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Excitonic properties of ZnS quantum wells
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The excitonic properties of cubic ZnS quantum wells in ZnMgS are studied by reflectivity and magneto-
optics. A remarkable improvement in the quality of the samples grown by molecular-beam epitaxy on GaP
substrates has allowed the observation of heavy- and light-hole exciton transitions with values for the full
width at half maximum as narrow as 5 meV. The fate of the heavy-hole exciton is identified and exciton
binding energies of as high as 55 meV are deduced, indicating that for quantum wells narrower than 3.5 nm the
exciton-LO phonon scattering can be suppressed. Zeeman splittings of the order of 10 meV for both the light-
and heavy-hole exciton transitions appear in magnetoreflectivity spectra in magnetic fields up to 54 T. Large
light-hole excitong values of the order of 4 for all quantum wells are obtained due to the light hole being the
uppermost valence band in these tensile-strained quantum wells. A strong reduction in the diamagnetic shifts
for narrow wells is observed due to increasing quantum confinement.
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I. INTRODUCTION meV in the reflection spectra, allowing the observation of
both light- and heavy-hole exciton ground states for quantum
With a room-temperature band gap of 3.7 eV, ZnS and itgvell widths ranging from 3.5 to 10.0 nm. A spectral feature
alloys are of interest for UV applications, but a key factor foron the high-energy side of the heavy-hole éxciton is at-
high-performance optoelectronic devices is the stabilizatiofiributed to the heavy-hole 2exciton state, giving a first
of excitons at room temperature since, for example, excitoniéhdication of the exciton binding energies in this material
gain in lasers is much higher than that associated with &ystem. The excitonic properties of these structures have
free-electron-hole plasma and so should allow low-thresholdpeen investigated by magnetoreflectivity in pulsed fields up
laser emission. Also, an enhancement of the excitonic a0 54 T and a splitting of both light- and heavy-holes 1
sorption and a narrowing of the line width at room tempera-€xciton states in the order of 10 meV was observed.
ture is important for the design of modulators. Laser emis-The exciton g values were measured and the deduced
sion due to excitonic and biexcitonic gain mechanisms havéiamagnetic shift was used to study the role of quantum
been observed in ZnSe-based structures by several droupsconfinement.
for temperatures up to 150 K. However, the strong interac-
tion b_etwe_en_the excitons a_nd LO ph(_)nons usually results in Il. GROWTH, PHOTOLUMINESCENCE, AND X RAY
the dissociation of the excitons at higher temperatures, re-
ducing device efficiencies, and so it is important to suppress All the samples investigated here were grown by
the exciton-LO phonon scattering. In particular, ionization ofmolecular-beam epitaxfMBE) in a VG V80H system using
excitons should be prevented in systems where all the excbN sources of Zn, Mg, ZnS, and S. GARO n* substrates
tations of the exciton have an energy larger than that of thevere etchedx sity transferred to the MBE system, and the
LO phonon, namely, foEX(1s—2s)>hv o, due to the ab- oxide layer was removed between 580° and 630 °C while the
sence of final states for the scattering procdssthe case of sample was exposed to a zinc flux. Using this procedure the
ZnS the bulk exciton binding energy is 36 meV compared(2Xx4) reconstruction was routinely observed by reflection
with an LO phonon energy of 44 meV and so in quantumhigh-energy electron diffraction on cooling the sample to the
well structures where the exciton binding energy is typicallygrowth temperature, typically 170 °C. During the growth of
enhanced by a factor of 1.5-2 due to quantum confinemenhe ZnMgS layers only ZnS and Mg fluxes were used; there
this condition should be achievable. Also, since the latticevas no other source of sulphtifypical cell temperatures
mismatch of ZnS on GaP substrates is only 0.76% andvere 770 °C for ZnS and 270°-290 °C for Mg.
ZnMgS can be grown lattice matched to GaP, the ZnMgS/ We investigated ZnS quantum wells in ZnMgS barriers
ZnS/ZnMgS quantum well is an ideal system to explore thdattice matched to GaP substrates. The high optical and struc-
possibility of suppressing the exciton-LO phonon scatteringtural qualities of the samples were demonstrated in the pho-
The use of ZnS as a binary material has the advantage th&dluminescencéPL) and in the double-crystal x-ray rocking
alloy broadening in the structures is confined to the barriecurves (DCXRD). In fact, both the PL line widths and
layers. DCXRD data were significantly better than had been ob-
In this paper, we present a detailed spectroscopic study dhined previously;® which we attribute to the fact that these
a set of high-quality ZnMgS/ZnS/ZnMgS quantum wells samples were grown pseudomorphically on GaP, whereas
where the ZnS is under tensile strain and the ZnMgS barriersarlier samples were grown on relaxed buffers of ZnS.
are lattice matched to the GaP substrate. The full widths at The PL measurements were carried out using a 0.75-m
half maximum of the optical transitions are as narrow as 5Spex monochromator equipped with a 1200-lines/mm grat-
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ing and recorded using a photomultiplier tube and excitatiorrated from the degenerate light- and heavy-hole bands by an
from an Argon ion laser using the 275—-300-nm lines withenergy of only 70 meV in ZnS, as compared to 430 meV in
excitation densities of typically 1 W cmi. For the reflection ~ ZnSe. At finite strain the proximity of the SO band means
spectroscopy described in Sec. lll a deuterium lamp washat it should also be taken into account in the coupling of
used. The PL spectrum of a ggMdo 1S sample in Fig. 1 the valence bands. The following relations are used to de-
clearly shows one strong emission line, accompanied by sewcribe the shift of the band-edge energies with stfain:

eral LO phonon replicas, and there is virtually no deep level

emission. The full width at half maximurfFWHM) of the qp—a
intense PL line is 15 meV, which is reduced to 11 meV in a ExxT8yT T4
sample containing a mole fraction of only 7% magnesium.
DCXRD spectra are shown the inset of Fig. 1 for a sample 2C,,
containing one 10-nm-wide quantum well. In this sample the €2~ ~ 5., Exo 1)
ZnMgs layer is almost lattice matched to the GaP substrate 1
and the narrow FWMH is indicative of good crystallinity.
A set of quantum wells was grown with quantum well P.=—a,(2ext &22),
widths of 10, 5, 4, and 3.5 nm with the number of quantum
wells being one, two, four, and four respectively. The well Q.= —b(ex—227). 2

width ranged from 4 to 1.4 times the ZnS exciton Bohr ra-
dius (@ag=2.5nm) thus going from bulklike to strong spatial
confinement. The number of quantum wells was reduced i
the wider wells to ensure that the critical thicknesstpf
~25nm, calculated with the model of Dunstahal.® for
ZnS under tensile strain with unstrained 1ZpMg,S (X
—19%) barriers, was not exceeded. The Mg content of 19% E(u(0)= =P+ 3 [Q,—A+(A%+2AQ,+9Q%)*,
as determined by x ray is the same for all samples and was
used in all calculations in the following sections. Eso(0)=—P,+ 3[Q,—A—(A%+2AQ,+9Q?)'?,

The tensile strain causes a reduction in the ZnS band gap 3)
and the valence band is split into separate heavy- and light-
hole bands. The light-hole energy is moved upward and th&herea, anda are the lattice constants of the barrier and the
heavy-hole energy downward, opposing the effect of quanguantum well materiala, andb are the deformation poten-
tum confinement. It is therefore possible to design structuresials, C,, andC,; are the elastic stiffness constants, ang
with either the light or heavy hole being the uppermost va-the energy separation of the split-off band at zero strain.

The band-edge energies at the center of the first Brillouin
fone k=0) are

Epn(0)=—P.—Q,,

lence band. For ZnS in 2RMgg 1S the light-hole exciton The coupling results in a change in band-edge energies
is the energetically lowest transition for wells wider than 2since the light-hole and SO-band levels repel each other and
nm, as for all samples investigated. the energy difference is increased from 70 to 100 meV; the

At zero strain the spin-orbit split-offSO) band is sepa- heavy-hole band is not affected by the couplindatO.
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IIl. REFLECTIVITY EXCITON SPECTRA

The effect of increasing confinement on the exciton tranJi€r material and the strained ZnS quantum well is taken to

sitions in going from 10 to 3.5-nm well width was measuredPe evenly distributed between valence and conduction
by reflectivity. Reflectivity spectra for the 10 and 5-nm quan-ba”dé This amounts to valence-band offsets of 87 meV for

tum wells are shown in Figs.(® and 2b) respectively, the heavy hole and 106 meV for the light hole. We have used

where three different quantum well transitions are clearly3n €lectron effective mass of 018¢ reported by Kukimoto
observed, superimposed on interference oscillations up to #f al.~ and for the in-plane reduced mass we have used the
energy of 4.0 eV, which is the band gap of the barrier layers@Pproximation first proposed by Baldareschi and Lieot
The exciton spectral features in the reflectivity appear in eiffh=1/1 for bulk materials. In the present case the LH and
ther derivative or absorptive form depending upon their poHH are significantly decoupled, which might lead us to ex-
sition relative to the overall interference pattern and it can bect that the HH in-plane mass should be significantly re-
seen that for the 10-nm well the sharp excitonic features du@uced, however, recent calculations on similar ZnSe-based
to the well appear as derivatives, while for the 5-nm well theheterostructuréd suggest that this is not the case, due to the
features correspond directly to minima. In all four samples@rge contribution to the hole properties from laigsections
three features are observed, which are attributed to the lighf the dispersion relation where the HH and LH bands are
hole (LH) 1s exciton and the & and 2 exciton features of s;rongly mixed. We therefore use 'ghe pulk approxmanpn that
the heavy holgHH). The HH exciton features are stronger 9ives a reduced mags=0.181, which is around 10% higher
than those from the light-hole exciton features due to thdhan the values deduced for ZnSe, which has a band gap
larger oscillator strength of the HH exciton, while the 2 approximately 10% less than ZnS. Using these values we
feature is approximately five times weaker than tise Any find exc_ellent agreement with the measured Rydberg values
2s feature from the LH is close to the noise level but can beShown in Fig. 3.
very weakly observed when a magnetic field is applied. The
observation of a clearly resolved 3tate is particularly cru-
cial in enabling us to determine the excitonic Rydberg in this
system. Magneto-optics is a well-established technique to investi-
We have used the analytic method of Mathieu, Lefebvregate the excitonic properties of semiconductor quantum
and Christdl to calculate the value of the excitonic Rydberg wells. The magnetic-field dependencies of the ground states
from the measured value &*(1s— 2s) for the HH exciton  are described by the Zeeman effect and a diamagnetic shift.
as a function of well width. As can be seen in Fig. 3 it is justInformation about the band structure can be obtained from
possible to achieve the conditioB*(1s—2s)>hv o for  effective excitong values and exciton wave functions are
heavy-hole excitons for quantum wells narrower than 3.5measurable through the diamagnetic coefficient. The higher
nm. In order to compare these data with theoretical predicexcited states of the excitons such as tlsetransitions in-
tions we have calculated the exciton binding energy usingrease in oscillator strength when a magnetic field is applied
the model of Peylaet al® These calculations are strongly parallel to the growth directior{Faraday geometjy The
dependent on the material parameters for ZnS, which are nétansitions can then become more clearly detectable in the
as well known as for many other 1I-VI and IlI-V semicon- spectra allowing the direct determination of the zero-field
ductors. The difference in band gap between the ZnMgS bakexciton binding energ}?

IV. MAGNETOREFLECTIVITY
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FIG. 4. Enlarged reflectivity of a 5-nm ZnS quantum well 5.and 4-nm zZnS quantum wells. The solid lines are the fits obtained
sample in ZnMgS for light- X 4.15) and heavy-holgX, .1 and ity Eq. (4).

Xun:2s) €xciton transitions for magnetic fields from 0 to 53.5 T.

Spectral feature of the Xe-flash lamp are marked as A and B. assumed to be negligible, as no level anticrossing was

observed.

The improvement in the material quality as described in  The ground-state transition energies can thus be described
the first part of this study was essential to allow the obserby a sum of zero-field energy, diamagnetic shift, and Zeeman
vation of the changes in the reflectivity spectra induced bysplitting:*®
the magnetic field. To date, to the best of our knowledge,
magneto-optical data only exist for bulk ZnS samples; no E(B)=E;+ 6B*+  QefritgB, 4

experiments have been previously reported for ZnS quantum . .
; ; YvhereEi stands for th&e1LH1 andE1HH1 transitionsg is

require the use of very high magnetic-field values in order tgN€ diamagnetic shift parameter, ang is the Bohr magne-
achieve resolvable splittings. This, therefore, necessitated tH@n: Figure 5 shows the ground-state transitions for the HH
use of pulsed magnetic fields up to 54 T at the Oxford pulse@Nd LH as a function of the applied field for a 5- and a
magnetic-field facility. The samples were immersed in liquid4-"M-wide ZnS quantum well.

helium (4.2 K) in the bore of a liquid-nitrogen-cooled resis- 1 ne €ffective excitorg values measured for both LH and

tive magnet through which was passed the energy stored IHH excitons are sum_marized in Table 1. Both are quite large,
an 8uF bank of capacitors, charged up 65000 V. A with the LH value being larger than the HH for the range of
xenon-flash lamp was used as a white-light source and wa¥e!l widths investigated. Ourlrsesults are larger than ghe
fired at the peak field. The signal was detected with a charge/2!ues reported by Yamada al.™ for nonstrained bulk ZnS
coupled devicéCCD) camera and the resulting spectra were{fom PL measurements on biexcitons in magnetic fields up to
then normalized against a mirror to attempt to eliminate mosf - This behavior is the result of the splitting of the LH and
of the background features from the Xe lamp, although som H exciton states due to the tensile strain in the ZnS well,

small spikes, which were independent of field, can be seen if¢Sulting in the LH being the uppermost valence band. As a
some of the spectra. result the ordering of the LH spin states is reversed leading

Figure 4 shows the magnetoreflectivity from the 15-nmt0 @ Zeeman splitting for the exciton where the splittings of
quantum well in the region of the LHs] HH-1s, and HH-2 the electrons and holes are additive. This can be modeled

peaks. The behavior is typical for all of the samples studiedlU'® S|mply_ using the Luttinger approdéfin which the
in which both the & peaks show a well-resolved spin split- €XCiton Hamiltonian takes the form

ting above~25 T. In order to analyze the peak positions as . ) , ,
accurately as possible we use the first derivative of the re- 'ABLE |. Effective excitong factors and diamagnetic param-
flectivity spectra. eters for heavy- and light-hole excitons in ZnS quantum wells.

Although the magnetic fields used are very high, the reIaWeII width Gey (HH) 5 (HH) Ger (LH) 5 (LH)

tive field strength for ZnS of 50 T is comparable to 1.5 T in 2 2
GaAs due to the difference in carrier masses and bulk exci(-nm) (ueviT) (ueviT)
ton binding energies. Because of the small relative field 35 4.22 0.50
strength the effects of additional band mixing introduced by 4.0 2.20 0.65 3.87 0.89
the magnetic field that could contribute nonlinearly to the 5.0 1.97 0.96 3.79 1.00
Zeeman splitting can still be ignoré®iThe exchange inter- 10.0 3.13 1.56 3.82 1.55

action of the quantum well ground-state transitions is alsa
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due to the fact that we have not included exchange coupling,

which is probably just becoming significant when the exci-

— . e . tons are more strongly confined.

He=0ereB %+ 2ueB 5= up(3x+ 1)B-1, © We now turn to the diamagnetic shift paramefemhich
where the first term ifHg corresponds to the Zeeman split- is a measure of the carrier confinement. Decreasing values of
ting of the conduction band and the next two terms describ& are expected for increasing confinement and indeed this
the splitting from the spin and orbital angular momentum oftrend could be seen quite clearly for both types of excitons in
the hole. The crystal-field term is responsible for the the samples investigated, as can be seen in Fig. 7. The dia-
splitting of the HH and LH states due to the combination ofmagnetic shift in weak magnetic fields can be calculated by
strain and confinement effects. A similar approach has beefirst-order perturbation theoty** as
used in the modeling of GalRef. 17), which is very similar
to ZnS with an even smaller spin-orbit splitting and with a AE. . — 582_9
splitting of the HH and LH caused by the wurzite band struc- dia™ B
ture. The situation is different for the HH exciton; the con- _ _ _ )
tribution of HH and conduction-band electrons partially can-Where u is the in-plane reduced exciton mass gné the
cel each other out. Indeed the similarity with GaN is evenin-plane radius. Weak magnetic fields 0.4 in ZnS cor-
more striking since recent measurements by Shietds1® ~ respond td<52T, whereyis defined agy=1.w /2Ry with
in AlGaN/GaN quantum wells have found similarly large @c andRybeing the cyclotron frequency and the bulk exci-
factors, which are attributed also to strain-induced reversal ofon binding energy, respectively. The spatial extension of an
the quasi-HH(A) and quasi-LH(B) bands. Using an effec- €Xciton reaches its minimum for maximum confinement. The
tive g value of 1.88 for the conduction-band electrons invalue of(p®) is expected to decrease with decreasing quan-
nonstrained bulk Zn&® we have calculated the HH and LH tum well width until maximum confinement is reached. For
exciton splittings as a function of the band paramatars ~ €ven narrower wells, the value ¢p?) increases again as
shown in Fig. 6. This shows that the large value of theg.H tunneling effects become important. For bulk the relation
factor is well predicted by this approach, and that the iH (p?)=2aj holds, whereas for purely two-dimensior(ab)
factor is very sensitively dependent @ The most reliable eXCitons(p2>=(3/8)a§, whereag is the bulk exciton Bohr
results are from the 10-nm-wide well as this has both thegadius. The inset of Fig. 7 shows that there is a rapid de-
narrowest lines, the largest HH-LH splitting, and is the clos-crease in the values of the diamagnetic shifts as a function of
est to bulk behavior. From this data we conclude that thelecreasing well width, consistent with both the increase in
value of k of 0.17 originally proposed by Lawaétits the  the exciton binding energy and the expected decrease in the
data very well. The only surprising feature of our data whenexciton radius. In order to compare the observed diamagnetic
compared to the fitting is that the magnitude of the predictechifts with the data on the excitonic Rydberg we can make
HH g factor is almost independent of the LH-HH separation,the very approximate assumption that for well widths com-
whereas in practice we find that the HH excitgrfactor is  parable to the excitonic Bohr radius a 3D approximation
strongly reduced with decreasing well width. This may bewould be appropriate. This is justified mainly by the obser-

with

2

B*
8 (p%), (6)
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vation that the excitonic binding energies are considerably V. CONCLUSION
closer to the 3D than the 2D limit. In this case we may use
expression(6) together with the conventional formulas for  Reflectivity and magneto-optics were used to study the
the effective Rydberg to show that excitonic properties of high-quality ZnS quantum wells in
1121 (ea'RH\2 ZnMgS. Heavy- and light-hole exciton transitigns as narrow
5:(R_*) = 20 ) (7) as 5 meV are observed for quantum wells with thicknesses
m er

ranging from 3.5 to 10 nm. The effective Rydberg has been
whereag andR" are the full hydrogen values of the Bohr

measured and found to reach values as high as 55 meYV,
- . X .

radius and Rydberg energy. This expression is plotted fol/Nich enables the conditioB™(1s—2s)>hv ¢ to be satis-

ZnS in Fig. 7 using a dielectric constant ©f=8.0 and re-

fied. It is therefore expected to observe suppression of
duced effective-mass values pf=0.18n, as suggested by

exciton-LO phonon scattering for both light- and heavy-hole

using the electron mass value of Ond4and x=0.156n,  €xcitons in these samples. The magnetic-field dependencies
deduced using the value of 0126 for the electron mass O©f the light- and heavy-hole transitions was described as a
reported by Miklosz and Wheeléf.The excitonic Rydberg Sum c_Jf Zeeman effect and diamagnetic shift. The measured
predicted by Eq.(7) reproduces well the values obtained effective g factors are found to be very large due to the
from the zero-field reflectivity in Sec. Ill for the HH. For light-hole band being the topmost band in this tensile-

both mass values the systematic trend is well described, thgrained system. The rapid reduction in diamagnetic shift for
higher mass values giving better agreement. the narrow wells indicates the strong carrier confinement in

Although higher excited exciton states were not clearlythese samples and is consistent with the observed increase in
observed during the experiments, there are a few cases whefe excitonic effective Rydberg.
features could be seen. For the 10-nm sample the highest-
field traces showed detectable spin-spkt fRatures for the
LH exciton which suggest that the LH binding energy is ACKNOWLEDGMENTS
within 1-2 meV of that deduced for the HH, and that the
factor of the 2 state is the same as for the.1By contrast
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