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We use Raman scattering to investigate the composition behavior of the E2h and A1(LO) phonons

of InxGa1�xN and to evaluate the role of lateral compositional fluctuations and in-depth strain/

composition gradients on the frequency of the A1(LO) bands. For this purpose, we have performed

visible and ultraviolet Raman measurements on a set of high-quality epilayers grown by molecular

beam epitaxy with In contents over a wide composition range (0.25 < x < 0.75). While the

as-measured A1(LO) frequency values strongly deviate from the linear dispersion predicted by the

modified random-element isodisplacement (MREI) model, we show that the strain-corrected

A1(LO) frequencies are qualitatively in good agreement with the expected linear dependence. In

contrast, we find that the strain-corrected E2h frequencies exhibit a bowing in relation to the linear

behavior predicted by the MREI model. Such bowing should be taken into account to evaluate

the composition or the strain state of InGaN material from the E2h peak frequencies. We show that

in-depth strain/composition gradients and selective resonance excitation effects have a strong

impact on the frequency of the A1(LO) mode, making very difficult the use of this mode to evaluate

the strain state or the composition of InGaN material. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.3693579]

I. INTRODUCTION

Group-III nitride semiconductors (AlN, GaN, InN, and

related alloys) are already employed in a variety of commer-

cial device applications, including InGaN/GaN light emitting

diodes and lasers operating in the green-to-blue spectral

range, and AlGaN/GaN high-power microwave transistors.

The discovery of the low energy bandgap value of InN

(0.67 eV) gave rise to renewed research interest in the InGaN

ternary alloy, the bandgap of which can be tuned to cover the

entire visible spectral range, from the ultraviolet (UV) down

to near-infrared wavelengths. This unique property could be

exploited for the fabrication of high-efficiency multijunction

solar cells, infrared detectors or white-light emitting devices.

However, the performance of the applications based on

In-rich InGaN alloys is still limited by the poor crystalline

quality of the as-grown material. A great deal of research

work is currently being devoted to produce InGaN samples

with improved crystal quality.1,2

Raman scattering is a highly valuable tool to investigate

and characterize semiconductor materials and structures. In

the case of ternary and quaternary alloys, Raman scattering

provides a powerful, non-destructive means to evaluate the

composition of the samples (see Ref. 3 for a review on III-V

alloys). Numerous studies have been devoted to study the

vibrational properties of hexagonal InGaN thin films4–21 and

InGaN/GaN quantum wells.22–24 Although it is well accepted

that both the A1(LO) and the E2h phonon modes of InGaN

display a one-mode behavior,15,16 there are still open ques-

tions regarding the behavior of the optical phonons in the

InGaN alloy. While the modified random-element isodis-

placement (MREI) model25 predicts that the frequency of

both modes varies linearly from those of the two binary end-

members (GaN and InN), some authors have measured E2h

frequencies that seem to exhibit a significant bowing in rela-

tion to the linear frequency dependence.9,10,13,21 On the other

hand, strong deviations from the linear behavior have also

been observed for the A1(LO) polar mode of bulk InGaN

(see for instance the data over the whole composition range

reported in Ref. 16. Such deviations are usually attributed to

the strain of the samples.12,20 However, many authors have

shown that the A1(LO) frequency strongly depends on the

excitation wavelength and/or on temperature, and different

effects have been invoked to explain the observations:

i) strain and/or compositional gradients over depth;13,19

ii) compositional inhomogeneities giving rise to selective
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resonant excitation of domains with a particular In con-

tent;5,7,15,17 iii) relaxation of the wave-vector selection

rule.18 Thus, it remains necessary to identify which mecha-

nisms are actually playing a key role in the behavior of the

A1(LO) mode of InGaN.

In the present work we use resonant and non-resonant

Raman scattering to investigate the behavior of the A1(LO)

and E2h modes in InxGa1�xN epilayers grown by molecular

beam epitaxy (MBE) (0.25 < x < 0.75). Given that the fre-

quency of the optical phonons is highly sensitive to the strain

state and composition of the samples, we first present a struc-

tural and optical characterization of the InGaN epilayers.

High-resolution x-ray diffraction (HRXRD) is used to deter-

mine the In composition and the strain state of the InGaN

epilayers. The In content of the epilayers is further confirmed

by photoluminescence (PL) and cathodoluminescence (CL)

measurements. The degree of (lateral) compositional homo-

geneity of the samples is also studied by CL. Both the reso-

nant and non-resonant spectra reveal that the frequency of

the A1(LO) mode strongly deviates from the expected linear

dependence in the samples with 0.25 < x < 0.44. We show

that such strong deviations can be mainly attributed to strain

effects. In contrast, we find that the strain-corrected E2h fre-

quencies are redshifted over the whole composition range in

relation to the linear behavior, in agreement with previous

observations on Ga-rich samples.9,10 The possible role of lat-

eral compositional fluctuations and in-depth strain/composi-

tion gradients on the frequency behavior of the A1(LO) mode

of InGaN is analyzed and discussed.

II. EXPERIMENT

The InGaN epilayers used in this work, with nominal

thicknesses in the 0.2–0.96 lm range, were grown by

plasma-assisted MBE on (0001)-sapphire substrates with a

4-lm thick GaN buffer layer. Details of the growth proce-

dure can be found elsewhere.26 HRXRD measurements were

performed with a Philips X-Pert PRO diffractometer. Recip-

rocal space maps (RSMs) around the symmetrical (00.2) and

the asymmetrical (11.4) and (01.5) reflections were obtained.

From the analysis of the RSMs, the composition and strain

state of the InGaN epilayers were evaluated. For details of

the procedure, see Ref. 27. Table I shows the In molar frac-

tion and the degree of plastic relaxation of these samples as

obtained from the RSMs.

PL spectra were acquired with a FHR1000 Jobin-Yvon

spectrometer equipped with a Peltier-cooled CCD camera

(514.5-nm excitation). Sample A1182 (x¼ 0.75) was not

included in the PL study because the optical emission of this

sample is below the detection limit of the experimental set-

up. CL measurements were performed in order to study the

lateral homogeneity of the InGaN layers at the sub-micron

scale. The CL measurements were carried out at low temper-

ature (80 K) on four of the samples (A969, A1004, A1010,

and A1018). A XiCLOne (Gatan UK) CL system equipped

with a Peltier-cooled charge-coupled device (CCD) camera

was employed.

Raman scattering measurements were performed at

room temperature in backscattering configuration using a

Jobin-Yvon T64000 spectrometer equipped with a liquid

N2-cooled CCD. The experiments were carried out with the

514.5-nm line of an Arþ laser for resonant or near-resonant

excitation conditions (samples with 0:25. x. 0:44), and

with the 325.0-nm line of an He-Cd laser for non-resonant

conditions.

III. RESULTS AND DISCUSSION

A. Structural and optical-emission characterization

Given that the frequency of the optical phonons of

InGaN is strongly affected by the In content and strain state

of the samples, we first carried out a structural and optical

characterization of the InGaN epilayers studied in this work.

HRXRD measurements were performed to evaluate the com-

position and the degree of lattice-constant relaxation in six of

the samples (A969, A1004, A1010, A1035, and A1177).

Figure 1 shows selected x-ray rocking curves [(00.2) reflec-

tion] for samples A1004 (x¼ 0.33), A1035 (x¼ 0.44), and

A1177 (x¼ 0.68). Importantly, no phase segregation is

observed in any of the rocking curves. The broadening of the

x-ray reflections suggests that strain and/or composition gra-

dients may exist along the growth direction. Lateral composi-

tion/strain fluctuations may also contribute to the observed

broadening.

The nominal thickness of all the InGaN epilayers stud-

ied here, in the 0.2–0.96 lm range, is above the expected

critical layer thickness.28 Thus, a partial strain relaxation can

be anticipated in all the epilayers. RSMs around the symmet-

rical (00.2) and the asymmetrical (11.4) or (01.5) reflections

TABLE I. Indium molar fraction (x), degree of plastic relaxation (R), and

thickness (d) of the MBE-grown InxGa1�xN epilayers studied in this work.

For samples A969, A1004, A1035, and A1177, x and R were obtained from

HRXRD measurements. For samples A1018 and A1182, x and R were esti-

mated by using the HRXRD data from similar InGaN epilayers.

Sample In content (x) Plastic relaxation (R) (%) Thickness (d) (nm)

A969 0.25 68% 200

A1004 0.33 40% 960

A1010 0.34 57% 710

A1018 0.42 �50% 710

A1035 0.44 50% 560

A1177 0.68 100% 500

A1182 0.75 �100% 500

FIG. 1. HRXRD rocking curve corresponding to the (00.2) reflection of

three InxGa1�xN epilayers with x¼ 0.33 (sample A1004), x¼ 0.44 (sample

A1035), and x¼ 0.68 (sample A1177).
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were obtained for samples A969, A1004, A1010, A1035,

and A1177 (not shown). From both the symmetrical and

asymmetrical RSMs, information about the in-plane and out-

of-plane lattice spacings can be simultaneously obtained,

and thus the average In content and the strain state of the

InGaN epilayers can be evaluated.27 In the case of samples

A1018 and A1182, the In composition and the degree of lat-

tice relaxation have been evaluated by using the HRXRD

data of InGaN epilayers grown under similar conditions. On

the other hand, sample A969 exhibited a fairly nonuniform

color across the whole wafer. Most probably, the results

obtained for this particular sample have larger errors than

those obtained for the rest of epilayers. Table I shows the In

molar fraction and the degree of plastic relaxation, R, thus

obtained. R(%) is defined as a function of the in-plane com-

ponent of the strain tensor for the epilayer, �k ¼ [(a� a0)/a0]

(a is obtained from the HRXRD measurements), so that

�k ¼�[(aGaN � a0)/a0](R(%) � 100)/100, where aGaN is the

in-plane lattice parameter of the GaN substrate and

a0¼ xaInNþ (1 � x)aGaN corresponds to the relaxed lattice

parameter of InxGa1�xN. As can be seen in Table I, the

resulting R values show that only the In-rich samples

(x >� 0:68) are fully relaxed, while the rest of samples are

partially relaxed, with R values ranging from 40% to 70%.

As in the case of the HRXRD curves of Fig. 1, none of

the RSMs obtained from our samples (not shown) displayed

any signal of phase segregation. The RSMs confirmed that

strain and/or composition gradients exist in these epilayers.

However, the RSMs did not allow us to discern between

composition and strain gradients, as performed for instance

in Ref. 29. Nevertheless, the broadening of the x-ray peaks

in Fig. 1 can still be used to obtain a rough estimation of the

maximum variation of the lattice parameter along the growth

direction, Dc, that may arise from in-depth strain and/or

composition gradients. For this purpose, we use Bragg’s law

and assume that all the observed broadening in the (00.2)

reflections is originated by in-depth changes in the lattice pa-

rameter c. Note that for the present discussion we are delib-

erately neglecting the contribution of other sources of peak

broadening (i.e., the finite coherence length of the microcrys-

talline domains, microstrain effects, lateral compositional

fluctuations, etc.) because our goal is to find an upper limit

for the impact of in-depth compositional/strain gradients on

the observed broadening. Thus, from the width of the (00.2)

reflections we estimate that Dc. 0:03 A
�

in all our samples.

In the following sections this value will be used to delimit

the impact of strain and composition gradients on the fre-

quency of the A1(LO) phonon mode of InGaN.

To confirm the In-content values obtained by HRXRD

and obtain additional information about the lateral homoge-

neity of the InGaN layers, PL and CL measurements were

carried out on several of the samples studied in this work.

The PL peak emission energy obtained for all the samples

investigated (not shown) was found to be in good agreement

with that measured on InGaN samples of similar composi-

tions.30 All samples displayed a single, well-defined PL

emission band, thus confirming that no measurable phase

segregation is present in our samples. This was further corro-

borated with CL measurements, which allow one to probe

the compositional homogeneity of InGaN epilayers and

heterostructures at the submicron scale.14 Fig. 2 shows a

typical low-temperature (80 K) CL spectrum of these

epilayers, corresponding to a sample with x¼ 0.42 (sample

A1018). As in the case of the PL measurements, the CL

spectra are dominated by a single peak. The inset of the

figure shows a mapping of the CL peak wavelength corre-

sponding to a sample area of 2 lm � 6 lm. As can be seen

in the figure, the CL signal is highly homogeneous, with

peak-wavelength variations that are lower than 3 nm over

the whole area investigated. Similar results were obtained in

the rest of samples investigated with the exception of sample

A1004 (x¼ 0.33), where small submicron domains weakly

emitting 0.2-0.3 eV below the average emission energy were

found to appear in the CL mappings. Such CL signal, arising

from regions with slightly larger In contents, is fully compat-

ible with the broadening of the HRXRD reflections and may

be attributed to dot-like In-rich regions near the surface of

the InGaN epilayers.31,32 In the rest of epilayers the CL sig-

nal was highly homogeneous, with no evidence of InN-rich

segregated phases.

B. Raman scattering by A1(LO) and E2h phonons

Figure 3 shows Raman spectra of four representative

InxGa1�xN epilayers. The measurements of Fig. 3 were

excited at room temperature with 325.0-nm radiation.

Although this excitation wavelength (3.81 eV) is far away

from the fundamental band-gap of the InxGa1�xN samples

investigated in this work (�2.4 eV for x � 0.3), a significant

intensity enhancement of the A1(LO) mode in relation to the

E2h peaks is observed with increasing Ga content. This indi-

cates that the Fröhlich interaction mechanisms contribute

strongly to the A1(LO) signal observed in the Ga-rich sam-

ples. Taking into account the large energy difference

between the excitation radiation and the fundamental band-

gap of the samples, the enhancement of the A1(LO) bands

with increasing Ga content can be attributed to a disorder-

induced broadening of the resonance profile. Similar results

have been reported in disordered III-nitride samples such as

ion-beam implanted GaN.33

The spectra of Fig. 3 exhibit the expected one-mode

behavior for both the E2h and A1(LO) modes, as predicted

by the MREI model25 and reported in previous studies over

FIG. 2. (Color online) CL spectrum at 80 K of an InxGa1�xN epilayer with

x¼ 0.42 (sample A1018). The inset shows a mapping of the CL peak wave-

length over a sample region of 2 lm � 6 lm.
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the entire composition range of the alloy.15,16 A broad fea-

ture is also visible in all the spectra below the A1(LO)

band.12,13,15,17,19 The intensity of this band, which is usually

labeled as “S band” in the literature,12,17 is maximum in rela-

tion to the E2h mode for intermediate In compositions, i.e., in

the samples with the highest degree of alloy disorder. Thus,

most authors attribute this feature to Raman scattering by

disorder-activated optical modes arising from alloy disorder.

As discussed in Ref. 17, it cannot be ruled out that this band

has an important contribution from the B1 silent mode.

When the laser excitation approaches the direct band-

gap of InxGa1�xN, the A1(LO) band displays a dramatic in-

tensity increase because the A1(LO) phonon is resonantly

excited via the Fröhlich interaction mechanisms. This is

illustrated in Fig. 4, which shows selected room-temperature

Raman spectra of the InGaN epilayers studied in this work,

excited with the 514.5-nm line of an Arþ laser. This excita-

tion wavelength yields resonant or near resonant conditions

for the Ga-rich samples. In this case, strong multiphonon

bands are also observed (not shown, see for instance Refs.

15 and 16). In the particular case of the sample with

x¼ 0.68, the bandgap of which is lower than 1.3 eV, the

514.5-nm spectrum (Fig. 4) shows an increased A1(LO)/E2h

intensity ratio in relation to the 325.0-nm spectrum (Fig. 3).

Thus, in the 514.5-nm spectra of the In-rich samples the

Fröhlich mechanisms still contribute to the A1(LO) signal,

which again is a consequence of disorder-induced broaden-

ing of the resonance profile.

Figure 5 shows the composition dependence of the

A1(LO) peak frequency for all the samples studied in this

work as obtained from the 325.0- and 514.5-nm Raman spec-

tra. In the case of the two In-rich samples it was not possible

to determine the A1(LO) peak frequency from the UV meas-

urements because, as can be seen in Fig. 3, the A1(LO) mode

is weaker and superimposed to the S band. In Fig. 5 the solid

line represents the frequency behavior predicted by the

MREI model,25 i.e., the linear interpolation between the GaN

and InN frequency values. Even considering the relatively

large errors associated with the In content determination by

HRXRD, it is clear that the Ga-rich samples (x < 0.5) do

not follow the frequency dependence predicted by the

MREI model, while only the In-rich samples seem to exhibit

the linear behavior. Similar observations were reported by Her-

nández et al. 15 and by Ager et al., 16 who found that in the 0.2

< x < 0.5 range the frequency of the A1(LO) mode tends to be

significantly upshifted in relation to the predictions of the

MREI model. On the other hand, the figure also shows that the

peak frequencies extracted from the visible spectra are consis-

tently higher, around 7–10 cm�1, than those obtained with the

UV measurements. The possible origin of these shifts will be

discussed later.

C. Strain-corrected A1(LO) and E2h frequencies

As observed by HRXRD, our Ga-rich samples exhibit

significant degrees of lattice strain. On the other hand, the

fact that only the In-rich (i.e., fully-relaxed) samples seem to

follow the frequency behavior predicted by the MREI model

suggests that the A1(LO) frequency of the Ga-rich epilayers

must be strongly affected by strain. To further evaluate this

point, we have calculated the A1(LO) frequency in strain-free

InxGa1�xN, x0(x), as a function of the In molar fraction (x)

by using the A1(LO) frequencies measured in our samples,

xexp., and correcting them for strain according to the plastic

FIG. 3. Selected room-temperature Raman spectra of the InxGa1�xN epi-

layers studied in this work, excited with 325.0-nm radiation. The marks on

the top axis show the frequency position of the E2h and A1(LO) modes of the

pure binary end memebers of the alloy. For scaling reasons, the spectra have

been normalized to the E2h intensity and vertically shifted.

FIG. 4. Selected room-temperature Raman spectra of the InxGa1�xN epi-

layers studied in this work, excited with 514.5-nm light. The spectra have

been normalized and vertically shifted for scaling reasons. In the spectra of

the Ga-rich epilayers, a strong luminescence background has also been

subtracted.

FIG. 5. Experimental frequency values for the A1(LO) mode of InGaN as a

function of In composition. Squares correspond to visible measurements

(514.5-nm excitation) whereas triangles correspond to UV experiments

(325 nm). The solid line displays the composition dependence of the A1(LO)

frequency predicted by the modified random-element isodisplacement model

(Ref. 25).
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relaxation values obtained by HRXRD (see Table I). Note

that in the case of the two In-rich epilayers, the strain-

corrected frequency values just correspond to the experimen-

tal frequencies, since these two samples are fully relaxed as

indicated by the HRXRD measurements. For the calculations,

we have assumed biaxial strain conditions and we have used

the standard expression for the strain-induced phonon fre-

quency shift in wurtzite compounds together with the appro-

priate phonon deformation potentials, ak(x) and bk(x), as a

function of In content,

x0ðxÞ ¼ xexp: � bkðxÞ �
akðxÞC33ðxÞ

C13ðxÞ

� �
�?; (1)

where C13(x) and C33(x) are elastic constants for the wurtzite

crystal and �\¼ [(c � c0)/c0] is the out-of-plane component

of the biaxial strain, with c0¼ xcInNþ (1 � x)cGaN. The

phonon deformation potentials for the pure GaN and InN

compounds have been taken from Refs. 34 and 35, and we

have used the A1(LO) frequency values obtained with the

non-resonance measurements (325.0 nm in the case of the

Ga-rich samples) to minimize possible frequency shifts aris-

ing from selective resonant-excitation effects (see discussion

below). We show in Fig. 6 the resulting frequency values for

the A1(LO) mode in strain-free InxGa1�xN as a function of x.
As can be seen in the figure, the strain-corrected A1(LO) fre-

quencies are much closer to those predicted by the MREI

model, which confirms that strain strongly affects the fre-

quency behavior of the A1(LO) mode of the InGaN alloy.

Similar conclusions were reached by Correia et al. 12 on

pseudomorphic InxGa1�xN epilayers in the low-In composi-

tion range (x < 0.11). In that work, the A1(LO) mode was

found to be almost composition independent owing to the

opposite contribution of biaxial strain and In content. In the

case of the present work, the observed deviations between

calculated and experimental A1(LO) frequencies (Fig. 6) can

be most probably attributed to the relatively large errors in

the evaluation of the strain and composition of the samples

by HRXRD, and also to errors in the phonon deformation

potential values used in the calculations. However, as can be

seen in Fig. 6, the strain-corrected A1(LO) frequency values

are still higher than the predictions of the MREI model. With

regard to this, one should also recall that the probe depth of

the UV Raman measurements (a few nanometers) is much

smaller than that of the HRXRD measurements. Thus, the

effective R values corresponding to the shallowest regions of

the epilayers probed by the UV light (i.e., the more relaxed

regions) may be expected to be larger than the R values

given in Table I. This implies that the A1(LO) frequency val-

ues of Fig. 6 have been overcorrected (i.e., the strain-

corrected A1(LO) frequency values of the figure should

actually lie more separated from the MREI predictions).

More work should be carried out in order to ascertain if the

results of Fig. 6 can be solely attributed to experimental

errors or to an additional effect. For instance, the observed

deviations could be originated by a contribution of the for-

bidden E1(LO) mode due to disorder or to sample mosaicity,

as occurs in disordered III-nitrides36,37 or in nanostructured

material.38,39

A similar analysis using the appropriate phonon defor-

mation potentials can be applied to obtain the compositional

dependence of the frequency of the E2h mode in strain-free

InxGa1�xN. Figure 7 shows the calculated frequency values

for the E2h mode of strain-free InxGa1�xN for the samples

studied in this work. ak and bk values for the E2h mode of

GaN and InN have been taken from Refs. 34 and 35. For the

In-rich samples the E2h data points just correspond to the

experimental values since, as observed by HRXRD, these

samples are fully relaxed. In the figure, we have included

data points from Refs. 10 and 21 and also from the In-rich

samples of Ref. 16. Clearly, the strain-corrected E2h frequen-

cies do not follow the expected linear dependence predicted

by the MREI model25 but exhibit a marked bowing effect.

A fit to the data of Fig. 7 with an expression of the type

x(x)¼ xxInNþ (1 � x)xGaN� bx(1 � x), where x(x) is the

frequency of the E2h mode for a given composition x, yields

a value of b¼ 46 cm�1. In Ref. 10, a similar observation in

InxGa1�xN films with x < 0.5 led the authors to conclude

that the E2h mode exhibits a two-mode behavior, as occurs in

AlxGa1�xN.40 In the present work, using data over the whole

composition range, we conclude that the E2h mode of

InxGa1�xN exhibits a one-mode behavior and suffers a strong

bowing effect. Very recent work by Kim et al. 21 seems to

point in the same direction. The observed frequency bowing

might be related to a disorder-induced mixing between the

E2h and E1(TO) phonons, since the atomic vibrations of these

FIG. 6. Strain-corrected frequency of the A1(LO) mode of the InxGa1�xN

epilayers studied in this work as a function of x. The solid line represents the

linear composition dependence predicted by the modified random-element

isodisplacement model (Ref. 25).

FIG. 7. Strain-corrected E2h frequency values vs In molar fraction for the

InGaN epilayers studied in this work (triangles). Additional data reported in

the literature from strain-free samples have been included in the plot

(squares and circles). The solid line shows the result of a parabolic fit for all

the experimental points. From the fit, a bowing parameter equal to 46 cm-1

was obtained.
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two modes are both perpendicular to the c axis of wurtzite.

In the case of AlxGa1�xN, it has been reported that the E2h

and E1(TO) peaks from different scattering configurations

have identical shapes and frequencies, which has been attrib-

uted to mixing of these two modes.40 More work is necessary

in order to fully understand the origin of these observations.

D. Dependence on the excitation wavelength of the
A1(LO) frequency

As observed in Fig. 5, the A1(LO) peak frequencies

obtained from the UV Raman spectra of our InxGa1�xN sam-

ples (0.25 < x < 0.45) are consistently lower than those

obtained with the visible measurements. Note that the pres-

ent measurements did not allow us to study the wavelength

dependence of the E2h peaks, since this mode was only visi-

ble under non-resonant excitation conditions.

Significant frequency variations of the A1(LO) mode of

InGaN as a function of the excitation wavelength have been

reported in the literature.13,15,17–19 Different effects such as

strain/compositional gradients,13,19 selective resonant excita-

tion,5,7,15,17 or disorder-induced breakdown of wave-vector

conservation18 have been invoked to explain the observed

shifts.

With regard to the latter effect, it should be noted that

the participation of phonons with increased wave-vectors for

excitation wavelengths approaching the band-gap of the ma-

terial would be expected to yield lower A1(LO) frequen-

cies.18 In the case the present study we observe the opposite

effect, i.e., close to resonance (514.5 nm) the frequency of

the A1(LO) mode in the Ga-rich samples is significantly

higher than in the case of the UV spectra. Hence, wave-

vector non-conservation can be ruled out as the underlying

mechanism giving rise to the results of Fig. 5.

On the other hand, strain and/or compositional gradients

are good candidates to explain the observed frequency varia-

tions of the A1(LO) mode.13,19 The presence of in-depth

strain and composition gradients in the InGaN alloy seems to

depend on the particular growth method and growth condi-

tions. For instance, Pereira et al.29 showed that the relaxation

of strain in InGaN epilayers grown by metal organic chemi-

cal vapor deposition (MOCVD) is accompanied by increased

In contents. Similarly, Wang et al.41 reported increased In

contents along the growth direction in Ga-rich InGaN layers

grown by MOCVD. Quantum-dot-like emission from In-rich

regions arising from the upper part of MOCVD-grown

InGaN epilayers has been reported.32 On the other hand, the

laterally averaged In content was found to be constant, and

even to slightly decrease along the growth direction, in

InGaN epilayers grown by MBE.42

Bearing in mind the strong impact of strain on the fre-

quency of the A1(LO) and E2h phonons of InGaN (see Fig. 6

and related discussion), one should recall that the 325.0-nm

excitation radiation only probes the shallowest regions of the

epilayers (�35 nm in the case of GaN). Thus, the lower

A1(LO) peak frequency obtained with the UV Raman meas-

urements in the Ga-rich samples might be partly accounted

for by a higher degree of strain relaxation and/or a higher In

content of the shallowest regions in comparison to the deeper

regions probed by the 514.5-nm light. As discussed in Sec.

III A, the x-ray reflections observed with HRXRD are fairly

broad, indicating that strain and/or composition gradients

may exist in the epilayers along the growth direction.

Unfortunately, given that the enhancement of In content

along the growth direction is in general linked to the strain

relaxation of the InGaN films,41 it is very difficult to discrim-

inate between in-depth strain gradients and composition gra-

dients from the Raman spectra alone.

To understand the results of Fig. 5 and also to shed addi-

tional light on the origin of the large dispersion of results in

the literature regarding the behavior of the A1(LO) mode of

InxGa1�xN, we have performed a series of simple calcula-

tions to evaluate the impact of lateral compositional fluctua-

tions and of strain/composition gradients on the frequency of

this mode. The aim of such calculations is not to find out the

exact mechanism underlying our experimental results and

those reported in the literature, but to provide additional

clues about the impact of each effect on the Raman spectra

of InGaN alloys.

1. In-depth composition and strain gradients under
non-resonant conditions

First, we concentrate on in-depth composition gradients

for non-resonance Raman scattering by the A1(LO) mode of

InGaN. We make use of the Dc value extracted from the

HRXRD spectra and assume, for simplicity, that all the

broadening of the (00.2) x-ray reflections (see Fig. 1) solely

arises from in-depth compositional gradients, with no contri-

bution of strain gradients. As discussed in Sec. III A, we esti-

mate that the observed peak broadening roughly corresponds

to lattice-parameter variations lower than 0:03 A
�

. Using

Vegard’s law for the composition dependence of the relaxed

lattice parameter of InxGa1�xN, we infer that the maximum

in-depth composition gradients that may be present in our

samples are of the order of Dx¼ 0.05–0.08. Taking into

account the linear composition dependence of the A1(LO)

mode of InGaN predicted by the MREI model, we estimate

that such x variations should yield frequency shifts of about

7�12 cm�1, consistent with the frequency shift of the

A1(LO) mode that we observe between the visible and UV

Raman measurements (7�10 cm�1).

Conversely, if we assume that all the broadening

observed by HRXRD in the (00.2) reflections is solely origi-

nated by in-depth strain gradients, the corresponding A1(LO)

frequency variation can be estimated through error propaga-

tion arguments from the derivative of Eq. (1) and employing

the definition of �\,

Dxexp ¼ bkðxÞ �
akðxÞC33ðxÞ

C13ðxÞ

� �
Dc

c0ðxÞ
: (2)

By using this expression together with the value Dc. 0:03 A
�

extracted from the x-ray reflections, we estimate that the

A1(LO) mode of InxGa1�xN should exhibit frequency shifts

of �10–12 cm-1 in our samples. These values are also com-

patible with the observed frequency shift exhibited by the

A1(LO) mode observed in our samples as a function of the
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excitation wavelength. Following these analyses, it can be

concluded that a combination of in-depth strain relaxation

and compositional gradients may be very well responsible

for the consistently higher A1(LO) frequency values meas-

ured in our samples with 514.5-nm radiation relative to the

325.0-nm spectra.

2. Selective resonance excitation

The previous discussion has been restricted to non-

resonant conditions. Lateral compositional fluctuations have

not been considered since they are expected to yield broad-

ening of the Raman peaks, with no effect on the A1(LO) fre-

quency. With regard to resonant excitation, several authors

have reported frequency shifts of the A1(LO) mode of InGaN

as a function of the excitation wavelength that are most

likely related to selective resonant excitation of regions with

different In contents.5,7,15,17 In general, however, it is not

easy to discriminate in a particular sample between strain

effects and the selective excitation of the A1(LO) band, since

both types of effects may yield frequency shifts of equal or

opposite direction depending on the excitation wavelength

used to perform the Raman experiments. Note also that the

magnitude of the selective excitation on the frequency

behavior of the A1(LO) mode is expected to depend upon the

particular degree of compositional inhomogeneity of the

sample under study.

To qualitatively illustrate the effect of selective excita-

tion on the frequency of the A1(LO) frequency of InxGa1�xN,

we have performed a simple calculation of the A1(LO) pho-

non frequency under resonant excitation for a sample in

which the compositional inhomogeneity is assumed to follow

a Gaussian distribution. For simplicity, we consider only lat-

eral compositional fluctuations and neglect the effect of in-

depth fluctuations, since these should yield modified A1(LO)

line shapes due to the depth dependence of the absorption

coefficient related to different In contents. Within this crude

approach, theoretical Raman line shapes may be obtained

with the following expression:

IðxÞ ¼
ð

exp �ðx
0 � xÞ2

2r2

 !
L½xðx0Þ� 1

½Eexc �Egðx0Þ�2þC2
g

dx0;

(3)

where the first term in the integral corresponds to a Gaussian

distribution centered at a composition x and standard devia-

tion equal to r. In the previous expression, L(x) represents a

Lorentzian function for the A1(LO) bands arising from

domains with an In content equal to x0 (i.e., a Lorentzian

function centered at a frequency x(x0)¼ x0xInNþ (1 � x0)
xGaN as given by the MREI model). For simplicity, we have

taken a constant full-width at half maximum for the Lorent-

zian function L[x(x0)] equal to C¼ 5 cm-1. The last term of

Eq. (3) represents the profile of the resonant enhancement

for the Fröhlich interaction mechanisms which, following

Ref. 43, we have taken as a Lorentzian function. In the last

term of the equation, Eexc stands for the energy of the excita-

tion radiation, Eg(x0) is the fundamental bandgap of the alloy

for domains with a composition x0, and Cg is the broadening

parameter of the resonance profile. For simplicity, we have

assumed that Cg does not depend on In content, and we have

taken a value Cg¼ 0.1 eV to model the broad resonance pro-

file of the InGaN alloy.16

Figure 8 shows A1(LO) peak frequencies obtained with

Eq. (3) as a function of the energy of Eexc, for InxGa1�xN

material with an average In content of x¼ 0.3 and different r
values. As can be seen in the figure, for resonant excitation

below the bandgap energy (2.32 eV for x¼ 0.3) Eq. (3) pre-

dicts a downward frequency shift of the A1(LO) mode due to

the compositional fluctuations, with a minimum A1(LO)

peak frequency value that depends on r. As expected, the

effect of the compositional inhomogeneity on the frequency

shifts becomes larger when r is increased. For lower Eexc

values, far away from resonance, the theoretical A1(LO)

peak frequency tends to the A1(LO) frequency corresponding

to the average composition of the sample (x in Eq. (3)).

Conversely, the lateral composition fluctuations give rise to

an upward frequency shift of the A1(LO) mode for above-

bandgap excitation, reaching a maximum that again depends

on r. As can be seen in the figure, Eq. (3) predicts strong

shifts of the A1(LO) peak frequency, relative to the average

A1(LO) frequency, for excitation wavelengths just around

the average bandgap value of the material. In particular, the

model predicts frequency shifts as large as 10 cm-1 for

r¼ 6%. Note that similar compositional fluctuations, and

comparable upward frequency shifts for near-resonant

above-bandgap excitation, have been reported in the litera-

ture and attributed to compositional fluctuations.7 Thus, leav-

ing aside the simplicity of this model, the results of Fig. 8

show that selective resonance effects also play an important

role in the behavior of the A1(LO) mode in InGaN material

with significant degrees of compositional inhomogeneity.

This is clearly the case of many of the samples studied in the

literature.5,7,15,17

With regard to the samples studied in this work, the

higher A1(LO) frequencies measured in the Ga-rich epilayers

(0.25 < x < 0.45) under near-resonant excitation (514.5 nm)

in relation to the UV spectra (see Fig. 5) might be partly

explained by selective resonant-excitation effects. However,

FIG. 8. Calculated A1(LO) frequency of InxGa1�xN for resonant Raman-

scattering measurements as a function of the excitation energy. The theoreti-

cal curves are obtained within a simple approach in which the effect of

selective resonant excitation due to lateral compositional fluctuations is eval-

uated by assuming that the compositional inhomogeneities follow a Gaus-

sian distribution centered at a composition x. r is the standard deviation of

the Gaussian distribution. The curves in the figure were obtained for x¼ 0.3

and different values of r.
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as can be seen in Fig. 5, all the A1(LO) frequency values

extracted from the 514.5-nm spectra exhibit comparable fre-

quency shifts relative to the UV data, ranging from 7 up to

�10 cm-1. In contrast, the corresponding bandgap values of

these samples is drastically reduced from �2.3 eV for

x¼ 0.25 down to �1.6 eV for x¼ 0.43. Thus, different fre-

quency shifts arising from selective resonance effects should

be expected for these samples. The almost constant fre-

quency shift observed between the UV and visible spectra,

together with the high lateral homogeneity of the epilayers

as observed by CL (see Sec. III A), suggests that in-depth

strain/composition gradients are probably the main factors

responsible for the wavelength dependence of the A1(LO)

frequency in the samples studied in this work.

IV. CONCLUSION

We have performed Raman-scattering measurements on

a series of InxGa1�xN epilayers grown by MBE with In con-

tents in the 0.25-0.75 range. The Raman spectra of Ga-rich

samples (0.25 < x < 0.44) reveal that the frequency of the

A1(LO) mode is significantly higher than that calculated

within the framework of the MREI model,25 which predicts

a linear composition dependence between the GaN and InN

A1(LO) frequencies. In the case of In-rich samples, which

are fully relaxed, the experimental A1(LO) frequencies are in

much better agreement with the predictions of the MREI

model. The deviations observed for 0.25 < x < 0.44 can be

accounted for if the strain state of the layers is taken into

account. We have performed HRXRD measurements to eval-

uate the In content and strain relaxation of the samples, and

we have shown that the strain-corrected A1(LO) frequency

values are in agreement with the MREI model. We have ana-

lyzed the effect of in-depth strain gradients, in-depth compo-

sition gradients and selective resonant excitation on the

frequency of the A1(LO) mode of InxGa1�xN. These effects

have a strong impact on the frequency of this mode, making

very difficult to evaluate the strain state and/or the composi-

tion of the InGaN material from the A1(LO) peak frequency

alone. In the case of the E2h mode, we have shown that the

strain-corrected frequencies exhibit a clear bowing effect

over the whole composition range in relation to the linearly

interpolated values predicted by the MREI model. This bow-

ing effect has to be taken into account to evaluate from the

E2h frequency the composition and/or the strain state of

InGaN material.
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Skierbiszewski, J. Appl. Phys. 106, 113517 (2009).
28D. Holec, P. Costa, M. J. Kappers, and C. J. Humphreys, J. Cryst. Growth

303, 314 (2007).
29S. Pereira, M. R. Correia, E. Pereira, K. P. O’Donnell, E. Alves, A. D.

Sequeira, N. Franco, I. M. Watson, and C. J. Deatcher, Appl. Phys. Lett.

80, 3913 (2002).
30G. Franssen, I. Gorczyca, T. Suski,A. Kamińska, J. Pereiro, E. Muñoz, E.
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