustic deformation potential and piezoelectric scatter-
ing were considered in the microscopic model. It was found
that under typical experimental conditions, the microscopic
theory could be simplified and mapped onto a loaded string
model. Here, we use the string model of coherent phonon
pulse generation to obtain the strain field seen by the probe
pulse.

First, we solve Maxwell’s equations to obtain the probe
reflectivity in the presence of a generalized spatiotemporal
disturbance of the index of refraction. Let nb be the index of
refraction without the strain which is real because initially
the absorption can be neglected and let �ñ=�n+ i� be the
propagating change in the index of refraction due to the
strain. When the effect of the change of the index of refrac-
tion is taken into account, the probe field with energy � can
be described by the following generalized wave equation

�2E�z,t�
�z2 +

�2

c2 �nb + �ñ�z,t��2E�z,t� = 0, �1�

where E�z , t� is the probe field in the slowly varying enve-
lope function approximation and � is the central frequency
of the probe pulse. Equation �1� is obtained from Maxwell’s
equations assuming that the polarization response is instan-
taneous and that the probe pulse obeys the slowly varying
envelope function approximation. Since ��ñ�	nb under typi-
cal conditions, Eq. �1� can be cast into

�2E�z,t�
�z2 + �nbk�2E�z,t� = − 2nbk2�ñ�z,t�E�z,t� , �2�

where k=� /c is the probe wave vector.
We view Eq. �2� as an inhomogeneous Helmholtz equa-

tion and obtain the solution using the Green’s function tech-
nique. The desired Green’s function is determined by solving

�2G�z,z��
�z2 + �nbk�2G�z,z�� = ��z − z�� , �3�

and the result is

G�z,z�� = −
i

2nbk
exp�inbk�z − z��� . �4�

Then, the solution to Eq. �2� can be written as

FIG. 6. �a� The long time-scale oscillation traces of an epilayer
�I�, a DQW �II�, a SQW �III�, and blue LED structure �IV�. The
inset shows the GaN thickness between the sapphire substrate and
InGaN active layer of the sample as a function of the die out time of
the oscillations. The solid line indicates that the velocity of the
wave packet in the GaN medium is about 7000 m/s. �b� The oscil-
lation traces of epilayer and DQW �top two curves in �a�� at 3.44 eV
which corresponds to a probe laser energy above the band gap of
GaN.
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E�z,t� = Eh�z,t� + �
−





dz�G�z,z���− 2nbk2�ñ�z�,t�E�z�,t�	 ,

�5�


Eh�z,t� + �
−





dz�G�z,z���− 2nbk2�ñ�z�,t�Eh�z�,t�	 ,

�6�

where we have chosen the lowest Born series in the last line.
In Eq. �6�, Eh is the homogeneous solution which takes the

form Eh�z , t�= Ẽh�z , t�exp�i�nbkz−�t�	, where Ẽh�z , t� is a
slowly varying envelope function. This describes the probe
pulse moving to the right in the sample without optical dis-
tortion.

We now apply this approximate solution to our structure
where the interface between air and the sample is chosen at
z=0. In the air, where z�0, there is an incident probe pulse
traveling toward the sample as well as a reflected pulse. The
electric field in the air, E��z , t�, can thus be written as the
sum

E��z,t� = Ẽi�z,t�ei�kz−�t� + Ẽr�z,t�e−i�kz+�t�, �7�

where Ẽi�z , t� and Ẽr�z , t� are the slowly varying envelope
functions of the incident and reflected probe fields, respec-
tively. Inside the sample, z
0, the solution is given as

E��z,t� = Eh�z,t� + �
0




dz�exp�inbk�z� − z��ik �ñ�z�,t�

�Eh�z�,t�


Ẽt�z,t�ei�nbkz−�t�

+ ��
0




dz�exp�2inbkz��ik �ñ�z�,t��
�Ẽt�z,t�e−i�nbkz+�t�, �8�

=Ẽt�z,t�ei�nbkz−�t� + A�nbk,t�Ẽt�z,t�e−i�nbkz+�t�, �9�

where we used Eh�z , t�= Ẽt�z , t�exp�i�nbkz−�t�� in the sec-
ond step, assuming that Ẽt�z , t� is nearly constant within the
slowly varying envelope function approximation, and we de-
fine a reflected amplitude function

A�nbk,t� 
 �
0




dz�exp�2inbkz��ik �ñ�z�,t� . �10�

The expression for the reflected amplitude function,
A�nbk , t�, in Eq. �8� says there is a frequency-dependent
modulation of the amplitude in the reflected wave in the
sample due to the propagating strain. Let U�z , t� denote the
coherent phonon lattice displacement along the �001� growth
direction. To relate the change of the index of refraction to
the strain field, ��z , t�
�U�z , t� /�z, we assume ��ñ�	nb and
adopt the linear approximation13

�ñ�z,t� =
� ñ

��
��z,t� . �11�

Having determined the waves on both sides of the inter-
face, we can now calculate the reflectivity. We apply the
usual boundary conditions to the slowly varying envelope
functions and the results are written compactly as

�− 1 1 + A
1 nb�1 − A� ��Ẽr

Ẽt

� = �Ẽi

Ẽi

� . �12�

We solve this equation to obtain

Ẽr

Ẽi

=
r0 + A

1 + r0A

 r0 + A , �13�

where r0= �1−nb� / �1+nb�. To the same order, we find that
Ẽt / Ẽi
 t0�1−r0A�, where t0=2/ �1+nb�. It is now straight-
forward to calculate the differential reflectivity as

�R

R
=

�r0 + �r�2 − �r0�2

�r0�2



2

r0
Re A , �14�

where �R is the difference in the reflectivity, R, when the
pump is on and off, i.e., �R=Ron−Roff. Finally, by substitut-
ing the linear law Eq. �11� into Eq. �10� and using Eq. �14�,
we get

�R

R
= �

0




dz F�z,��
�U�z,t�

�z
, �15�

where the sensitivity function, F�z ,��, is defined as

F�z,�� = −
2k

r0
� �n

��
sin�2nbkz� +

��

��
cos�2nbkz�� . �16�

In Eq. �16� �n /�� and �� /�� are the derivatives with respect
to strain of the index of refraction and extinction coefficient,
respectively.

In Eq. �15�, the differential reflectivity is expressed in
terms of the lattice displacement, U�z , t�, due to propagating
coherent phonons. Sanders et al.15,16 developed a micro-
scopic theory showing that the coherent phonon lattice dis-
placement satisfies a driven string equation,

�2U�z,t�
�t2 − Cs

2�2U�z,t�
�z2 = S�z,t� , �17�

where Cs is the longitudinal acoustic �LA� sound speed in the
medium and S�z , t� is a driving term which depends on the
photogenerated carrier density. The LA sound speed is re-
lated to the mass density, �, and the elastic stiffness constant,
C33, by Cs=�C33/�. The LA sound speed is taken to be dif-
ferent in the GaN/InGaN heterostructure and sapphire sub-
strate. For simplicity, we neglect the sound speed mismatch
between the GaN and InxGa1−xN layers.

The driving function, S�z , t�, is nonuniform and is given
by
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S�z,t� = �
�

S��z,t� , �18�

where the summation index, �, runs over carrier species, i.e.,
conduction electrons, heavy holes, light holes, and crystal-
field split holes, that are created by the pump pulse. Each
carrier species makes a separate contribution to the driving
function. The partial driving functions, S��z , t�, in piezoelec-
tric wurtzite crystals depend on the density of the photoex-
cited carriers. Thus,

S��z,t� = ±
1

�
�a�

�

�z
+

4��e�e33

�

����z,t� , �19�

where the plus sign is used for conduction electrons and the
minus sign is used for holes. Here ���z , t� is the photogener-
ated electron or hole number density, which is real and posi-
tive, � is the mass density, a� are the deformation potentials
for each carrier species, e33 is the piezoelectric constant, and
�
 is the high-frequency dielectric constant.

To be more specific, we will consider a SQW sample of
the type shown in Fig. 1�c�. We adopt a simple model for
photogeneration of electrons and holes in which the photo-
generated electron and hole number densities are propor-
tional to the squared ground state particle in a box wave
functions. The exact shape of the electron and hole number
density profile is not critical in the present calculation since
all that really matters is that the electrons and holes be
strongly localized. The carriers are assumed to be instanta-
neously generated by the pump pulse and are localized in the
InxGa1−xN quantum well. Having obtained a model expres-
sion for ���z , t�, it is straightforward to obtain S�z , t� using
Eqs. �18� and �19�.

To obtain U�z , t�, we solve driven string equations in the
GaN epilayer and the sapphire substrate, namely

�2U�z,t�
�t2 − C0

2�2U�z,t�
�z2 = S�z,t� �0 � z � L� , �20a�

and

�2U�z,t�
�t2 − C1

2�2U�z,t�
�z2 = 0 �L � z � Zs� , �20b�

where C0 and C1 are LA sound speeds in the GaN and sap-
phire substrate, respectively. In Eq. �20b�, the sapphire sub-
strate has finite thickness. To simulate coherent phonon
propagation in an infinite sapphire substrate, Zs in Eq. �20b�
is chosen large enough so that the propagating sound pulse
generated in the GaN epilayer does not have sufficient time
to reach z=Zs during the simulation. If Tsim is the duration of
the simulation, this implies Zs
L+C1Tsim.

Equations �20a� and �20b� are solved subject to initial and
boundary conditions. The initial conditions are

U�z,0� =
�U�z,0�

�t
= 0. �21�

At the GaN-air interface at z=0, we assume the free surface
boundary condition

�U�0,t�
�z

= 0, �22a�

since the air exerts no force on the GaN epilayer. The phonon
displacement and the force per unit area are continuous at the
GaN-sapphire interface so that

U�L − �,t� = U�L + �,t� �22b�

and

�0C0
2�U�L − �,t�

�z
= �1C1

2�U�L + �,t�
�z

. �22c�

The boundary condition at z=Zs can be chosen arbitrarily
since the propagating sound pulse never reaches this inter-
face. For mathematical convenience, we choose the rigid
boundary condition

U�Zs,t� = 0. �22d�

To obtain U�z , t� for general S�z , t�, we first need to find
the harmonic solutions in the absence of strain, i.e., S�z , t�
=0. The harmonic solutions are taken to be

Un�z,t� = Wn�z�e−i�nt ��n 
 0� , �23�

and it is easy to show that the mode functions, Wn�z�, satisfy

d2Wn�z�
dz2 +

�n
2

C0
2Wn�z� = 0 �0 � z � L� , �24a�

and

d2Wn�z�
dz2 +

�n
2

C1
2Wn�z� = 0 �L � z � Zs� . �24b�

Applying the boundary conditions �22a�–�22d�, we obtain
the mode functions

Wn�z� = �cos��nz/C0� if 0 � z � L

Bnsin��n�Zs − z�/C1� if L � z � Zs
� �25a�

with

Bn =
cos��nL/C0�

sin��n�Zs − L�/C1�
. �25b�

The mode frequencies, �n, are solutions of the transcendental
equation

1

�0C0
cot��nL

C0
� =

1

�1C1
tan��n�Zs − L�

C1
� , �26�

which we solve numerically to obtain the mode frequencies,
�n �n=0,1 ,2 ,…�. The index, n, is equal to the number of
nodes in the mode functions, Wn�z�.

A general displacement can be expanded in terms of the
harmonic modes as

U�z,t� = �
n=0




qn�t�Wn�z� . �27�

Substituting Eq. �27� for U�z , t� into Eqs. �20a� and �20b� and
taking the initial conditions �21� into account, we find that
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the expansion coefficients, qn�t�, satisfy a driven harmonic
oscillator equation

d2qn�t�
dt2 + �n

2qn�t� = Qn�t� , �28�

subject to the initial conditions qn�0�=dqn�0� /dt=0. The har-
monic oscillator driving term Qn�t� is given by

Qn�t� =

�
0

Zs

dz Wn�z�S�z,t�

�
0

Zs

dz Wn�z�2

. �29�

In our simple displacive model for photogeneration of
carriers, S�z , t�=S�z���t�, where ��t� is the Heaviside step
function. In this case, the lattice displacement is explicitly
given by

U�z,t� = �
n=0



Sn

�n
2 �1 − cos��nt��Wn�z� , �30�

with Sn defined as

Sn =

�
0

Zs

dz Wn�z�S�z�

�
0

Zs

dz Wn�z�2

. �31�

Using the lattice displacement �30�, we obtain the time-
dependent differential reflectivity at the probe frequency, �,
from Eq. �15�. The result is

�R

R
��,t� = �

n=0



Sn

�n
2 �1 − cos��nt��Rn��� , �32�

where

Rn��� = �
0

Zs

dz F�z,��
dWn�z�

dz
�33�

can be evaluated analytically.
With the above formalism, we solve for the lattice dis-

placement, U�z , t�, for a coherent LA phonon pulse propagat-
ing in a multilayer structure consisting of a 1.124 �m thick
GaN epilayer grown on top of an infinitely thick sapphire
substrate with the growth direction along z. We take the ori-
gin to be at the GaN-air interface and the GaN-sapphire in-
terface is taken to be at z=L=1.124 �m. We assume that
carriers are photogenerated in a single 240 Å thick
InxGa1−xN quantum well embedded in the GaN layer 0.1 �m
below the GaN-air interface and 1 �m above the sapphire
substrate. Our structure thus resembles the SQW sample
shown in Fig. 1�c�. In the GaN epilayer, we take C33
=379 GPa and �0=6.139 gm/cm3 �Ref. 18� from which we
obtain C0=7857 m/s. For the sapphire substrate, we take
C33=500 GPa and �1=3.986 gm/cm3 �Ref. 19� from which
we find C1=11 200 m/s.

The results of our simulation are shown in Fig. 7. A con-
tour map of the strain, �U�z , t� /�z, is shown in Fig. 7�a�. We

plot the strain as a function of the depth below the surface
and the probe delay time. Photoexcitation of electrons and
holes in the InGaN quantum well generates two coherent LA
sound pulses traveling in opposite directions. The pulses are
totally reflected off the GaN/air interface at z=0 and are
partially reflected at the sapphire substrate at z=1.124 �m.
Approximately 95% of the pulse energy is transmitted and
only 5% is reflected at the substrate. The speed of the LA
phonon pulses is just the slope of the propagating wave
trains seen in Fig. 7�a�, and one can clearly see that the LA
sound speed is greater in the sapphire substrate.

From the strain, the differential reflectivity can be ob-
tained from Eq. �15�. From Fig. 7�a�, the strains, �U�z , t� /�z,
associated with the propagating pulses are highly localized
and travel at the LA sound speed. Each pulse contributes a
term to the differential reflectivity that goes like

�R

R
��,t� � F�C0t,�� �

�

c
sin�2nb�

c
C0t + �� , �34�

where the sensitivity function F�z ,�� is given in Eq. �16�
and � is a phase angle. The period of the oscillations of F
depends on the probe wavelength, �=2�c /�, with the result
that the observed differential reflectivity oscillates in time
with period, T=�c / �nbC0��=� / �2nbC0�, where nb=2.4 is
the index of refraction, and C0=7857 m/s is the LA sound
speed in GaN. For �=377 nm ���=3.29 eV�, this gives us
T=10 ps. The sensitivity function, F�z ,��, is an oscillating
function in the GaN/InGaN epilayer and is assumed to van-
ish in the sapphire substrate. Our computed differential re-
flectivity is shown in Fig. 7�b� for a probe wavelength of �

FIG. 7. Generation and propagation of coherent acoustic
phonons photogenerated in a single InGaN well embedded in a free
standing 1.124 �m GaN epilayer grown on top of a sapphire sub-
strate. In �a�, a contour plot of the strain field, �U�z , t� /�z, is shown
as a function of depth below the GaN-air interface and the probe
delay. In �b�, the resulting differential reflectivity induced by the
strain field in �a� is shown as a function of the probe delay.
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=377 nm. We find that the reflectivity abruptly attenuates
when the strain pulse enters the sapphire substrate at t
=170 ps. The reflected strain pulses give rise to the weaker
oscillations seen for t�170 ps. These oscillations are pre-
dicted to continue until the reflected pulses are again par-
tially reflected off the sapphire substrate at t=430 ps.

IV. SIMPLE MODEL

Since the coherent oscillation observed in the differential
reflectivity stems essentially from the strain pulse propagat-
ing into the layers, most phenomena can be understood by a
simple macroscopic model that is presented in this section.

Instead of solving the loaded string equations for the
strain to obtain a propagating disturbance in the refractive
index, the propagating strain pulse at a given moment can be
viewed as a thin strained layer in the sample, where the index
of refraction is assumed to be slightly different from the rest
of the sample. This situation is schematically depicted in Fig.
8 where a fictitious thin GaN strained layer is located at z in
the thick host GaN layer. The thickness of the strained layer,
d, is approximately the width of the traveling coherent pho-
non strain field, �U�z , t� /�z, and is to be determined from the
microscopic theory. From the last section, it was seen that the
propagating strain field is strongly localized so that d is
small. In the example of the last section, d is approximately
equal to the quantum well width. Here, we assume the strain
pulse has been already created near the air/GaN interface and
do not consider its generation procedure. We treat d as a
phenomenological constant and also assume that the change
in the index of refraction is constant. This strained GaN layer
travels into the structure with the speed of the acoustic pho-
non wave packet C0=7�103 m/s, so the location of the
stained layer is given as z=C0� where � is the pump-probe
delay time.

Within the slowly varying envelope function approxima-
tion, the solutions to the Maxwell equation can be written as
plane waves in each region,

Ei�z,t� = aie
ikizi−i�t + bie

−ikizi−i�t, �35�

where Ei is the electric field in the left layer of ith interface,
and ai and bi are the slowly varying amplitudes. The mag-
netic field is given by Bi��Ei /�z. For a normally incident
probe field, we apply the usual matching conditions on E and
B to obtain

�ai

bi
� = Mi�ai+1

bi+1
� , �36�

where the transfer matrix, Mi, is given explicitly as

Mi =
1

2��1 +
ki+1

ki
�ei�ki+1−ki�zi �1 −

ki+1

ki
�e−i�ki+1+ki�zi

�1 −
ki+1

ki
�ei�ki+1+ki�zi �1 +

ki+1

ki
�e−i�ki+1−ki�zi� .

�37�

To apply this formula to our configuration, we normalize the
incident amplitude to 1, let r be the reflected amplitude in the
air, and impose the boundary condition that there is only a
transmitted wave into the sapphire substrate with amplitude t
and no reflected wave from the GaN-sapphire interface back
into the GaN epilayer. The latter assumption is reasonable
since the microscopic theory of the previous section shows
that only 5% of the pulse energy is reflected from the inter-
face between the GaN and the sapphire substrate. The total
reflection and transmission amplitudes r and t for the GaN
epilayer structure are determined by

�1

r
� = �M11 M12

M21 M22
�� t

0
� , �38�

where M=M1M2¯Mn. The reflection amplitude is
readily found to be

FIG. 9. Differential reflection for different frequencies of the
probe pulse. Plot �a� is experimental data and �b� comes from our
calculations.

FIG. 8. Propagating strained GaN layer in our simple model.
The pump laser pulse creates a coherent acoustic phonon wave
packet in the InGaN layer near the air/GaN surface, which is mod-
eled as a thin strained layer. The strained GaN layer propagates into
the host GaN layer. The index of refraction in the strained layer is
perturbed relative to the background GaN due to the strong strain
induced piezoelectric field �Franz-Keldysh effect�.
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r = M21/M11 = r0 + �r , �39�

where r0 is the background contribution without the strained
layer. The total transmission amplitude is given as t
=1/M11. We can now numerically calculate the differential
reflectivity by substituting r into Eq. �14�.

In Fig. 9, we compare our theoretical model with experi-
mental results. In Fig. 9�a�, the oscillatory part of the differ-
ential reflectivity is plotted as a function of probe delay for
three values of the probe photon energy. These are the same
data that were shown in Fig. 3 where it was seen that the
oscillation period of the coherent phonon reflectivity oscilla-
tions are proportional to the probe wavelength. In Fig. 9�b�,
we plot the corresponding theoretical differential reflectivi-
ties obtained from Eq. �14�. Comparing Figs. 9�a� and 9�b�,
we see that our geometrical optics model successfully ex-
plains the observed relation between the coherent phonon
oscillation period and the probe wavelength. However, the
calculated amplitudes of oscillation are inconsistent with the
experimental data because, in this case, we have not taken
into account the change of index of refraction with respect to
the probe wavelength, which we will do later in the paper.

In Fig. 10, we plot the differential reflectivity as a func-
tion of the probe delay for three different values of the
change in the index of refraction in the strained layer, �ñ. As
expected, the greater the change in index of refraction, the
greater the amplitude of the differential reflectivity oscilla-
tions. A larger change in the index of refraction implies that
more electron-hole pairs are excited near the air-GaN inter-
face, which acts as a stronger source for the coherent acous-
tic phonon reflectivity oscillations. These results are qualita-
tively consistent with the experimental results shown in Fig.
2. In Fig. 11, we fix the change in the index of refraction,
�n=0.01, and varied the thickness of the strained layer, d.
The result shows a larger amplitude for the differential re-
flection in wider strained layers, which is consistent with
what was experimentally observed in Fig. 5.

Both Figs. 10 and 11 suggest that the amplitude of the
differential reflectivity seems to increase monotonically with
�n and d. All of these features can be understood more easily

using the single-reflection approximation to the full formula
for the reflectivity in Eq. �39�. Assuming the change in the
index of refraction is small, ��ñ�	1, we may select contri-
butions from only terms proportional to �ñ in the infinite
Fabry-Perot series for the total reflection amplitude. The rel-
evant reflection processes selected are schematically depicted
in Fig. 12. In this case, the total reflection amplitude is given
by the leading terms in the Fabry-Perot series

r = r0 + r1 + r2 + O��ñ2� , �40�

where r0 is the background reflection amplitude, and the
first-order terms in �ñ are

r1 � − e2ikz�ñ, r2 � ei2k�z+d��ñ . �41�

To linear order in �ñ, the differential reflectivity Eq. �14�
becomes

�R

R
=

8 sin�kd�
n2 − 1

��n sin�2kz + kd� + � cos�2kz + kd��

=
8 sin�kd�

n2 − 1
��ñ�sin�kd�sin�2kz + �� , �42�

where the phase � is given by

FIG. 10. The differential reflection calculated numerically using
Eq. �14� for three different values in the change in index of refrac-
tion. The parameters used are nb=2.65, �=3.29 eV, d=30 nm, L
=1 �m, and Cs=7000 m/s. �Note that the curves are sifted to avoid
overlapping.�

FIG. 11. Calculated differential reflection for different values of
the thickness of the strained GaN layer. The parameters are nb

=2.65, �=3.29 eV, L=1 �m, and Cs=7000 m/s. The change in the
index of refraction in the strained GaN layer was assumed to be
�n=0.01.

FIG. 12. Schematic diagram of the single-reflection approxima-
tion in the Fabry-Perot reflection; where we have selected the pro-
cesses only proportional to �ñ �=n�−n�.
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� = kd + arctan� �

�n
� . �43�

Note that for small values of kd, we can expand Eq. �42� in
a Taylor series to obtain

�R

R
=

8kd

n2 − 1
��n sin�2kz� + � cos�2kz�� �44�

to first order in kd.
From Eq. �42�, one can see that the amplitude of the os-

cillation scales linearly with the change in the real part and
imaginary part of the index of refraction, respectively.

Since the strain-pulse front moves with the speed of
sound, z=C0t, one can rewrite Eq. �42� as

�R

R
��,t� � ��ñ�sin�kd�sin�2�

t

T
+ �� , �45�

where T=�c / �nbC0��=� / �2C0nb�. Note that in the long-
wavelength limit, kd→0, Eq. �45� is equivalent to Eq. �34�
of the microscopic theory described in the last section.

Equation �45� shows that the period of oscillations in the
differential reflectivity is given by T and hence is determined
by the wavelength of the probe pulse. This is consistent with
what was seen in these experiments, but differs from previ-
ous experiments where the frequency of coherent phonon
oscillation was determined by the sample and not the exter-
nal probe. Note also that Eq. �45� explains the experimental
dependence of the amplitude of the oscillation. It is propor-
tional to the change in the index of refraction and varies with
sin�kd�, and hence will increase linearly with the thickness of
the strained layer as well as the probe frequency � for kd
=nb�� /c�d	1.

Finally, we would like to mention the possibility of using
multiple pump pulses to coherently control the generated co-
herent phonons in the epilayers. There have already been
quite a few coherent control experiments with multiple quan-
tum wells from several different groups, such as Sun,20

Özgür,21 and Nelson.22 In the InGaN/GaN epilayer systems,
the effect of multiple pump pulses should be more prominent
than in AlGaAs/GaAs systems because of the stronger
piezoelectric field. This might lead to novel applications in
imaging, or possibly new devices based on coherent acoustic
phonons.

V. CONCLUSION

We have presented a theory for the detection of a new
class of large amplitude coherent acoustic phonon wave
packets in femtosecond pump-probe experiments on
InxGa1−xN/GaN epilayers and heterostructures. The
InGaN/GaN structures are highly strained, and at high In
concentrations have large built-in piezoelectric fields which
account for the large amplitude of the observed reflectivity
oscillations. This new class of coherent acoustic phonons is
generated near the surface and propagates into the structure.
The frequency of the reflectivity oscillations is found to be
proportional to the frequency of the probe. These coherent
phonon wave packets can be used as a powerful probe of the
structure of the sample. We are able to model the generation
and propagation of these acoustic phonon wave packets us-
ing a simple string model which is derived from a micro-
scopic model for the photogeneration and propagation of co-
herent acoustic phonon wave packets in InGaN/GaN
multiple quantum wells. Our model successfully predicts the
observed dependence of the coherent phonon reflectivity os-
cillations on probe wavelength and epilayer thickness.
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