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Free-exciton spectra in heteroepitaxial ZnSeÕGaAs layers
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The free-exciton photoluminescence~PL! and reflection spectra of metal-organic vapor-phase-epitaxy grown
ZnSe/GaAs epilayers with a thickness greater than that of the strain relaxation thickness were studied experi-
mentally and theoretically for temperatures in the rangeT510– 120 K. Calculations were performed in the
framework of absorbing and reflecting dead layer models, using single and two-oscillator models, both includ-
ing and neglecting spatial dispersion. The results rule out the explanation that the fine structure in the free-
exciton PL spectra derives from thermal strain splitting and polariton effects, if this structure is not accompa-
nied by a corresponding structure in reflection. It was shown that this structure in the PL spectrum originates
mainly from light interference caused by the presence of a dead layer in the near-surface region, with the
thickness of the dead layer depending on the excitation intensity. A correlation between the measured and
inherent free-exciton spectra was established.
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I. INTRODUCTION

The fine structure of the free-exciton~FE! photolumines-
cence ~PL! spectra is often observed in heteroepitax
ZnSe/GaAs epilayers. It has been shown by many auth
~see Ref. 1! that if the ZnSe layer thicknessh is less than the
strain relaxation thicknessdrel'1 mm,2 this fine structure is
determined by the splitting of the valence band of ZnSe i
light-hole ~lh! and heavy-hole~hh! subbands, due to th
compressive strain in ZnSe caused by the lattice mism
between the epilayer and substrate. This splitting give
corresponding structure in PL and reflection spectra. A si
lar fine structure in the PL spectrum is also observed, h
ever, if h@drel . This effect has been attributed to the tens
strain caused by the difference in thermal-expansion co
cients of the ZnSe layer and the GaAs substrate,3 and this
view has become the most popular explanation in rec
years. Other authors believe that this structure relates to
peculiarities of the spatial and energetic distribution
polaritons4–7 ~see also Refs. 53–57 in Ref. 1!. However, nei-
PRB 610163-1829/2000/61~15!/10314~8!/$15.00
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ther point of view allows one to give a satisfactory explan
tion of experimentally observed phenomena like the
creased distance between spectral features with ri
temperature,4,8 the abnormally small value of the FElh band
half-width @about 1.5 meV atT56 K ~Ref. 1!# together with
the higher value of FEhh half-width that is sometimes ob
served, as well as the change in the intensity relation
tween the lh and hh in the PL spectrum during the transit
to the tensile strain, while no corresponding changes are s
in reflection.

A similar fine structure was previously observed in the
PL cathodoluminescence and reflection spectra of cubic b
crystals ZnSe, ZnTe, and CdSe, as well as in spectra oA
excitons in CdS and CdSe.9–20 This structure was explaine
both by polaritonic effects,5,14–17and by absorption reversa
effects.9,11,19,20However, despite the large amount of wo
performed, a satisfactory agreement between the experim
tal results and theoretical description was not achie
within the framework of these models. The absorption rev
sal effects and their influence on the shape of FE PL l
10 314 ©2000 The American Physical Society
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were ignored in most papers devoted to the investigation
PL in ZnSe epilayers. The influence of the self-absorption
excitonic spectra in ZnSe/GaAs was investigated in Ref.
but only the intensity ratio between free- and bound-exci
emission was discussed. The nonuniqueness of the inte
tations and considerations leads to an ambiguity in estim
ing the FE resonance position and the binding energie
bound excitons and, thus, of impurity ionization energies

In this work we present the results of an experimental a
theoretical investigation of the PL and reflection spectra
heteroepitaxial ZnSe/GaAs, carried out with the aim to
tablish the physical cause of the observed structure in FE
spectra in epilayers withh.1 mm.

II. EXPERIMENT

The ZnSe samples were grown on GaAs~110! substrates
by metal-organic vapor-phase epitaxy in a horizontal reac
at the temperatures between 330 and 480 °C. The gro
details and precursor combinations are described in Ref.
The layer thickness wash50.2– 4mm. All the layers were
undoped and of high resistivity (r'1010– 1011V cm) as
measured by capacity-voltage characterization. PL was
cited using a cw He-Cd laser withlexc5325.0 nm and in
some cases 441.6 nm. The excitation intensityI exc was var-
ied between 0.02 and 10 W/cm2. The measurements of poly
chromatic reflection spectra were performed using a g
band lamp. The spectra were recorded using a diffrac
monochromator and a photomultiplier, and then correcte
include the spectral sensitivity distribution of th
monochromator-photomultiplier system. The spectral reso
tion was typically less than 0.3 meV~10–80 K! and,1 meV
~above 80 K!. Several dozen samples were characterized
recording both the PL and reflection spectra.

III. CALCULATIONS

For calculation of the PL spectra reliable data about
spectral position of the excitonic resonance are necess
which is only obtained from the analysis of the reflecti
spectra. For this analysis we used mainly the classical m
of an excitonic oscillator23 with the following parameters
resonance frequencyv0 ~or energyE0), damping paramete
G, exciton polarizability 4pa, and background dielectric con
stant«b . Distortion of the observed reflection spectrum c
be caused by interference in near-surface layer~the so-called
‘‘dead layer’’ 23,24!. Its appearance can be determined by
finite size of the exciton itself,25 as well as by the influence
of the surface electric field.26,27

We used both the reflecting dead layer model by Hopfi
and Thomas23 and the absorbing multilayer model takin
into account the variable excitonic absorption coefficient
side of eachj th sublayer. In the last case, the near-surfa
region was approximated by a set of thin homogeneous
ers with equal thicknessdj . Thus the gradual change of ex
citonic absorption was replaced by a steplike one with
separate dielectric function in eachj th layer. Our calcula-
tions showed that the reconstruction of a reflection spect
based on a model of the inhomogeneous absorbing layer
thicknessdt gives the same result as in the case of usin
model of a reflecting layer with thicknessdeff . The relation
of
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dt /deff is nearly constant, and is about 1.33.
To take into account the possible contribution of resid

or thermal strain in reflection spectra, calculations were a
performed in the framework of the two-oscillator model pr
posed in Ref. 25. The spatial dispersion was included
some cases by using the well-known formula for calculat
the effective refractive index.24 It was shown earlier that the
reflectivity spectra are not very sensitive to the choice
additional boundary conditions~ABC’s!—it is possible to
obtain similarly good fits with different ABC’s.27 We used
the ABC’s proposed by Pekar,28 which are reasonable fo
Wannier-type excitons.

To calculate the reflection spectraR(v) taking into ac-
count the interference in the dead layer, we used the meth
described in Refs. 24 and 25. The resonance frequencyv0 ,
the damping parameterG, and the effective width of dead
layer deff were varied during the fitting of the experiment
R(v). The optimization of parameters was carried out by
method of coordinatewise descent.29 In this procedure only
one set of output parameters results from successive it
tions, independent of the initial parameter values.

The evaluation of excitation levels used in our expe
ments shows~with a created carrier concentration of abo
1012cm23 at I exc50,1 W/cm2, estimated by the generatio
rate! that degeneracy does not take place. Thus the radia
line shape of free excitons is described in the steady-s
case, in a one-coordinate approximation, by the equation30

I pl~v!5r~v!@12R8~v!#E
0

h

nex~x!exp@2k~v!x#dx,

~1!

whereh is the epilayer thickness,r~v! is the probability per
unit time of emitting a photon with the frequencyv by ex-
citon annihilation,R8(v) is the reflectivity of light with fre-
quencyv incident on the surface from within the epilaye
k(v) is the absorption coefficient of ZnSe, andnex(x) is the
exciton concentration. The probabilityr~v! was calculated
as the probability of the process reciprocal to the absorp
of photons.9

Under the conditions of quasiequilibrium between t
free-carrier gas and excitons, the value ofnex(x) can be ob-
tained using:30

nex~x!5
I exckt

L22k221F k2
S

Dex

1

L
2

S

Dex

expS 2
x

L D2exp~2kx!G ,

~2!

whereS is the surface recombination rate,k is the absorption
coefficient on the pump wavelength,t is the total lifetime of
the exciton, andDex andL are the diffusion coefficient and
the diffusion length of the excitons, respectively.

The parametersv0 and G were obtained from the ‘‘bes
fitting’’ of the experimental reflection spectra, and were us
to calculateI pl(v). Using these parameters, the reflecti
coefficient of excitonic radiation incident on the surface fro
within the epilayerR8(v) was calculated.
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IV. RESULTS AND DISCUSSION

Figure 1 shows the PL and reflection spectra in exci
region for ZnSe/GaAs layers with various thickness
grown under different conditions. For comparison, the sp
tra of bulk ZnSe are also included (h5`). The layer with a
thickness of 200 nm shows well-resolved lh and hh excito
features in both PL and reflection spectra@Fig. 1~a!#, while

FIG. 1. PL and reflection spectra of three ZnSe/GaAs sam
with different thicknessesh@~a!–~c!# and of bulk ZnSe at differen
excitation intensity~d!. For PL in ~a!–~c!, I exc50.1 W/cm2.
n
,
-

c

the reflection spectra of epilayers with a thickness grea
thandcr do not exhibit any such structures. The PL bands
these samples, however, show a fine structure with a
corresponding to the excitonic resonance position accord
to the reflection spectrum@Fig. 1~b!#. In some cases the PL
spectra have a structure similar to that described in Re
with the dominant emission line 2.799–2.800 eV having
half-width of about 3 meV@Fig. 1~c!#. A similar doublet
structure is also present in PL spectra of the bulk samp
and is found to disappear with rising excitation intens
@Fig. 1~d!#. The reflection spectrum has no split structu
and shows a resonance position at 2.8025 eV, which is
typical value for the perfect bulk crystals.31

The displacement of the observed PL peak from the re
nance position together with its relatively small half-wid
allows us to attribute this peak to the long-wave wing o
FE line modified, for example, by reabsorption, or to t
bound exciton analogous toI 2* reported in Ref. 32~see also
Ref. 17 in Ref. 1!. To resolve this uncertainty, PL and refle
tion spectra of this sample were measured in the tempera
range between 10 and 80 K. The result is shown in Figs. 2~a!
and 2~b!. At elevated temperatures the thermal quenching
all I 2 lines takes place. The 2.8-eV peak becomes domin
and shifts toward lower energies, with a concomitant shift
the band gap. Simultaneously, a dip appears on the sh
wavelength wing of this peak, which becomes better
solved with increasing temperature. AtT.25 K the doublet
structure of the FE spectrum is formed. The distance
tween the peaksDE increases with temperature fromDE
54.2 meV atT530 K to DE57 meV atT570 K @Fig. 2~a!#.
The calculation ofDE caused by the thermal-induced tens
strain using formula and data from Ref. 3 yieldedDE
54.2 meV atT510 K andDE53.7 meV atT580 K, show-
ing the opposite tendency to the experimental observat
The reflection spectra remained unstructured and did
change their shape except for broadening@Fig. 2~b!#. The
energetic position of the dip in the PL spectra correspo
well to the half-height position between maximum and mi
mum values in the reflection spectrum. This can then be u
as a first approximation for the estimation of the FE re
nance position.33 From these results it is possible to attribu
the 2.8-eV peak in emission spectra to the long-wave wing
the broader FE band. In the case represented in Fig. 1~b!, the
FE PL band is less distorted; however, the dip on the
resonance position is also visible, and the PL maximum
shifted from the resonance position.

The increase of the distance between the component
the FE PL doublet with rising temperature, the persist
shape of the reflection spectra, and the increase of the
tance between the PL maximum and the presumed FE r
nance position with temperature contradict the explanation
the doublet structure by the thermal strain splitting. Mo
over, the same structure is observed in bulk ZnSe, wh
such a splitting effect is definitively absent@Fig. 1~d!#. The
numeric simulations of the experimental reflection spectra
the framework of the two-oscillator model, give a satisfa
tory agreement with the experiment only ifv1'v2 , with an
accuracyDE less than 1 meV. The great difference betwe
the expected and observed values of the splitting may
explained if we take into account that the investigated lay
are in fact nonmonolithic, i.e., they contain at least thr

s
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FIG. 2. PL~a! and reflection~b! spectra of the
ZnSe epilayer withh54 mm in a temperature in-
terval of 10–80 K.
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sublayers: a lattice-matched strained layer near the subs
a dislocation-rich relaxation region, and a relaxed up
layer. The presence of a the dislocation-rich region, wh
can be plastically deformed during cooling and heating of
sample, can reduce the thermal strain in the upper layer f
which the PL spectra are observed. This can also exp
why in some samples the ZnSe epilayers roll up after rele
from the substrate, while in other samples they do not.34

From the above results we conclude that the obser
doublet structure of the FE PL spectra cannot be explai
by the thermal strain splitting. The remaining two mech
nisms that can be employed to explain this behavior are
laritonic effects and the influence of reabsorption~or inter-
ference! of radiation in the near-surface region of crystal.

The temperature region where the effects of spatial
persion should be taken into account can be estimated
calculating the temperature dependence of theG parameter.
The critical temperatureTct of the transition to classical dis
persion model is marked by the beginning of a strong te
perature broadening of the exciton absorption band~or,
equivalently, of the increase of theG parameter!.35 From the
temperature dependency ofG calculated from the reflection
spectra, the value ofTcr'55 K was obtained. The observa
tion that doublet structure in the FE PL spectra at the liq
nitrogen temperatures becomes even better resolved with
ing temperature, and its persistence in our samples u
150–180 K,22 together with the absence of the characteris
spike structure in reflection, allows us to rule out the pola
tonic mechanism. As the energy position of the excito
resonanceE0 does not depend on whether the spatial disp
sion is included or neglected in the calculation procedure,
only used a model of free excitons, taking into account th
diffusion, self-absorption, reabsorption, and interference
fects for further calculations.

From the fitting of the reflection spectra, we calculated
values for the exciton resonance energyE0 using both
single-oscillator and two-oscillator models. The calcula
values ofE0 are presented in Fig. 3. It is clear thatE0 agrees
with the dip position in the PL spectra. In Fig. 4, some e
amples of experimental and calculated reflection spectra
given, demonstrating the excellent agreement between th
The values of the dead layer thicknessd obtained from the
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‘‘best fit’’ to the experimental reflection spectra in the fram
of the Hopfield-Thomas model is 861.5 nm for the whole
temperature region, which is comparable to the value of
citon diameter in ZnSe@about 9–10 nm~Ref. 36!#. Thus the
shape of the reflection spectra could be explained entirely
the conventional model of the light interference in the de
layer, without the need to involve any additional mechanis

Now we will discuss the role of excitonic self-absorptio
in formation of the observed structure in the FE PL spec
Since the excitonic absorption coefficient atE0 in ZnSe is
high enough@104– 105 cm21 ~Refs. 9, 37, and 38!#, it leads
not only to a change of the intensity ratio between the
and bound-exciton emission discussed in Ref. 21, but t
significant modification of the FE PL line shape itself. Man
attempts have been made in order to calculate the PL
shape for this case using models of the self-absorption

FIG. 3. The temperature dependence of the PL peak posit
~diamonds!, the dip position~triangles!, and FE resonance positio
calculated using a single-oscillator model~solid curve! and a two-
oscillator model~dashed curve!.
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10 318 PRB 61A. L. GURSKII et al.
diffusion of free excitons or polaritons~see, for example
Refs. 5, 9, 39, and 40!. However, an acceptable agreeme
between theory and experiment was only obtained in th
works by making the assumption of an anomalously h
diffusion length~up to several micrometers9!. Our own cal-
culations of the PL spectra including only the diffusion
excitons and self-absorption of their radiation, also yie
similar results. The diffusion length necessary to obtain
acceptable fitt to the experimental spectrum is 8–10mm,
which exceeds even the highest layer thickness used in
work ~4 mm!. Thus this is unacceptable, and leads to
conclusion that to only consider self-absorption effects is
insufficient explanation of the observed results. An ad
tional mechanism is required to obtain a good agreem
with experimental data.

To our knowledge, nobody has attempted up to now
consider the influence of the light interference in the de
layer on the line shape of FE emission in ZnSe, although
interference effects in reflection spectra are well known.
performed the corresponding calculations in this work.
fitting the experimental PL spectra, the exciton diffusion c
efficient D and the exciton lifetimet were estimated (D
530 cm2/s, t5150– 200 ps), which gave the diffusio
lengthL50.67– 0.77mm. These values agree very well wit
the experimental results measured by other authors
ZnSe epilayers, t5100– 150 ps,41 t5164– 209 ps,D
516.8– 28.4 cm2/s, and L50.52– 0.77mm.42 The corre-
sponding spectra forT545 K ~at this temperature theI 2 ex-
citonic emission is suppressed! are given in Fig. 5, demon
strating a quite good agreement between the experime
and calculated curves. It is possible to recover the real sh
of inherent excitonic PL spectrum if we usedeff50 ~curve 3
in Fig. 5!. However, the value of the dead layer thickne
obtained from the ‘‘best fit’’ is noticeably larger than th
evaluated from the reflection spectrum for the same sam
and temperature. For the spectra given in Fig. 5,deff
529 nm. The most probable cause of this discrepancy is
influence of the laser pump light on the charge state of
surface.

To check this assumption, the reflection spectra were
corded with and without laser illumination of the samp
surface. The intensity of He-Cd laser illuminationI i was

FIG. 4. Experimental~solid curves! and calculated~dashed
curves! reflection spectra for different temperatures:T580 K (E0

52.792 eV, G51.865 meV, anddeff59.5 nm); T545 K (E0

52.799 eV, G51.17 meV, anddeff57.8 nm); T510 K (E0

52.802 meV, andG51.05 meV, anddeff59.0 nm).
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varied in order to estimate the dependencedeff(Ii). The spec-
tra are given in Fig. 6. They demonstrate a significant cha
in the reflection spectra under illumination. The fitting
these spectra gives values ofdeff54 nm ~without illumina-
tion! and deff'17 nm with illumination. In several samples
saturating values ofdeff up to 47 nm were calculated; this i

FIG. 5. Experimental~curve 1!, fitted ~curve 2!, and inherent
(deff50) PL spectra of ZnSe/GaAs atT545 K, when the bound
excitonic emission is sufficiently quenched.

FIG. 6. ~a! Experimental reflection spectra~solid curves! re-
corded without illumination of the sample~1! and with illumination
by the He-Cd laser radiation~2–7!, and the corresponding calcu
lated spectra~dashed curves!. Intensity of illuminationI i , 0.37~2!,
0.62 ~3!, 1.34 ~4!, 1.85 ~5!, 4.0 ~6!, and 6.7~7! mW/cm2. ~b! The
calculated dependence of the value ofdeff on the illumination in-
tensity.
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the same order of magnitude as the values estimated from
PL spectra. The changes in reflection disappear relativ
fast after the illumination is stepped~the reflection spectra
recorded immediately after cessation have the same sha
before the illumination!. No differences in the reflection
spectra recorded with different illumination times were d
tected. The changes in the reflection spectra were obse
under illumination by laser radiation with both wavelengt
of 325.0 and 441.6 nm. The dependencedeff(Ii) @Fig. 6~b!#
saturates at relatively lowI i ~about 231023 W/cm2)—much
less than the values ofI exc commonly used for recording P
spectra. These results provide an unambiguous evidenc
the influence of laser pump light on the dimension of de
layer in our samples, and, thus, on the observed shape o
FE PL spectra.

The influence of the external illumination on the reflecti
spectra is well known, and widely used in photoreflectan
spectroscopy. However, the most discussed mechanism
such influence is the screening of the near-surface ele
field, formed by charged surface states and by the none
librium carriers produced by the pump light.43 The opposite
case, when the illumination by light both withhn.Eg and
hn,Eg leads to an increased surface field and to the bro
ening of a dead layer, was also observed and discusse
many authors for ZnSe~Ref. 10! and CdS,44–47 and con-
firmed by an investigation of photoconduction spectra
CdS.48 In our case the concentration of excited carrie
~about 1011– 1012cm23) is not high enough to screen th
electric field. If a N2 laser is used for excitation, the dip i
the spectra disappears because of screening of the su
field, as can be seen from Fig. 1~d!. The conditions necessar
for screening are discussed in Ref. 43. The most likely ca
for the appearance and/or broadening of the dead layer
ing our PL measurements is that the near-surface ele
field is formed by the surface states becoming charged
ing illumination.20,45–47The resultant effect depends on th
concurrence between this effect and the screening of the
face charge by the nonequilibrium carriers. In our case o
relatively low concentration of nonequilibrium carriers, a
increase of the space-charge area during illumination ta
place. Figure 7 gives direct evidence of the influence of e
tric field on the FE PL spectra in ZnSe excited by He-

FIG. 7. The dip region of the FE PL spectrum of ZnSe witho
~solid curve! and with application of an external electric field who
direction is opposite to that of the surface field~dashed curve!.
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laser radiation with an intensity of about 0.05 W/cm2. If an
external positive electric voltage is applied, subtracting
external field strength from the field formed by surfa
states, the dip in the PL spectrum decreases. From these
surements we found that the surface charge was nega
This effect was already investigated in more detail in CdS19

The near-surface field can lead~i! to the ionization of FE
states,~ii ! to the drift of carriers, and~iii ! to a decrease of an
exciton binding parameter. The last two effects can lead
the decrease of FE concentration in the near-surface la
and to the appearance of a gradient of concentration cau
the self-reabsorption or self-reversal effect.19 They cannot
lead to the appearance of a reflecting dead layer comple
devoid of excitonic states at values of the electric fie
strength less than the FE ionization fieldFcr . Therefore, the
main mechanism in the formation of a dead layer is the i
ization of the free excitons by the electric field. The surfa
field and the corresponding surface charged state densitns
could be roughly estimated assuming an electric-field dis
bution F(x)5Fs exp(2x/l), where l is the screening length
and Fs is the surface field, if we setx5deff , l
5(«0«kT/ne2)1/2, n5I exct/hvexcL, and F(deff)5Fcr . For
excitation by He-Cd laser radiation withl5325 nm and
I exc50.1 W/cm2 we obtain n'0.531012 cm23 and l
'2.3 mm ~for T580 K). The critical field of exciton
ionization49 Fcr51.5Eex/eaB'50 kV/cm, for the exciton
binding energyEex520 meV and the exciton radiusaB
54.87 nm.36 Since deff!l, F0'Fcr and ns5««0F0 /e'2
31011 cm22 if we assume the single-charged surface sta
The corresponding volume concentration is about 1016cm23,
which is comparable to the typical value of the backgrou
impurity concentration. But the role of external atoms a
sorbed on the surface seems to be more important. Since
surface density of adsorbed atoms such as oxygen50,51 often
exceeds the background impurity concentration, the valu
ns seems to be quite reasonable. Knowing the values ons
and I i , corresponding to the saturation of the depende
deff(Ii), and taking into account the steady-state excitati
one can estimate the effective time of discharge of the s
face statestd . For the case illustrated by Fig. 6~b!, td
'0.1 ms. Thus from an investigation of the FE PL spec
the density of the charged surface states can be estimat

V. CONCLUSION

From this work the following general conclusions can
drawn.

~i! The main cause of the doublet structure with a dip
the resonance position in FE PL spectra of ZnSe/GaAs e
ayers with a thickness above 1mm is light interference in a
near-surface dead layer free of excitons. The width of t
layer was estimated to be about 30–40 nm in our exp
ments.

~ii ! The dead layer with a thicknessh@2aB appears to
originate from the ionization of FE states by a surface el
tric field. The field is formed by surface states that becom
negatively charged due to illumination by the pump las
light used for PL excitation. The surface density of t
single-charged states was evaluated to be ab
231011cm22. These states can most probably be formed
atoms such as oxygen adsorbed on the surface.
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~iii ! The comparison between the FE PL and reflect
spectra should be carried out taking into account the dra
change of reflection spectra under conditions when the
spectra are recorded. The real position of the FE resona
could be estimated only by a detailed calculation of refl
tion spectra, taking into account the influence of the ne
surface dead layer.

~iv! The position of FE resonance in ZnSe/GaAs epilay
with h.1 mm is the same as reported in the literature
perfect bulk ZnSe samples~2.802–2.8025 eV!, although the
observed FE PL peak can be shifted by several meV tow
lower energies from this position.

~v! From the experimental PL and reflection spectra,
values of the excitonic lifetimet, the diffusion coefficientD,
and the diffusion length L were estimated ast
F

d

t

r

Z

.

n
tic
L
ce
-
r-

s
r

rd

e

5150– 200 ps,D530 cm2/s, andL50.67– 0.77mm. These
values are in very good agreement with experimental res
recently obtained by other authors.

~vi! The fitting procedure used in this paper can be u
as a tool to recover the shape of inherent excitonic emiss
from the PL spectra distorted by reabsorption, se
absorption, and interference effects, in cases when the s
structure caused by polaritonic effects or splitting is not o
served in reflection.
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