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Summary. — A thorough investigation of the lineshape of phonon-assisted emis-
sion in a high-quality c-plane GaN epilayer is presented up to 200 K. Before address-
ing the lineshape analysis, we corrected distortions in the phonon replica spectra
due to etaloning effects, by performing photoluminescence and reflectivity measure-
ments. The comparison with existing models for phonon replicas shows that the
commonly adopted description of the exciton-phonon interaction involving a single
excitonic band leads to a large discrepancy with the experimental data. Only the
consideration of the complex nature of the excitonic band in GaN, including A and B
exciton contributions, allows accounting for the temperature dependence of phonon
replicas lineshape.

PACS 78.55.-m – Photoluminescence, properties and materials.
PACS 78.55.Cr – III-V semiconductors.
PACS 71.35.-y – Excitons and related phenomena.
PACS 71.38.-k – Polarons and electron-phonon interactions.

1. – Introduction

Exciton-phonon coupling is a fundamental interaction occurring in semiconductors,
both bulk and nanostructures, which strongly affects their optical and electrical prop-
erties [1, 2]. Different mechanisms, such as Fröhlich interaction, deformation and piezo-
electric potentials, rule the exciton-phonon interaction and the investigation of these
phenomena gives important insights on the relaxation, thermalization and transport
properties of carriers.

Usually the exciton-phonon interaction is stronger in ionic II-VI semiconductors, with
respect to the nearly covalent III-V compounds [1]. A remarkable effect of this interac-
tion is the presence, in II-VI materials, of intense phonon replicas (PRs) of the excitonic
emission, which are almost missing in GaAs and similar materials. At low temperatures,
excitonic recombination in high-quality ionic materials consists in the main radiative

c© Società Italiana di Fisica 119



120 L. CAVIGLI

free-exciton recombination lines (the so-called zero phonon lines (ZPL)) and their PRs
separated by an energy spacing close to h̄ωLO (corresponding to the longitudinal op-
tical phonon energy). The PR spectra not only contain information on the different
mechanisms ruling the exciton-phonon interaction, but they are also a useful tool for
investigating the exciton recombination kinetics and the corresponding density of states.
Therefore the PR lineshape and intensity have been indeed the subject of thorough ex-
perimental and theoretical investigations in different semiconductor materials and nanos-
tructures [1, 2].

Among III-V semiconductors, III-nitrides are unusual in so far as they exhibit a
large ionic character and in fact PRs are a common feature of excitonic recombinations
occurring in GaN-based systems [2]. Different models have been proposed to reproduce
the PR features: initially a configurational model has been considered to extract the
Huang-Rhys factor [3, 4] from the ratio of the intensity of the replicas which arise from
the radiative recombination of excitons assisted by the emission of n phonons. The
analysis of PRs originating from strongly localized excitons, or excitons bound to defects
was satisfactorily interpreted in the framework of this model [5, 6].

Only recently the quality of wurtzite GaN epilayers has been greatly improved and the
free-exciton recombination can prevail over the bound-exciton recombination even at low
temperature. Clear features arising from the A and B exciton recombinations have been
reported in the zero-phonon line photoluminescence (ZPL-PL) of GaN epilayers [7,8] and
even in quantum wells [9,10]. This has made possible the comparison with models where
the intrinsic nature of the exciton is considered. Detailed investigations have been already
reported concerning the phonon-induced thermal broadening of the excitonic lines and
the main characteristics of the phonon-assisted emission [11]. Until now, most of the
experimental studies on spectral shift [12-16], intensity [17-19] and lineshape [20, 13, 18,
19,15,16,21,8] of PRs emission with temperature (T ) have been performed in a restricted
T range (T < 100 K) and the corresponding data have been systematically modeled by
neglecting the B exciton contribution. A close analysis of the reported data, mainly those
at higher T concerning of PR spectral shift [12, 16] and lineshape [15, 12, 16, 13, 21, 19],
evidences only a poor agreement with the model predictions. Only few studies analyzed
the spectral lineshape, ascribing discrepancies with the model to the presence of residual
impurity scattering [21].

Recently, an analysis of PRs emission in an extended temperature range has been
reported [22], where the 1LO- and 2LO-phonon emission have been compared with the
commonly accepted model [23,24], showing that to fully reproduce the PRs spectral shift
in the whole investigated temperature range, both the A and B excitonic bands have to
be taken into account.

In this paper, a detailed analysis of 2LO PRs lineshapes as a function of temperature
(up to 200 K) of a high-quality non intentionally doped (nid) GaN epilayer grown on
a c-plane sapphire substrate is reported. We clearly show that, to fully reproduce the
experimental spectra, both the A and B excitonic bands have to be taken into account,
proving a very satisfactory agreement with the theoretical model when the complexity
of the GaN valence band is considered.

2. – Experimental details

The investigated sample is a 3 μm thick nid wurtzite GaN epilayer grown by metal
organic vapor phase epitaxy (MOVPE) on a c-plane sapphire substrate characterized by a
threading dislocation density lower than 1×109 cm−2. All measurements were performed
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Fig. 1. – PL spectrum (semi-log scale) at 10 K. The ZPL and PRs emission are highlighted.

with the sample placed in a closed-cycle cryostat, ranging the temperature between
10 K and 200 K. Reflectivity (R) measurements at normal incidence were carried out
using a CW Xe lamp. Time-integrated photoluminescence (TI-PL) measurements were
performed under nonresonant excitation by a frequency-doubled dye laser (wavelength
300 nm). R and PL experiments probed the same sample portion to ensure a careful and
systematic analysis of the bandedge properties. In both cases, the collected light was
detected by a cooled silicon CCD after dispersion through a 50 cm flat field spectrometer
offering a spectral resolution of 0.5 meV.

3. – Discussion

In fig. 1, a typical PL spectrum is shown at 10 K, where are clearly evidenced the
ZPL and PRs emission. The main spectral features observed in the ZPL at 10 K are
related to a neutral donor-bound exciton recombination (D0XA) and to the XA and XB

exciton radiative recombinations. The emission from the 2S state of XA excitons is also
detected at higher energy. Fitting the ZPL with a Gaussian lineshape allows to extract
an inhomogeneous broadening of the XA emission band of 1.5 meV HWHM, indicating
the high quality of the epilayer and its excellent strain homogeneity, corresponding to a
biaxial stress variation of ±1.0 kbar [25]. The energy separation between the excitonic
resonance XB and XA, derived from the reflectivity spectra (not shown), is EXB

−EXA
=

8.0 ± 0.5 meV, in agreement with the values reported in the literature for GaN epilayers
grown on c-plane sapphire [7]. The PRs at 10 K are also highlighted in fig. 1. Phonon-
replicas of D0XA and XA states are observed for the first and second order. An energy
separation of h̄ωLO = 92 ± 0.5 meV is measured between the D0XA state and its 1LO-
phonon replica, in agreement with Raman spectroscopy and Inelastic X-Ray scattering
results [26-28].
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We want to focus our attention on the dependence of the PRs lineshape on tempera-
ture. According to the established theory [23,24], the intensity of the n-th phonon replica
for a thermalized exciton distribution turns out to be given as

(1) In(EX + Ek − nh̄ωLO) ≈ Wn(Ek)ρ(Ek)e−
Ek

kBT ,

where EX is the ZPL transition energy, Ek is the exciton center-of-mass kinetic energy,
ρ(Ek) indicates the exciton density of states (DOS), Wn(Ek) is the energy-dependent
probability that an exciton with kinetic energy Ek recombines emitting n-phonons and
T is the excitonic temperature. In the framework of a perturbative approach to describe
the exciton-phonon interaction, Wn depends linearly on the energy Ek for 1LO replica
and it is energy-independent for 2LO replica, as a consequence of energy and momentum
conservation [23, 24]. The emission probability in eq. (1) is weighted by the Boltzmann
factor which accounts for a thermalized nondegenerate exciton distribution. If we con-
sider an ideal bulk sample we should therefore expect that different PRs have distinctive
features related to the density of states and the matrix element. In particular, different
spectral shapes are expected for the 1LO and 2LO-phonon emission.

As already discussed in [22], due to etaloning effects (see the modulation observed
in the reflectivity spectra, fig. 2a and b) in the transparent region of PR emission, any
direct comparison of PR-PL data with theoretical models, concerning either the peak
position or the lineshape, cannot be based on measured spectra, as usually done in the
literature, in particular for high temperatures. In fact, while at low temperatures the
reflectivity spectrum in the PR spectral region shows a modulation with a period much
larger than the full width half maximum of the PR lines (fig. 2a) and the experimental PR
lineshapes are independent of the investigated point of the sample, when increasing the
temperature we observe a structuring of the replica lineshapes, as shown in fig. 2b, where
data at T = 140 K are reported. Different PR lineshapes are found for different points
in the sample, denoting a spatially dependent nature of the PR structuring (possibly
related to local variation of the sample thickness and/or strain-induced refraction index
changes), while the ZPL lineshape (not reported here) does not change when probing
different spatial regions of the sample. Note that even the energy of the maximum of
the PR band is position-dependent. The appearance of structures in the replicas, as
the thermal broadening gets important, is an artifact caused by the etaloning effect, as
clearly shown by the reflectivity spectra. In fact, in the spectral region where very weak
absorption is present, we observe a strong modulation both in the reflectivity and PL
signals, with a coincidence of the modulation spacing observed in both R and PL spectra.
Given the energy scale of the interference pattern, the modification of the PR lineshape
gets more important as T ≥ 80 K, when the PR band becomes broad, requiring an
appropriate correction before comparing the experimental PR lineshape and PR energy
peak position with any theoretical model [23,24] in the high-temperature range.

Following the same procedure described in ref. [22] to correct the PR lineshape, we
consider the sample acting as a spectral filter for the luminescence below the energy
bandgap. Therefore, we define a transfer function TF (E) between the internal PL and
the external (measured) PL. Since in the spectral region of interest the absorption is
negligible, TF (E) is proportional to the transmittivity T (E)(TF (E) ∝ T (E) = 1−R(E),
R(E) being the reflectivity). In the absence of an absolute value of the reflectivity we
can correct the PL intensity using the following phenomenological expression:

(2) ICorr
PL (E) =

IPL(E)
TF (E)

=
IPL(E)

1 − γRExp(E)
,
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Fig. 2. – (Color online) On the left-hand side: 1LO-PL spectra measured at (a) T = 10 K and
(b) T = 140 K and their corresponding reflectivity spectra (open symbols), (c) the same spectra
(at T = 140 K) of (b) displayed after correction with eq. (2). On the right-hand side: 2LO-PL
spectra measured at (a) T = 10 K and (b) T = 140 K and their corresponding reflectivity spectra
(open symbols), (c) the same 2LO-PL spectra (at T = 140 K) on (b) displayed after correction
with eq. (2). The two set of measurements in (b) e (c) refer to two different points on the sample
(a given color refers to a given position on the sample).

where RExp(E) is the experimental reflectance spectrum detected from the same spot
than the PL one and γ is a constant fitting parameter (R(E) = γRExp(E)). PL spectra
corrected using eq. (2) are reported in fig. 2c and the corrected PR spectra (1LO on the
right-hand side and 2LO on the left-hand side) exhibit the same structureless lineshape,
independent of the probed spatial region. The reconstruction of an intrinsic lineshape
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Fig. 3. – (Colour online) 2LO-PL spectra (a) at 40 K, (b) at 80 K, (c) at 160 K and (d) at 200 K.
Open circles refer to experimental spectra, red dashed lines refer to fit to the data considering
only the A exciton band contribution, with the phonon energy of 92 meV as a fixed parameter,
black solid lines refer to fit to the data considering the A+B exciton band contribution, with
the phonon energy of 92 meV as a fixed parameter.

for the PR spectra allows us to perform an accurate study of their lineshape in a wider
temperature range, as compared with previous studies.

In previous studies the 2LO phonon replica linewidth Γ has been studied as a function
of temperature and compared with the common model [23,24], which predicts, within a
single exciton band description, Γ2LO = 2.96kBT [19]. We then analysed our 2LO PR
emission lineshapes, after etaloning correction, with eq. (1) in an extended temperature
range. For n = 2, eq. (1) becomes

(3) I2(EX + Ek − 2h̄ωLO) = A(Ek)
1
2 e

− Ek
kBT .

We fit the data to eq. (3), setting the phonon energy at 92 meV (as experimentally
measured), the experimental value for temperature, and A the only free parameter. Best
fits are reported in fig. 3, dashed lines, for data at 40 K (fig. 3a), 80 K (fig. 3b), 160 K
(fig. 3c) and 200 K (fig. 3d). The single-band model [23,24] reproduces the experimental
lineshape only for data at 40 K, while a clear deviation from the model is observed
at higher temperatures. In order to overcome the observed discrepancy, we follow the
analysis reported in [22], correcting the excitonic density of states ρ(Ek) ∝

√
Ek taking

into account the well-known presence of different excitonic states in the wurtzite GaN
system. The C exciton can be neglected in the T range considered here, but, as reported
in [22], the B exciton band becomes significantly populated as the temperature is greater
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than a few tens of kelvin. Such population will also play a role in the phonon-assisted
emission, even though no clear band structuring is observed at high temperature in the
PRs, besides the etaloning effects. By considering the presence of the B excitonic band,
the theoretical function to be compared with the data in fig. 3, is

(4) I2(EXA + Ek − 2h̄ωLO) = Ae
− Ek

kBT

[
(Ek)

1
2 + c2(Ek − EXB + EXA)

1
2

]
,

where EXA and EXB are the energies of A and B excitons at k = 0. The factor c2 accounts
for the different exciton masses in the A and B bands. From the values reported in the
literature [8] c2 has been fixed to 0.5. In order to fit the experimental data of fig. 3 with
eq. (4) the only parameter is A, all the other quantities, EXB , T and phonon energy, being
experimentally determined. In fig. 3, the experimental results are compared with the fits
obtained considering both the A and B bands (black solid line) with no contribution of
inhomogeneous broadening (HWHM = 1.5 meV): the data nicely agree with theory, when
both exciton states are considered, with a unique phonon energy of 92 meV, coincident
with that of the donor replica. The discrepancy on the low-energy side comes from
neglecting the inhomogeneous broadening.

The very satisfactory agreement of the experimental data with the two-bands model
(black solid lines in fig. 3) implies a full reconstruction of PR lineshapes in the whole
investigated T range.

4. – Conclusions

A detailed investigation of the phonon replica emission in a high-quality c-plane GaN
epilayer is reported. We have proved that care has to be taken when analyzing the PR
spectra, due to the presence of multiple interference effects. The simultaneous measure-
ment of PL and R spectra allows the correction for etaloning effects and the reconstruc-
tion of the intrinsic PR lineshapes. The comparison with existing models to describe
the PR lineshape shows that the complex nature of the exciton band in GaN has to be
considered to fully account for the 2LO PR lineshapes at high temperature.
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