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Thin films of high-quality ZnS were grown on (001) GaAs and (111) Si substrates by metal-organic
chemical-vapor deposition. 2-K reflectivity was used to analyze various samples grown at different tem-
peratures. The spectra show two structures at 3.801 eV corresponding to the free exciton and at 3.871
eV corresponding to the Ey+A, transition. Theoretical reflectivity spectra were calculated using the
spatial dispersion model with two oscillators. Thus, the transverse energies, the longitudinal transversal
splitting, the oscillator strengths, and the damping parameters were determined for both the free exciton
and the split-off exciton of ZnS. Photoluminescence measurements were also carried out using an exci-
mer laser (308 nm). Both light-hole and heavy-hole excitons were observed, which allow for the deter-
mination of the strain that exists in the layer. This strain is due only to the difference between the
thermal-expansion coefficients of the GaAs substrate and the ZnS epilayer, and was demonstrated to be a
tensile strain. This paper also presents results on the band-gap energy variation as a function of the tem-
perature and photoluminescence spectra when the excitation was varied from weak to very high densi-
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ties (15 MW/cm?).

I. INTRODUCTION

Recent interest in the epitaxial growth of II-VI wide-
gap materials originates from their potential application
for short-wavelength, namely, the green to ultraviolet,
light-emitting devices. Such devices could be light-
emitting diodes (LED’s) or laser diodes.""? The materials
that are presently being studied for such uses are ZnSe,
ZnTe, ZnS, and their superlattices and alloys. Among
these materials studies have been extensively carried out
on ZnSe and ZnTe. To a lesser extent, studies are now
starting on ZnS. ZnS is the primary candidate for ultra-
violet emitting devices as a consequence of its large ener-
gy band gap of 3.7 eV at room temperature. Recently,
high-quality thin-film layers of ZnS have been grown by
metal-organic chemical-vapor deposition (MOCVD) and
molecular-beam epitaxy (MBE).>~® Both techniques al-
low for lower growth temperatures when compared to
other growth techniques, essentially achieving higher-
quality layers. The results concerning the growth condi-
tions and the characterization by double x-ray diffraction
are published elsewhere.’ The purpose of this paper is to
present results obtained in reflectivity and photolumines-
cence experiments and a theoretical reflectivity calcula-

tion. The theoretical reflectivity model is based on a spa-
tial dispersion method with two oscillators. Also includ-
ed in this work is a study on the temperature dependence
of the energy band gap, the dependence on the growth
temperature, and the calculation of the thermal strain,
since the layer suffers two-dimensional tensile stress.

II. EXPERIMENTAL AND THEORETICAL
REFLECTIVITY RESULTS

A. Experimental results

The reflectivity experiments were performed with a
deuterium lamp as the excitation source in a standard set-
up. The deuterium lamp was an ideal source since it em-
its a stable linear spectrum in the wavelength region of
3150-3350 A. The experiments were performed on four
samples fabricated under different growth conditions.
Table I contains these specifications.

The reflectivity curves obtained at 2 K are illustrated
in Fig. 1. Two well-defined structures are observable for
the samples grown on the GaAs substrate, while the sam-
ple grown on Si is of lower quality. The latter’s poor
quality is due to the antiphase defects caused by the non-

TABLE 1. ZnS sample specifications with a VI/II molar ratio of 5 for all the samples.

Growth temperature Layer thickness

Sample number Layer/substrate (°C) (pm)
1 ZnS/GaAs 300 0.8
2 ZnS/GaAs 350 1.0
3 ZnS/GaAs 400 0.8
4 ZnS/Si 300 1.0
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ZnS/Si (111) , Tg=300°C

ZnS/GaAs , Tg = 400°C
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FIG. 1. Substrate and growth-temperature (7,) dependence
of reflectivity spectra taken at 2 K of various ZnS layers. The
free-exciton and the spin-orbit splitting structures are visible at
3.801 and 3.871 eV, respectively.

polarity of the substrate.” In the former cases, the two
structures that appear at 3.801 an 3.871 eV, respectively,
correspond to the transition of the free exciton and the
[¢-T'; transition. The I'¢-T'; transition is used experimen-
tally to determine the splitting A, caused by the spin-
orbit interaction. A, was found to be on the order of 70
meV, which confirms the results of Bir et al.,? and those
reported by Eckelt’ and Shahzad and Olego.'® The
mismatch between the lattice constants of ZnS and GaAs
is 4.5%, generating a critical thickness of a few mono-
layers (10-40 A) for the thin film.!! The thickness of the
samples on which the experiments were performed is of
the order of 1 um. These layers are entirely relaxed and
only the strain due to the difference between the
thermal-expansion coefficients exists (6.7X 1076 K ™! for
ZnS and 5.7X107% K~! for GaAs at 300 K). The
heavy-hole-light-hole splitting is not observable. This
we attribute to the large area of the epilayer under the
spot of the deuterium lamp and the subsequent sampling
of ZnS regions that display different strain states. This
gives broader structures than when using more localized
excitation like a laser beam. In the photoluminescence
spectra, taken using a more strongly focused excitation
radiation than in reflectance, this splitting was observed,
consequently allowing the strain to be determined.

B. Reflectivity versus temperature

The free-exciton and the spin-orbit transition peaks are
uniformly shifted toward lower energies when the tem-
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perature is increased. The results for sample 1 are illus-
trated in Fig. 2. The temperature variation is defined by
two different curvature characteristics. The first de-
scribes a nonlinear law for temperatures less than 80 K;
this law is an extension of Varshni’s relation and is
represented by

aT*
B+T?

E(T)=E(0)—

with
a=4.01X10"*eV/K ,
B=2x%10° K3 .

The second law for temperatures greater than 80 K is de-
scribed by the linear variation

E(T)=E(0)+y+£T

with
E=—4.7X10"*eV/K ,
y=25.4 meV .

C. Reflectivity study using a spatial
dispersion model with two oscillators

The dielectric behavior can be written as a sum over
the resonances, each resonance occurring at a particular
frequency. The spatial dispersion (i.e., nonlocal dielectric
behavior) effect that is considered presently is the wave-
vector dependence of the resonant frequencies on the op-
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FIG. 2. Free-exciton transition evolution versus temperature.
Both experimental and theoretical data are represented.
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tical properties. Thus, there exist three propagating
modes inside the crystal. For such a theory the
reflectivity calculation requires additional boundary con-
ditions to describe the electromagnetic field inside the
crystal. These boundary conditions and the notion of the
dead layer are generalized from the one-oscillator model
of Hopfield and Thomas. 1?

Theory

In general, insulating crystals are characterized by po-
larizabilities of the form

ko) a;(k)wj(k)
a t = )
0= 2 o —al (k)

where j represents the summation index on the different
optical absorption lines. Only the effect of finite exciton
mass is investigated. The reflectivity spectra are charac-
terized by the two peaks related to the free exciton
around 3.801 eV and the spin-orbit splitting around 3.871
eV (Table II gives the exactly determined energy position
from the following model). Thus the summation has to
be carried out over the contribution of the two oscilla-
tors, while the sum over all the other oscillators is
grouped into the background dielectric constant €,. The
general solution, periodic in space and time, to Maxwell’s
equations is found by solving

) _ wZ _ 0)2
k Ek_k(Ek'k)_——z_Dk—-_z(Ek +41TPk) . (1)
4 c

The solution of Eq. (1) is divided into longitudinal and
transverse solutions. Using the approximation stated
above, and for particular experimental conditions, only
one solution will be taken into account. For normal in-
cidence and a single transverse polarization, all the wave
vectors involved in the problem are collinear, and the
longitudinal modes are not excited. The dielectric con-
stant is then given by

4ma jw(z)j

2
e(k,w)=¢,+ ,
> of; +(#ik?/m oy —o*—iol

i=1

where ¢, is the background dielectric constant, oy, is the
transverse frequency relate to the exciton j with an
effective mass of m, 4,=4may; is the polarizability of
the excitonic resonances at ®=0 and k=0 (oscillator

11 679

strength), and T'; is the damping parameter correspond-
ing to the excitonic transitions, which depends on the in-
teractions with the phonons and intrinsic and extrinsic
defects. Since k =wn/c =V e,0/c where e, =e(k,0)
=k?c? /0’ by making the transformations

2 m;cz

X;= A;0j 2

ha)ja)

and
2 2. mj‘c2
Y. =(0;—o"—iol ;)

i f] i 2
ja}

for j=1,2, we obtain €(k,w) as the solution of the third-
order equation

E+e[Y,+Y,e, ] +e[Y,Y,— X, —X,—€,(Y,+Y,)]

There are three transverse exciton polarization modes
inside the crystal, k?=¢;0*/c?, where €, for i=1,2,3 are
the solution of Eq. (2). From the polariton branches the
longitudinal frequencies can also be determined:

172
411, i

€p

ij=wOj 1+

The longitudinal transversal splitting can then be approx-
imated by

2May,; _ A;
ELT]—EL]—EOIz—ab_EO] —EET] .

The Maxwell boundary conditions, i.e., the conserva-

tion of the tangential components of E and B, at the sur-

face must be satisfied:
E,+Ex=E,+E,+E,,
(EO——ER )=n1E1 +n2E2 +n3E3 )

where n;=ck; /o (i=1,2,3), k; is the right running root
of the dispersion relation given by c?k?/w?*=¢e(k,w).
From the last two equations, one sees that two other
equations are needed to determine the solution for the
reflection coefficient |Eg /E,|2. For this, the Pekar con-
dition is applied. This condition states that the exciton

TABLE II. Results of the fitting parameters for various ZnS layers grown on different substrates.

Substrate GaAs(001) Si(111)

Growth temperature (°C) 300 350 400 400

E, transition (eV) 3.8005 3.7995 3.799 3.799
Ey+ A, transition (eV) 3.870 3.870 3.869 3.870
dmay(E,) 6.4x1073 5x1073 43%x107? 29%x1073
dmay(Eq+Ag) 2.4%1073 1.9%1073 1.6X1073 1.5x1073
Eir(Ey) (meV) 2.1 1.64 1.41 NA
Eir(Ey+Ag) (meV) 0.8 0.63 0.53 NA
I'(E;) (meV) 6.3 10 12.5 28
T(Ey+A,) (meV) 15 19.7 22 38
Dead-layer thickness (A) 15 30 42 600
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moving from the right to the left side of the crystal is to-
tally reflected by a potential that takes into account the
interaction between the exciton and its image charge, as
well as the surface effects. As a consequence, there exists
a layer called the “dead layer” that the exciton cannot ex-
ist within. Its thickness is not well defined, '? but estimat-
ed to be of the order of the exciton effective Bohr ra-
dius.!*!'* The problem is then reduced to one of three
layers, where the limit conditions are those of Maxwell
appended by the Pekar condition. Therefore the exciton
does not exist beyond a certain distance within the crystal
and its contribution to the polarization past this limit is
zero. P, =0 for x =L, where L is the thickness of the

|

Eg |?

al(b2F3_b3F2)_a2(blF3—b3F1 )—03(b2F1 ”ble)
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dead layer. We then have the following formulas:

ny(Ey+Eg)=E,+E,+E, ,

ny(Eq—Eg)=n,E,+n,E,+n;E; ,

3 3 Xl
Py 1o =0= P, = E,=0,
ot 121 b i§1 Y, te,
P 0 f;P _é N g o
ex,2tot = 2,0 = Y2+E‘~ i .

The analytic expression of the reflection coefficient is
given by

2

E,

where a;=1/(Y,+¢;)and b;=1/(Y,+¢;), and

F=nZ +n2Z,, H=nZ,+n,Z,,
Zi=n(u+1)—(u—1), Zy=n,u+D+u—1),
Z,=ny(u—1)—(u+1), Z,=ny(u—1)+(u+1),

—Qik, L) —_
"7, ky=V'e,0/c, and

for i=1, 2, and 3, u=e
ny, = \/8b .

The adjustable parameters are €,, 4, 4,, ,, ©,, ['},
I';, and L. The effective masses are taken from Ref. 15.
m}=0.28m, my; =0.61m,. The effective translational
exciton masses are then equal to m} =0.89m, for the
free exciton and m3 =1.12m for the split-off exciton.
The last one was taken as an adjustable parameter since
we could not find values of effective mass for the lower
valence band I';. It should be mentioned that there is a
large variation even for m} and mj in the literature but
the theoretical curves are not very sensitive to a slight
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FIG. 3. Experimental 2-K reflectivity spectrum (solid line)

and calculated spectrum (dashed line) of a 1-um-thick ZnS layer
grown on (001) GaAs substrate.

al(szS—b3H2)_a2(b1H3_b3H1)—03(b3H1'—b1H2) ’

r

variation of the translational exciton masses. Using the
effective-mass approximation for the bulk modulus, for
which the binding energy R * corresponding to the funda-
mental state of the free exciton is equal to 40 meV, the
effective Bohr radius is calculated as aj =apemg/equ
where a is the Bohr radius, e =8.32¢, is the static dielec-
tric constant, '® and p Is the reduced free-exciton effective
mass. ag is about 22 A. Figures 3 and 4 illustrate the ex-
perimental and theoretical reflectivity curves and the re-
sults of the fit are listed in Table II.

For the layer grown on Si(111) we were not able to fit
the experimental reflectivity well using the spatial disper-
sion model. The values reported in Table II are calculat-
ed from a local description model. One can notice the
following.

(i) The dead-layer thickness for the sample grown at
300°C is less than but close to the Bohr radius.

(ii) We obtained g, =5. 8¢, in good agreement with the
dynamic dielectric constant (¢, =5.7¢g,)."”

(iii) The broadening parameters we fitted in our sam-
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FIG. 4. Experimental 2-K reflectivity spectrum (solid line)
and calculated spectrum (dashed line) of a 1-um-thick ZnS layer
grown on (111)Si substrate.
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ples are relatively important. This is attributed to the
high density of interfacial dislocation, due to the layer re-
laxation, which results from the large mismatch between
the lattice constants of ZnS and GaAs (4.5%).

(iv) The oscillator-strength ratio is almost constant for
the layers grown on GaAs.

III. PHOTOLUMINESCENCE RESULTS
AND DISCUSSION

A. Experimental results

At 4.2 K, the energy gap of ZnS is equivalent to 3.84
eV. It is very difficult to observe the band edge using a
He-Cd laser (A.,.=3250 A). Therefore a Xe-Cl excimer
laser with an excitation wavelength of 308 nm is used.
To avoid high-density effects, a neutral-density filter is
used (intensities <1 kW/cm?). Figure 5 illustrates the
photoluminescence results. Two structures are visible:
the first one at 326.46 nm corresponds to the light-hole
exciton!® and the second one at 326.2 nm to the heavy-
hole exciton. These peaks are the result of the energy
transitions caused by the thermoelastic strain due to the
difference between the thermal energy transitions caused
by the thermoelastic strain due to the difference between
the thermal expansion coefficients of ZnS and GaAs.
Another structure at 326.98 nm (I,) is also observed. It
is attributed to an exciton bound to a neutral donor.
Kawakami Taguchi, and Hiraki, ! using intentional dop-
ing with I and Na, observed a small increase of this peak
when iodine doping increases. Thus this peak is due not
only to the native defects but also to the contamination
by impurities. At 331.18 nm another peak is visible and
is attributed by the same authors to an exciton bound to a
neutral acceptor (Na), I,. The appearance of these im-
purities in the fabrication process cannot be explained
even though these peaks appeared at the same energy
values as those identified as impurities in Ref. 19.

Maintaining the excitation density constant, the inten-
sity ratio of the free-exciton structure (I, for samples
grown at 300°C and 350°C, E, for the one grown at

,.’\\ Xe-Cl (308 nm)
i\ Intensity<1kW/cm?2
; N_.. T=42K
= /
g ] ™\ ZnS/Si (111), Tg=300°C
..d ekl S ———
< ZnS/GaAs, Tg=400°C
N’
2z /
g iElhl / 1% o
g /BN J AN ZnS/GaAs, Tg=350°C
= ——" i 2 T
- Enh _>1) "\<—Iz .: H
! ! i ‘\ ZnS/GaAs, Tg=300°C
2o ’il et \.‘-d—”.ﬂw—-—\\-r—-—-—’-c\__.
320 325 330 335 340 345
Wavelength (nm)

FIG. 5. Substrate and temperature dependence of 4.2-K pho-
toluminescence spectra.
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400 °C) to the bound-exciton line (I, for the donor and I,
for the acceptor) was compared. For the sample fabricat-
ed at 400°C, the heavy-hole-light-hole splitting was not
observed, but a relatively weak structure E,, when com-
pared to the bound-exciton peaks, appeared at 326.29
nm. Keeping in mind the damping parameters and the
oscillator forces determined from the model used to fit
the reflectivity experimental results, one deduces that the
layer grown at 300°C is of a higher quality than those
grown at 350°C and 400°C. Thus a low growth tempera-
ture is highly desirable since it reduces the defect density.

B. Effect of strain on the electronic band
structure of ZnS/GaAs epilayers
grown along the (001) axis

For a zinc-blende-type material, the valence bands at
the center of the Brillouin zone consistent of a fourfold
P, manifold (J =3, mj=i%,i%) and a P,,, doublet
(J =4 m;==1). The biaxial strain reduces the symme-
try from T, and thus splits the P;,, manifold into an
m; =1 (light-hole) and an m;=13 (heavy-hole) sub-
band. Also the hydrostatic stress component of the
strain shifts the gravity center of the P,,, manifold and
the P,,, doublet with respect to the conduction band.
The transitions between these valence bands and the
lowest conduction band at k=0 are labeled Ey,, Ey;, and
E,+A,, respectively, where A, is the spin-orbit splitting
of the valence band at k=0. The energy change of the
J=2 and J =1 states relative to the conduction-band
minimum induced by the strain can be calculated by the
Hamiltonian matrix which uses the unperturbed wave
functions. The energy shifts with respect to its zero-
stress value for excitonic transitions associated with I'¢-
I'g and I'4-T'; band extrema are thus given by

¢y —C¢C ¢y +2¢
AEy, = |2a 11 2 |, 40 12 e,
1 1
cyy—¢ ¢ +2c
AE,, = |2a 11 12 | 11 12 e, 3)
n 1
ciyy—c¢
A(Ey+Ay)=2a —“c—” €.
11

Here c;; are the elastic stiffness constants of ZnS, a is the
hydrostatic deformation potential characterizing the rela-
tive energy shift of I' from the valence band (I'g and I';)
under the hydrostatic component, b is the valence band’s
shear deformation potential, and e=Aa /az,g is the in-
plane residual strain in the layer (with Aa =a, g—a|,
where a|| is the in-plane lattice parameter). In this par-
ticular case, the residual strain is caused by the thermal
strain induced by the difference of the thermal-expansion
coefficients. From the shift of the excitonic emission
features (almost 1 meV for E; which moves strongly
when ¢ varies) to lower energies when the growth temper-
ature increases from 300 to 350°C (the thermoelastic
strain which varies as AT =T, —T,, is then increased),
we conclude that the stress is a tensile thermoelastic one.
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Unfortunately, the quality of the sample grown at 400°C
is worse, and the near-band-edge photoluminescence
displays less information than for samples grown at lower
temperature. This overall behavior agrees with the study
of the interface stress of MOCVD-grown
ZnS,Se, _,/GaAs of Tonami et al.?® where they demon-
strated that a tensile strain exists within layers of thick-
ness greater than the critical value, regardless of the com-
position x. Different combinations of Egs. (3) allow us to
estimate the value of the strain:

Elh_Ehh:AElh_AEthZb

Ey—Ep,
2b[(cqy +2cp) /ey ]

=—g=

Using the subsequent values E;, =3.797 eV, E; =3.800
eV, a=—453 eV, b=—1.25¢V,!% ¢, =10.40%X10'°
N/m?%?? and ¢,,=6.50%X 10'° N/m??? the calculated re-
sidual strain € is then estimated to be —0.53X107* for
the sample grown at 300°C and —0.62X 1073 for the
sample grown at 350°C. This determination of the mag-
nitude and sign of the residual strain has been completed
by a calculation in the spirit of the ideas developed by
Shibata et al.?* and Gutowski, Presser, and Kudlek?* for
the study of the residual strain in ZnSe epilayers grown
onto GaAs. Following these authors, the accurate deter-
mination of the deformation can be obtained analytically
as a combined function of the differences between growth
temperature and temperature of the experiment, and of
the thermal-expansion coefficients and lattice parameters
of both the substrate and epilayer compound [see, for in-
stance, Eq. (2.6) of Ref. 24]. Making such a calculation
we obtain e=—0.57X107° —0.6X10"* at 300 and

ZnS/GaAs(100)
Tg=300°C
15 MW/cm?

2.9 MW/cm?

540 kW/cm?

Intensity (Arb. unit)

49 kW/cm?

17 kW/cm?

1.5 kW/cm?
1 1 1 1 1

324 326 328 330 332 334 336 338
Wavelength (nm)

FIG. 6. 4.2-K photoluminescence spectra of the ZnS layer at
various excitation densities. The maximum excitation density is
15 MW/cm? and the minimum is 1.5 kW/cm?.
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350°C, respectively. Both the sign and magnitude of € so
determined are in agreement with the value calculated
from the experiment. This is a strong additional support
to the attribution of the 3.797 eV line to the light-hole ex-
citon not seen in reflectivity.

C. High-excitation-density experiment

To complete this study of optical properties of the ZnS
epilayer we have varied the pump power density. Figure
6 illustrates the evolution of the photoluminescence spec-
tra when increasing the excitation density over four de-
cades. At low excitation densities we detect both near-
band-edge (heavy-hole, light-hole, and I,) excitons and
deeper ones (I,). For excitations greater than several
hundred kW/cm?, a broadband emission appears and
dominates the spectrum. This emission may be related to
electron-hole-drop creation.?>2® The half-width of this
band increases and its position shifts toward longer wave-
lengths as excitation intensities increase, due to the onset
of many-body effects and band-gap renormalization.

IV. CONCLUSION

High-quality MOCVD ZnS layers were grown on
different substrates and at different temperatures.
Reflectivity and photoluminescence experiments and
theoretical reflectivity calculations based on the spatial
dispersion model with two oscillators were studied. The
spin-orbit splitting A, (70 meV) was experimentally deter-
mined from the reflectivity spectra. The reflectivity
versus temperature was studied. Two different curva-
tures describe the energy variation: a nonlinear law for
temperatures less than 80 K and a linear one for those
above this temperature. Light-heavy hole splitting was
observed in the photoluminescence spectra (using a Xe-Cl
laser, 308 nm). Thus the residual tensile strain, due only
to the difference between the thermal-expansion
coefficients of the layer and the substrate, was calculated.
Its value is equal to —0.53X 10>, Comparing the lay-
ers’ optical spectra, one can see that ZnS grown on
Si(111) is of a poorer quality. This was explained in terms
of antiphase defects resulting from the nonpolarity of the
substrate. For the layers grown on GaAs(001) at different
temperatures the reflectivity model used permitted us to
determine the fitting parameters (oscillator strengths,
damping parameters, and the dead-layer thickness). Us-
ing these parameters and comparing the intensity ratios
of the samples, the layer grown at 300 °C was demonstrat-
ed to be of higher quality. This is important as a low
growth temperature is needed to reduce the native defect
density.
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