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Optical properties of MOVPE-grown ZnS epilayers on (100 GaAs
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Excitonic properties of high-quality ZnS layers grown by low-pressure metal-organic vapor-phase epitaxy
have been investigated using photoluminescence and absorption spectroscopy. Comparison with theoretical
models has provided accurate information on eigenstates, broadening, strain, and temperature dependence of
heavy-hole, light-hole, and split-off-band exciton transitions. Finally, radiative recombination due to inelastic
exciton-polariton scattering is shown under strong injection rg&%163-18207)04807-9

I. INTRODUCTION fers were used as substrates. Before being loaded into the
reactor chamber, the substrates were chemically etched for 8

The achievement of efficient ultraviolétV) and blue-  min by dipping in a HSQ,:H,0,:H,0 (4:1:2) solution kept
light-emitting diodes and lasers is one of the major chal-at 40 °C. Anin situ thermal treatment under }Hlow was
lenges of modern optoelectronics. Among I1-VI materials,then performed on the GaAs at 550 °C for about 30 min
ZnS is a potential candidate for applications to devices emitimmediately before the growthin order to remove the oxide
ting in the UV and deep-blue-light spectral region, its room-'€ft on the GaAs surface by the etching process, as well as to
temperature band-gap energy being 3.74 eV. restore the GaAs surface stoichiometry. The MOVPE growth

In addition, excitons in ZnS/GaAs heterostructures are ex2f Z1S WSS gigercmetd underta 304—_rr1:]barttotal che:mbetr pres;
pected to play an important role in optical transitions bySure gn emperature. € transport rates o
virtue of the large binding energ{88 me\) comparable to Me,Zn:EEN and (t-.Bu)SH were chosen to achieve precur-
the LO-phonon energg3.6 meV. sors molar flow ratios (MFR F ;- gu)sn/ Fve,zn:etn) around

We have previously reported on the metal-organic vapor®-0: . .
P y rep g b Absorption measurements were performed in the tempera-

phase epitaxyMOVPE) growth of ZnS epilayers, describing ure range 10-300 K in the near-band-edge region of ZnS.

how they were optimized by a suitable choice of precursor§ro this purpose, a-100-m-diameter pin hole was obtained

and grovvth cc_)ndmoné. T_he aim of this paper is to analyze by partly removing the GaAs substrate from the back of each
the linear optical properties of our samples in order to pro-

vide a detailed description of the excitonic states b meansample, following a procedure described elsewfiefte
! P : y ﬁght beam of a 1-kW Xe lamp was then focused onto the
of absorption and photoluminescen&d.) spectroscopy. Al-

though excitonic features have been previously repcrfed sample, the transmitted light being dispersed by a 0.85-m
oug X P y rep . double monochromator, and finally detected by a cooled
this systematic study has been carried out on high-qualit

GaAs photon counting. The overall spectral resolution of the

epitaxial structures, providing a determination of the funda- bsorption measurements was always better than 0.5 meV.
mental excitonic parameters, namely, eigenstates, strain ef High-resolution continuous wave PL measuremeﬁts weré

fects, thermal broadening, and split-off bands. Moreover, W ried out using the UV lin€l W at 275.4 nmiof a large

investigated nonlinear phenomena that appear under stroqgame A laser, by using the same detection system de-

photogeneratlon rate, ar_1d dete_rmlne_d the thre_shold eXCItatloerribed above in a backscattering configuration. Finally,
intensity beyond which inelastic exciton-polariton scatterlngh

becomes predominant over radiative decay of excitons. igh-excitation intensity PL spectra were recorded by using a

XeCl-excimer lasef308 nm) with 20-ns pulse duration and
pulse intensities of 300 kW/cmThe detected radiation was
Il. EXPERIMENTAL DETAILS dispersed by a 0.25-m monochromator with a grating of

] ) ] 2400 lines/mm, providing a resolution better than 2 meV.
High-quality ZnS epilayers have been grown 00

GaAs by means of an Aixtron 200RD MOVPE reactor, by Ill. RESULTS AND DISCUSSION
using tertiary-buthyl-mercaptaf(t-Bu)SH] and dimethyl-

zinc:triethylammine(Me,Zn:Et;N) adduct as S and Zn pre-
cursors, respectivelly. Semi-insulating liquid-encapsulated A typical 10-K absorption spectrum of a 0.8#n-thick
Czchocralski(LEC)-grown (100 +0.25° oriented GaAs wa- ZnS epilayer is displayed in Fig. (squarep together with

A. Absorption spectroscopy
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TABLE |. Characteristic parameters for LH, HH, and SG 1

22 and X excitons and for the absorption edge.

20 E1S=(3.7970+0.0005) eV 5= (5.2+0.2) meV
18 Efn=(3.8024£0.0003) eV I'ls=(5.620.1) meV
' El$=(3.8680+0.0004) eV I'is=(12+1) meV
16 EZS, = (3.830£0.001) eV I, =(16+1) meV
' E25=(3.898+0.001) eV I'%=(15+1) meV

E,=(3.840+0.00) eV

-
H

-
N

continuum has been fitted by a Fermi function corrected by
the Sommerfeld factor® which takes into account the re-
sidual Coulomb interaction between holes and electrons. In
Table | we report the characteristic parameters obtained from
the line-shape fitting of the experimental absorption curves.
The binding energy of theslheavy-hole exciton is found to
be E :°=(38+1) meV, while for the 3 exciton it corre-
sponds toE 25=(10+2) meV, which is in good agreement
with the Wannier's model and with PL excitation spectros-
copy measuremenfsA spin-orbit coupling® of about 66

o
[

ABSORPTION COEFFICIENT ( 10 Sem?! )
o —
o [=}

o
~

0.2 N - meV is also evaluated through the split-off-band separation;
e this value is lower than those obtained by reflection
0.0 e e spectroscopy.
3.76 3.78 3.80 3.82 3.84 3.86 3.88 3.90 3.92 3.94 It is worth noting that the LH-HH energy splitting ob-
ENERGY (eV) tained from the fitting5 me\) can be directly compared to

the exciton splitting induced by the elastic strain, according
to the Hamiltonian of Pikus and B This provides a quan-

titative estimate of the amount and sign of the crystal strain.
shown (thick solid ling together with the individual 4 and 5 1 1'¢ ENergy shifts calculated for LH, HH, and SO bands are

; 2
heavy-hole (HH), light.hole (LH) and split-off (SO) absorption  91Ven by
resonances and continuum edge including the Sommerfeld factor
(thin solid lines. AE%E:

FIG. 1. Absorption spectrum at 10 K from a 0.@m-thick
ZnS/GaAs heterostructufsolid squares The best fit of the data is

Cio
2a-b-2(ath) -le;=-058, (24
the calculated line shapeontinuous curve Unprecedently
sharp exciton resonances associated with the heavy-holeAEls=
(X% and light-hole K1%) doublets(splitted by the strain In
along with the split-off-band resonance(é%) can be ob-
served around 3.80 and 3.87 eV, respectively. The interband
continuum, convoluted with thes2state of the ground level CoiC 202 [Coit 2C
HH and LH excitons XZ5 . ,,,,) are clearly observed around AEégz[Za Zu 2 il 11—12}
3.83 eV. Furthermore at 3.90 eV there is another structure, Cu Ao Cu
?;%%a.bly due to the excited states of the split-off band =—3.405”+2265f, (20)

The calculated absorption spectrum in Fig. 1 is obtainedvhereC;; are the elastic stiffness constants of Zig, the
from the best fit of the experimental data to the following hydrostatic deformation potentidl,andb the valence-band
equation: shear deformation potentitd. The quadratic terms in Egs.
(2b) and(2¢) are due to spin repulsion between LH and SO
bands. With the data of Table | one obtains a value of tensile
strain for the LH band that is equal {4.5+0.3)x10 2 and
for the split-off bands,=(1.3+0.6)xX10>. These strain val-

Ao exp(my ues are in good agreement with the expected value of the
* 1+exd —(E—Eg)/KT] senliry'?)’ @) built-in thermal strain(1.47x103) arising by cooling down

o . . o the samples from the growth temperature to 10 K and due to
wherei is a band indexn is the principal quantum number the different linear thermal expansion coefficients of ZnS
(Is or 2s exciton, L(E-E®a®TI')=a7(1+[(E  and GaAs. Thus the original lattice mismatch of the hetero-
—E®)/T')) is the Lorentzian function describing the exci- structure(4.6% at room temperaturéias been completely
ton density of states, angl=(E{Y/|E— Eyl) is the residual relaxed at the thickness of our samples, which is very large
electron-hole interactiofSommerfeld factor with respect to the ZnS critical thicknegsf the order of

Lorentzian functions have been taken for the exciton h.~1-4 nm.!%"Results on ZnS layers grown on GaP have
density of states at low temperatures, whereas the absorptiaiso been reported recentfy.In this case the lattice

2b?
-3

=—6.21s,— 22682, (2b)

€|

Cyt 2012}2 5

2a+b—2(a—b) C—lz €
Cll Cll !

2
2

g+ g

a(E)=2, L(E-E,a/S,I'™)

n,i

1/2)
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— HH resonances becomes more and more difficult with in-
T=290K . creasing temperature, and the two peaks are not directly dis-

LI —
1 tinguishable for temperatures higher than 110 K, when ther-
T=250 K 1 mal broadening effects become dominant. Nevertheless, a

I ] clear exciton feature can still be observed in our absorption
5 T=210 K i spectra up to room temperature.
- . All temperature dependent spectra have been systemati-

cally analyzed using Eq1). Thermal effects, which modify
T=170K ] the line shape of the exciton resonance, have been accounted
for by means of Voigt functions, in which the relative weight

of the Gaussian component increases with increasing tem-
perature.

The results of this analysis are shown in Figsgmbols,
where we plot the temperature dependence of the LH, HH
and SO exciton eigenstates and linewidff&ggs. 3a) and
3(b), respectively. In the inset of Fig. &) we report the
temperature dependence of the Voigt parameter. As ex-

i ] pected, the resonance transforms from predominantly

I T=10K| Lorentzian at low temperature to predominantly Gaussian at

. ; high temperature.

~ 1 The temperature dependence of the exciton energy

I I typically shows two different asymptotic behaviors. At very
U ST U S W S W TSP TP SO T ST S [ WO T S T N N G Y

low temperatures[well below the Debye temperature
365 370 375 380 385 390 395 T<02"S=334 K (Ref. 19] the trend is=T* caused by
electron-phonon scattering, while for temperatures higher
ENERGY (eV) than 80 K it becomes linear, due to lattice thermal expansion.
This can be described by a modification of Varshni’'s semi-
ngpirical law?® for semiconductors, which can be written as

INTENSITY (ARB. UNITS)

FIG. 2. Temperature-dependent absorption spectra of a Zn

GaAs sample. 4
E(T)=E(0)— 3
mismatch is much smaller than the ZnS/GaAs heterostruc- (B+T)*
ture, and the strain relaxation dynamics is not comparable to
the results presented here. This function fits out data much better than any other

Systematic absorption measurements have also been pexpression used for ZnSas shown by the excellent com-
formed in the 10—300-K temperature ran@€g. 2). With parison (continuous lines with the experimental data dis-
increasing temperature the exciton resonances lose oscillatptayed in Fig. 8a).?! Values of & and B obtained by the
strength, due to thermal dissociation, and shift uniformly to-fitting procedure, are reported in Table I, together with the
ward lower energies. The deconvolution between the LH andlopeé of a linear fit using only data-g.

3.88 T T 45
L { _45 ]
3.86 | 4 > :
] %, ] 40
384 F - é :35 FIG. 3. LH, HH, and SO &
: 1 ©Oas ] exciton peak energy(a) and
382} ES { Z ] FWHM of the same peakd) as a
; - 1 E 30 ] 30 function of temperature. Note that
2 3.80F 1 A ] in (b) the HH curve has been off-
o i : 1 <5 125 set by 2 meV(right-hand scale
O 378 4 © 1 compared with the LH and SO
E gls g 20 : 20 curvgs(lef_t-he_md scalgfor a bet-
z 3.76 HH 1 4 ter visualization. Inset: Tempera-
= < 115 ture dependence of the Voigt pa-
3.74 - E/S ] ﬁ 15 rameter obtained from the best fit
I 1 © 110 of the absorption spectra. 0 means
8.72 F T E 10 ; the Lorentzian function, whereas 1
[ 1 = [ 15 indicates a fully Gaussian line
3.70 i i 5 . shape.
[ F Jo
368 Ll il las 1 laaas 0'....1....1....|....|....|....'
0 50 100 150 200 250 300 0 50 100 150 200 250 300

TEMPERATURE (K) TEMPERATURE (K)



55 OPTICAL PROPERTIES OF MOVPE-GROWN 2. .. 7663

TABLE Il. Parameter values associated with Varshni’'s modified law, slope dependente grhomogeneousl’, 5), and inhomoge-
neous(l';,,) broadening coefficients for LH, HH, and SG &xcitons.

E'S(0) (eV) a(X107% eVIK) B (K) X10* eVIK) Tinn (MeV) I' o (meV)
LH band 3.7976:0.0003 6.7+0.1 75+2 4.4+0.1 5.2-0.1 64+5
HH band 3.8022:0.0002 6.86-0.09 76+2 4.5+0.1 5.6-0.1 68+3
SO band 3.868#0.0003 7.0+0.2 773 4.6+0.1 12.1-0.2 139-7

The temperature dependence of the absorption linewidttgalculated values of the LH, HH, and SO full width at half
which is a measure of the actual strength of the excitonmaximum (FWHM) (curves are compared to the experi-
phonon coupling, has been compared to the usual lifetimenents(symbols in Fig. 3(b). Taking for the LO-phonon en-
broadening modét ergy iw o~43.6 meV(as measured by Raman scattefig

r the excellent fit of Fig. @) provides forl;,, and T’ o the
Lo (4)  Vvalues reported in Table Il. The small value of the inhomo-
expiw o/kgT)— 1" geneous broadening compared with those of other atithors

where the inhomogeneous broadenliyg, is temperature in- demonstrates the high optical quality of the present ZnS
dependent and it is substantially coincident with the low-€pilayers. Conversely, the homogeneous term, has a rela-
temperature linewidth. The homogeneous term, proportiondively large value as compared to other I[I-VI
throughT', o (Frohlich coupling constantto the LO-phonon  heterostructure¥}®® suggesting a stronger exciton-phonon
population, becomes important at high temperatures. Theoupling in ZnS.

F(T)=Timnt

ﬁ\

INTENSITY (ARB. UNITS)

FIG. 4. Low-excitation intensity PL spectra
for different temperatures. The impurity related
peaks(l, andl g) smear out with increasing tem-
perature, whereas the LH exciton resonance be-
comes predominant{(?).
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- a)- 26 kW cm’™

b) - 60 kW cm™
[| ¢)- 100 kW cm’?
|| d)- 140 kW cm”
e)-200 kW cmr’
| 0 -260kWem? |/ 1

2
2
2

INTENSITY (ARB UNITS)

T T T T

. ] L
EMISSION INTENSITY (ARB. UNITS)

T a
3 I PoM
P | .|...|...|...|.._ . P | X .
3.72 3.74 3.76 3.78 3.80 20 50 100 200 300
ENERGY (eV) EXCITATION INTENSITY (kW/cm?)
FIG. 5. High-excitation intensity PL spectra£f ) from a ZnS/ FIG. 6. Intensity of theP-band emission as a function of exci-

GaAs sample at 10 K. The pedk M is due to inelastic scattering ttion intensity. Data have been fitted with two lines of linear and
between free excitons with excitatioM) and dissociation p) ~ duadratic slope.

[see Egs(5)], while | corresponds to extrinsic emission. For com- o o
parison, a low excitation intensity PL spectrugy not to scalgis ~ occurs () at 3.750 eV, this is found to saturate with increas-

also reported. ing injection rate. A second pealP) appears at 3.771 eV,
which may be attributed to inelastic scattering between free
B. Photoluminescence spectroscopy excitons(FX). Further increase of excitation results in a red-
o . . shift of the emission band up to 3.761 eV at 260 kWcm
Low-excitation high-resolution PL spectra have been S : . ;
?e Lorentzian fit of different experimental spectra provides

measured in the near-band-edge region of ZnS between ]t , . . L
: : i e intensity dependence of tieband displayed in Fig. 6.
and 300 K. Representative spectra are shown in Figy The trend is linear up to excitation intensities of 100

bols together with a Voigt deconvolution of the principal ; : ]
features. At low temperaturg€40 K) the dominant feature is kwicnf, whereas for hlgher valu_es it becomes quadratic.
The mean feature in the luminescence spefitra peak

a neutral donor bound exciton resonantg) (at 3.790 ev labeled P) is caused by inelastic scattering of Wannier

which is attibuted to Cl impuritie€ The presence of Cl in excitons?® This process may happen in two different ways:

our samples has been independently confirmed b¥1 o ; L ;
ey amely, by excitatiorfa) or by dissociationb) of one exci-
secondary-ion-mass _ spectrometry measureniéntShe ton with simultaneous creation of a free-electron-hole pair.

3.799- and 3.803-eV peaks are assigned respectively to t ; : )
LH and HH free excitons by comparison with absorption chematically this can be represented by the following reac-

spectra. Finally, another bound exciton of lower intensityt'onS:
(1 5) appears at 3.796 eV. (@ XysF X1s— Xnet hoy
With increasing temperature there is a progressive reduc-
tion of bound exciton resonances due to thermal ionization, (p) X1+ Xis—€ +h*+hvp.
and a concomitant enhancement of %&,, which domi- _ . '
nates the spectrum foF>90 K. The LH and HH excitons  Photons emerging from the sample in the two cases will

can be resolved up to 130 K. Above this temperature &e redshifted from the free exciton ener@803 eV by an
single-emission band can be measured up to room temperamount equal to
ture.
- 2y X
In Fig. 5 we report some low-temperature PL emission AEy=(1-1n")Eg, (53
spectra of ZnS under intense excitati@mthe range 26—260 N
kW/cn?). At the lowest intensity some extrinsic emission AEp=Eg+Ey, (5b)
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whereE §=38 meV represents the free exciton binding en- We should mention that previous papers have reported

ergy. In the first casgEq. (5a)] the hole and electron remain biexciton formatiof®3tand, in bulk ZnSge-h droplet(EHD)

in a bound state, so that the kinetic energy can be assumed formation®?33 The former results cannot be invoked in our

be negligible. Conversely, in E@5b) the free electron-hole case due to the large shift of tieband with respect to the

pairs have no restriction in their motion, and the kinetic termband-gap edge.

Ey has to be accounted for. The EHD formation is a more appealing candidate. In our
According to this description, at the lowest excitation in- experiment thé® band is observed up to relatively high tem-

tensities(26 kWi/cnf) both processes of excitation and dis- peratures, and, taking into account the short PL lifetinmst

sociation of excitons due to inelastic scattering are present ishowr), we can hardly invoke an EH condensate. Neverthe-

the PL spectra. The pedk M in Fig. 5(3.771 eV is indeed less, EHD formation is likely to occur at liquid-He tempera-

caused by the convolution of the two processes. With inture in high-quality samples under intense photo-

creasing intensity the dissociation becomes predominanexcitation32=34

while the process of excitation saturates. The redshift at very

high intensities is due to the kinetic term, which becomes

increasingly more important. IV. CONCLUSIONS
A further confirmation of the inelastic exciton scattering

comes from the intensity dependence of the process dis-. -
played in Fig. 6. Actually, the rate equation which described'9n-quality ZnS/GaAs heterostructures grown by low-

the emission intensities under stationary conditions is giveffféSsure MOVPE. We determined accurately the intrinsic
by?° properties of the ZnS epilayer, namely, LH, HH, and S© 1

and Z exciton energy positions, broadening, temperature de-

Ny 5 pendence, and residual built-in parallel strain in the structure.
+cn, (6)  Moreover, by high-excitation PL we have observed interest-

ing features on the spectra of our samples due to nonlinear
wheren, is the concentration of excitons, which is propor- effects like inelastic scattering of excitons.
tional to the excitation intensityl .,o), | is their rate of gen-
eration,n,/7 is the radiative recombination rate the mean
lifetime of the excitonic level, an@n? the exciton-exciton
interaction term. From Fig. 6 we observe that a linear depen-
dence is observed up to 100 kW/grmdicating predominant ACKNOWLEDGMENTS
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