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The photoluminescence properties of ZnSe epilayers grown on GaAs substrates were studied in
the temperature range of 10  100 K. The photoluminescence lineshape near the free exciton energy
was signi cantly di erent depending on the epilayer thickness; for thin layers with thicknesses of
about 0.1 m, the spectrum consisted of a single free-exciton line whereas for thick layers with
thicknesses of about 1 m, the spectrum exhibited a broader line with a dip. The dip became
wider with increasing layer thickness, temperature, and excitation intensity. These behaviors are
explained in the framework of elastic exciton-polariton scattering from residual neutral impurities.
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absorption coecient near the exciton-transition energy,
leading to the formation of the dip in that energy region. Another mechanism based on the dead-layer e ect
[5] explains that the dip in the PL spectrum is caused by
light interference in the near-surface dead layer. In the
polariton mechanism, free excitons are split into a pair
of polariton branches due to the exciton-photon interaction, and the doublet features correspond to the upper
and the lower polariton branches. Though each mechanism explains some aspects of the experimental results,
the origin of the dip in the PL of bulk ZnSe has been a
subject of controversy.
To clarify this problem, we discuss in this paper
the photoluminescence properties of nominally undoped
ZnSe epilayers for various epilayer thicknesses, excitation
power densities, and temperatures. We also demonstrate
that the elastic scattering of EPs by neutral impurities
agrees most with the experimental results.

I. INTRODUCTION

The photoluminescence (PL) band of ZnSe grown
on GaAs substrates, associated with the fundamental
bandgap, has been widely examined. The PL band shows
distinctly di erent features depending on the epilayer
thickness. For an epilayer of thickness in the range of
0.1 m, the PL emission reveals a splitting of the free
exciton lines into two peaks corresponding to the heavyhole (hh) and light-hole (lh) transitions [1] respectively,
which is caused by the compressive strain in ZnSe due to
the lattice mismatch (0.27 %) with the GaAs substrate.
For an epilayer of thickness in the range of 1 m, a doublet feature with a dip in the exciton region has also been
observed [2{5]. Similar features have been observed from
other II-VI compound semiconductors [6] and from GaAs
[7{9].
While the spectral dip feature in the excitonic PL
emission of GaAs has been explained in terms of excitonpolarition (EP) scattering with residual shallow donor
impurities [6{8], that of ZnSe has previously been explained in terms of excitonic self-absorption [10, 11],
the dead-layer e ect [5], and the upper and the lower
branches of a polariton [3,4]. In the self-absorption mechanism, the photons generated by the electron-hole recombination are reabsorbed due to an enhanced optical
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II. EXPERIMENTS
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The ZnSe epilayers for this study were grown at 330  C
on semi-insulating GaAs (001) substrates by using lowpressure metalorganic chemical vapor deposition (LPMOCVD) with dimethylzinc (DMZn) and H2 Se. The
pressure was maintained at 5 Torr during the growth.
We prepared ve ZnSe samples with thicknesses of 0.1,
0.8, 1.2, 1.8 and 2.5 m.
PL measurements were performed under excitation
with the 325-nm line of a 7-mW He-Cd laser in a He
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Fig. 2. Photoluminescence and re ectance spectra of
ZnSe/GaAs with a thickness of 2.5 m. The photoluminescence spectrum is decomposed into a peak and a dip by tting.

Fig. 1. Photoluminescence spectra of ZnSe/GaAs with
di erent thicknesses at 10 K. The vertical scale is displayed
for clarity of comparison.

cycling refrigerator. The excitation intensity was controlled using neutral density (ND) lters. The PL spectra were measured employing a conventional photoncounting technique between 10 K and 100 K.

III. RESULTS

Figure 1 shows PL spectra of ZnSe/GaAs epilayers
with various thicknesses. The PL spectrum of 0.1-mthick ZnSe sample consists of two distinct features at
2.805 and 2.817 eV corresponding to the hh- and the lhexciton transitions, respectively. The blueshift and the
splitting of the free-exciton lines are caused by the compressive strain in ZnSe due to a lattice mismatch with
the GaAs substrate. The weak feature at 2.801 eV is
associated with the exciton bound to the neutral donor
(D ,X), I2 . The chlorine (Cl) in the DMZn source acts as
a donor with a binding energy of 26 meV. The ZnSe samples with thicknesses of 0.8, 1.2, 1.8 and 2.5 m exhibit
broader and stronger PL spectra with a dip on the highenergy side. As the layer thickness is increased, the dip
increases and broadens. This result cannot be explained
by the dead-layer e ect because a distinguishable change
in the dead layer is not expected when the thickness is
larger than the strain relaxation thickness of about 1 m.
For the 2.5-m-thick ZnSe, the e ective lineshape of
the dip was obtained by subtracting the experimental
PL spectrum from the modi ed Gaussian curve where
the high-energy tail is replaced by an exponential func-

tion and is displayed with the dash-dot-dotted line in
Figure 2. The re ectance spectrum plotted in Figure 2
exhibits a degenerated exciton transition at 2.802 eV,
which coincides with the position of the dip in the PL
spectrum. When the resonance position and the full
width at half maximum (FWHM) in the re ectance spectrum are taken into account, the doublet PL peak with
a dip cannot be associated with the upper and the lower
branches of EP. On the other hand, the oscillations in the
higher energy region of the re ectance spectrum (marked
with the arrows) are attributed to Fabry-Perot modes in
the photon-like branch [12]. The oscillations in the reectance result reveal the EP interference, which is also
counterevidence for the dead-layer e ect model. Since
the exciton center-of-mass motion is quantized in the
growth direction, the EP can only oscillate in that direction, resulting in an oscillatory feature in the re ection
spectra instead of spikes, which is characteristic of the
polaritons usually observed in bulk materials [12].
Figure 3 shows the PL spectra of 1.8-m-thick ZnSe
with decreasing excitation intensity from I to 0.05 I ,
where the initial excitation intensity I is estimated to be
1 W/cm2 . At I , the PL emission exhibits a free EP peak
revealing the doublet feature with a dip in the spectrum.
As the excitation intensity decreases, the magnitude of
the dip decreases, and the doublet feature evolves into
a single peak. This result also indicates that the deadlayer e ect model does not seem to be satisfactory in
interpreting the excitonic doublet structure.
Figure 4 shows the PL spectra of ZnSe epilayers with
thicknesses of 0.1 m and 2.5 m at di erent temperatures (10 { 100 K). As the temperature is increased,
the energies of the hh- and the lh- exciton peaks of 0.1m-thick ZnSe decrease in the same manner, and the
FWHM increases. The temperature-dependent behavior of the hh and the lh excitons can be a guide to that
of the free exciton. The PL spectrum of the 2.5-mthick ZnSe at 10 K (Figure 4(b)) reveals a dip at 2.802
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Fig. 5. Temperature-dependent shift of the free exciton
peak (squares) and the dip (circles) of the 2.5-m-thick ZnSe
and of the heavy-hole exciton peak (triangles) of the 0.1m-thick ZnSe. The solid line is the temperature-dependent
bandgap shift of ZnSe according to Varshni's formula [13].
Fig. 3. Photoluminescence spectra of ZnSe/GaAs with a
thickness of 1.8 m at di erent excitation intensities.

Fig. 4. Photoluminescence spectra of ZnSe/GaAs with
thicknesses of (a) 0.1 m and (b) 2.5 m at di erent temperatures.

eV in the EP line and a single peak at 2.815 eV on the
higher energy side. The single peak shifts with temperature in the same manner as the hh and the lh excitons
for 0.1-m-thick ZnSe. From the peak position and its
temperature-dependent behavior, the single peak is identi ed as the 2s-exciton transition. On the other hand,
the doublet peak shows a temperature dependence different from that of the single peak. The width of the dip
increases from 4 to 8 meV as the temperature goes up
from 10 K to 100 K. This demonstrates that the doublet
feature is not associated with the hh and the lh excitons
because the tensile strain reduces the separation of the

two lines from 4.2 meV at 10 K to 3.6 meV at 100 K [2].
Figure 5 shows the temperature shift of the PL peak
energy (squares) and the dip (circles) for the 2.5-mthick ZnSe. The PL peak energies and the dip energies
are tting values as previously described. For comparison, the hh-exciton line of 0.1-m-thick ZnSe is also included. The solid line represents the Varshni formula
[13] for the bandgap of ZnSe. The dip position in the
PL spectra agrees with the heavy-hole peak of the 0.1m-thick ZnSe and the Varshni formula while the PL
peak position for the 2.5-m-thick ZnSe is somewhat redshifted.
A previous calculation [7] on the elastic scattering of
EPs from impurities in GaAs epilayers found that (i) the
elastic scattering from neutral donors is much larger than
that from neutral acceptors and (ii) the neutral donor
scattering cross section is maximum in the knee region
of the dispersion curve, where a \bottleneck" region exists due to the minimum group velocity. Here, donor
impurities have a larger scattering cross-section than the
acceptors because they spread spatially much wider due
to the smaller binding energy. An EP accumulated in
the bottleneck region is scattered by neutral donors and,
hence, experiences the delay in arriving at the surface.
Thus, the neutral donor scattering of EPs gives rise to
the dip in the line shape of the PL.
Our experimental results can be explained by the neutral donor scattering of EPs. In thicker samples, the EP
experiences more scatterings before it reaches the sample
surface due to a larger distance whereas in thinner samples, the EP su ers fewer scatterings due to the shorter
distance. When the number of the generated EPs increases, the distribution of EPs is established above the
bottleneck region, as well as in the bottleneck region.
Thus, the number of scattering events increases in this
energy region and gives rise to the broadening of the
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IV. CONCLUSIONS

In conclusion, we have investigated the free EP in ZnSe
by means of the PL spectroscopy. The PL spectra do not
directly provide the energy distribution of the EP, but
reveal a dip in the exciton resonance that depends on the
epilayer thickness, the temperature, and the excitation
intensity. Our ndings are interpreted in terms of the
elastic scattering between EPs and neutral donor impurities. While EPs move to the surface, they are scattered
by neutral donors, which is responsible for the formation
of the dip in the PL spectra.

Fig. 6. Dispersion diagrams of 0.1-, 0.8-, 1.2- and 2.5m-thick ZnSe epilayers with EP. The solid lines denote the
dispersion of bulk ZnSe and the solid circles denote the quantized levels of the ZnSe epilayers.

dip. The same analysis applies to the behavior of the PL
emission with temperature shown in Figure 4, where the
magnitude of the dip increases with rising temperature.
Due to thermalization with increasing temperature, EPs
are distributed not only in the bottleneck region but also
above the bottleneck region, which brings the broadening of the dip. The broadening of the dip, together with
the inherent broadening of the PL peak with increasing
temperature, results in a redshift of the PL peak of the
2.5-m-thick ZnSe, as shown in Figure 5.
Finally, let us discuss the variation in the role of the
EP in the drastic change of the spectral shape with the
epilayer thickness. The wave vector of EP in an epilayer
is quantized in the growth direction di erently than it
is in the bulk, leading to the formation of discrete levels. For epilayers with four di erent thicknesses from 0.1
to 2.5 m, Figure 6 displays the calculated EP dispersion diagram [12] in the solid lines and the quantized
levels in the solid circles. As the epilayer thickness increases, the density of EP states in the bottleneck region
increases so that the number of EPs participating in the
elastic scattering increases. Since the scattering crosssection at a particular energy is constant, the width of
the dip increases with the thickness due to the increase
in the number of EP states in the bottleneck region. As
the thickness increases further, the EP levels are quasicontinuous in the ZnSe layer with a thickness of 2.5 m.
This implies that the width of the dip will saturate when
the thickness reaches a certain thickness and that the
spectral lineshape will be the same as that of bulk.
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