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Two-photon absorption at low temperatures was used to determine the pressure dependence of 2P and 1S
excitons in ZnS and of 2P excitons in CdS. From these measurements precise values for the band-gap shifts
were obtained. Further, in ZnS pressure-induced changes of the exciton binding energy and of the spherical
valence-band parameter~derived from the 2P exciton fine structure! were observed.@S0163-1829~96!01624-4#

I. INTRODUCTION

Two-photon spectroscopy1,2 ~TPS! has proven to be a use-
ful tool for the investigation of the electronic band structure
of semiconductors under hydrostatic pressure.3–6 In order to
accuratelydetermine the band gap and its shift with pressure
by optical means, it is necessary to measure exciton energies.
In linear absorption this is only possible by using very thin
samples~thickness of the order of 1mm!, which are difficult
to handle without causing additional strain. In reflection, the
quality of the surface is crucial. Because of this, reflection
measurements are typically performed on samples cleaved
and maintained in vacuum, which is obviously not possible
for high-pressure measurements. With TPS, on the other
hand, one detects a bulk signal, which is not influenced by
the quality of the surface. Often TPS spectra show smaller
linewidths than linear absorption spectra. Additionally, be-
cause of different selection rules it is possible to excite a
larger number of states. As an example, one can measure
2P excitons with TPS, which allows the determination of
Luttinger parameters7–11 of the valence band.

There are two main reasons for doing high-pressure ex-
periments. First, the change of the electronic band structure
of a semiconductor upon decreasing the lattice constant can
be reproduced easily by theoretical calculations. Therefore,
hydrostatic pressure allows a direct comparison of theory
and experiment. The second reason to perform high-pressure
experiments arises from technological applications of direct-
gap semiconductors. Especially II-VI compounds as ZnS and
CdS have been of interest for the realization of blue-green
laser diodes.12,13Because of lattice mismatch II-VI quantum
wells show strong internal strain, which leads to a change of
band structure. For the optimization of optical devices14 it is
important to know the relevant material parameters. Several
of them can be determined by hydrostatic-pressure experi-
ments.

The topics of this paper are the direct-gap II-VI semicon-
ductors zinc sulfide~ZnS! and cadmium sulfide~CdS!, which
both crystallize in a tetrahedrally coordinated structure, ZnS
in the cubic zinc-blende structure and CdS in the hexagonal
wurtzite structure. In both cases the band gap is direct and at
the G point. The optical transition between the valence and
conduction band is electric-dipole allowed. The lowest con-
duction band is formed predominantly bys orbitals of the
cations, and the uppermost valence bands by sulfurp orbitals
with some admixture of zinc or cadmiumd orbitals. In the

absence of interactions the valence band is sixfold degener-
ate~including spin degeneracy!. Spin-orbit coupling leads to
a splitting into an upper fourfold and a lower twofold degen-
erate band.15 Their energy difference is calledDso. The cu-
bic crystal field results in a splitting of the fourfold degener-
ate valence band into a heavy-hole and a light-hole band for
nonzero wave vectors. The form of these bands can be de-
scribed by the Luttinger parameters7,8 g1 , g2 , and g3 . In
terms of these parameters the heavy- and light-hole masses
are given by

mhh5
m0

g122g2
, mlh5

m0

g112g2
, ~1!

with m0 the free-electron mass.
In wurtzite, on the other hand, the hexagonal crystal field

and spin-orbit coupling together, which in CdS are of the
same order of magnitude,16 lead to three twofold degenerate
bands.17,18 These three valence bands are usually
designated19 in order of decreasing energyA, B, andC.

To understand optical spectra in semiconductors, the Cou-
lomb interaction of electrons and holes has to be taken into
account, which leads to the formation of excitons.20,21These
form hydrogenlike series; i.e., the energyEn of the exciton
with principal quantum numbern is given by

En5Eg2
R

n2
, n51,2,3, . . . . ~2!

Each exciton series is characterized by the band gapEg ,
which is also the series limit, and the exciton binding energy
R. By the observation of~at least! two excitons with differ-
ent n it is thus possible to precisely determine the relevant
band gap.

Because of the degeneracy of the upper valence band in
ZnS, the 2P exciton has a fine structure. The underlying
mechanism9 to explain this structure is envelope-hole cou-
pling, i.e., the coupling of the 2P envelope function~orbital
momentuml51) to the valence band~orbital momentum
j53/2). This results in three states, which are classified by
the total orbital momentumF53/2, 5/2, and 1/2. Further
contributions, which take into account the cubic crystal field,
give an additional splitting of the 2P5/2 state. In the follow-
ing we restrict ourselves to the spherical approximation
(g25g3); i.e., we neglect this additional splitting. In this
approximation the 2P exciton energies are given by22,23
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E~2P3/2!5E2P2mR/5,

E~2P5/2!5E2P1mR/20, ~3!

E~2P1/2!5E2P1mR/4.

In these equationsm is the spherical valence-band parameter,
which is related to the Luttinger parameters by9

m5
2g2

g11ge
, ~4!

with ge the inverse of the conduction-band mass~in units of
the free-electron mass!. Thus, m is proportional to
mlh

212mhh
21 , the difference between the inverse of the light-

hole mass and the inverse of the heavy-hole mass@cf. Eq.
~1!#. In this way it is possible to determine the pressure de-
pendence of the splitting between heavy- and light-hole
bands by measuring the 2P exciton fine structure.

II. EXPERIMENT

In the case of ZnS we used a polycrystalline sample, since
it had much smaller exciton lines than several single-
crystalline samples we tried. A similar observation5 was also
made for ZnSe. A possible explanation is a higher impurity
content of the single crystals. The CdS sample used was a
single crystal, again selected for the smallest exciton line-
widths.

The experimental setup24 consists of an exciting laser, a
cryostat with the sample in a diamond anvil cell, and a de-
tection system. We use only one laser beam; i.e., the excita-
tion is performed with two identical photons. Thus, states are
excited at twice the laser photon energy. With regard to one-
photon absorption the sample is completely transparent. The
exciting laser is a tunable dye laser with a pulse length of 5
ns, which is pumped by the second harmonic of a Nd:YAG
~yttrium aluminum garnet! laser with a repetition rate of 10
Hz. Two-photon absorption is detected by the subsequent
emission of free-exciton luminescence. The intensity of this
luminescence is proportional to the square of the laser inten-
sity, which was around 10 MW/cm2. The luminescence is
separated from the laser light by appropriate optical filters
and a prism monochromator and detected by a photomulti-
plier. The electronic signal from the photomultiplier is fed
into a gated integrator, digitized by an analog-digital con-
verter, and sent to a PC, which divides the signal by the
square of the laser intensity to compensate for intensity fluc-
tuations and averages the result over 50 to 150 shots. The
spectral resolution is twice~because of two-photon absorp-
tion! the linewidth of the dye laser, which is 20meV.

Pressure is generated by a gasketed diamond anvil cell
similar to the one in Ref. 25, but smaller in dimensions to fit
into a helium cryostat. Helium is used as pressure medium to
ensure optimal hydrostatic conditions at low temperatures.
For the measurements the diamond anvil cell is cooled down
to a temperature of 7 K in a helium-flow cryostat while
changes of pressure are done at room temperature.26 Pressure
is determined by the well-known ruby pressure scale.27–31

III. RESULTS AND DISCUSSION

A. ZnS „zinc-blende structure…

Figure 1 shows some spectra of ZnS at different pres-
sures. One finds the resonances of the longitudinal 1S exci-
ton and of the 2P exciton. In the zero-pressure spectrum
there is an additional peak at the high-energy side of the
1S exciton from the transverse polariton. With pressure both
resonances shift to higher energies. Further, the intensity of
the 1S exciton decreases relative to the 2P exciton. Because
of this the 1S resonance is below the detection limit for
pressures above 3.4 GPa whereas the stronger 2P resonance
can be detected up toP56 GPa.

The decrease of the 1S exciton intensity relative to the
2P exciton is probably caused by a decrease ofd admixture
to the valence band under pressure since the two-photon os-
cillator strength ofS excitons is proportional to this admix-
ture. A similar decrease ofd admixture with pressure was
found3 in CuCl.

Figure 2 gives the energies of 1S and 2P excitons versus
pressure. The pressure dependence of the energies is sublin-
ear and is fitted by quadratic polynoms, given as solid lines
in Fig. 2. For both 1S and 2P excitons the same quadratic
pressure coefficient is chosen. With Eq.~2! one can deter-

FIG. 1. Above: Two-photon-absorption spectra of the longitudi-
nal 1S exciton and the 2P exciton in ZnS for different pressures at
a temperature of 7 K. Below: Fine structure of the 2P exciton in
ZnS at zero pressure. The dots are the experimental points and the
lines give the deconvolution into the three 2P exciton states accord-
ing to Eq.~3!, the 3P exciton, and the background due to the exci-
ton continuum.
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mine the pressure dependence of the band gapEg and of the
exciton binding energyR. Additionally, the envelope-hole
couplingmR can be obtained by analyzing the line shape of
the 2P exciton5,10,11using Eq.~3!. The data are shown in Fig.
3 together with linear fits. Table I summarizes all results for
ZnS. For comparison Table II gives the results5 for ZnSe.

The hydrostatic deformation potentialag describes the
volume dependence of the band gap. It can be calculated
from the pressure dependence using the bulk modulusB0:

32

ag[2
1

V

dEg
dV

5B0

dEg
dp

. ~5!

As shown in Table III, the deformation potentials for ZnS
and ZnSe are very similar; i.e., the difference in their band-
gap pressure coefficients is caused mainly by their different
bulk moduli ~74.8 GPa for ZnS,33 64.7 GPa for ZnSe,34 both
for low temperatures!.

In the three zinc chalcogenides ZnO, ZnS, and ZnSe the
relative change of the exciton binding energy with pressure
is larger than the relative change of the band gap~see Table
III !. In the Wannier model20,21 the exciton binding energy is
given by

R5
RH

m0

mred

est
2 , ~6!

TABLE I. Zero-pressure values and linear and quadratic pres-
sure coefficients of exciton energies and band parameters in ZnS
determined by two-photon absorption at a temperature of 7 K.

E(P50) dE/dP d2E/dP2

~eV! ~meV/GPa! ~meV/GPa2)

1S 3.803160.0001 63.360.6 21.560.1
2P 3.828960.0001 63.560.4 21.560.1
R 0.034260.0001 0.860.1 0
Eg 3.837560.0001 63.860.5 21.560.1
mR 0.005160.0001 0.660.1 0

m(P50) dm/dP
~1/GPa!

m 0.14960.003 0.01460.003

FIG. 2. Energy of the longitudinal 1S exciton and the 2P exci-
ton in ZnS vs pressure at a temperature of 7 K. The solid lines show
quadratic fits.

FIG. 3. Exciton binding energyR and envelope-hole coupling
mR in ZnS vs pressure. The solid lines show linear fits.

TABLE II. Zero-pressure values and linear and quadratic pres-
sure coefficients of exciton energies and band parameters in ZnSe
determined by two-photon absorption~Ref. 5! at a temperature of 6
K.

E(P50) dE/dP d2E/dP2

~eV! ~meV/GPa! ~meV/GPa2)

1S 2.8035560.00005 69.560.2 21.4460.02
2P 2.817560.0001 69.960.2 21.4460.02
3P 2.820360.0001 70.360.3 21.4460.02
R 0.018760.0001 0.6960.07 0
Eg 2.822260.0001 70.260.2 21.4460.02
mR 0.0037860.00004 0.2060.07 0

m(P50) dm/dP
~1/GPa!

m 0.20260.003 0.00360.004
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with RH513.6 eV the Rydberg energy of atomic hydrogen,
m0 the free-electron mass,mred the reduced exciton mass,
andest the static dielectric constant. Fromk•p theory35 one
expects the relative change ofmred to be equal to the relative
change ofEg . Thus, the observed increase ofR cannot be
explained completely by the increase ofmred with pressure.
One expects therefore in all three substances a decrease of
est with pressure. In ZnSe such a decrease was found
experimentally.36

As already mentioned in the Introduction, the 2P exciton
fine structure~see Fig. 1! allows the determination of the
spherical valence-band parameterm. Whereas the pressure
dependence of band gaps and exciton binding energies is
similar in ZnS and ZnSe, the pressure dependence ofm is
quite different ~see Tables I and II!. In ZnS m increases
significantly with pressure, in ZnSe it stays constant. This
difference may be due to the influence of the split-off va-
lence band in ZnS, since here the spin-orbit splitting
(Dso570 meV! is much smaller than in ZnSe (Dso5430
meV!.37 An increase ofm means that the difference between
heavy- and light-hole masses increases with pressure.

Table IV gives a comparison of our result for the pressure
dependence of the band gap of ZnS with previously obtained
values. The experimental data, which were obtained by sev-
eral different methods, all agree within their experimental
errors, apart from Ref. 38. One must stress, however, that the
present investigation actually determines the band gap and

its pressure dependence. Other experiments have measured
band-gap-related structures, but, to our knowledge, not the
band gap itself. As an example, in the absorption
measurements38,39 the band gap is arbitrarily taken as the
energy where the absorption saturates, i.e., where the trans-
mitted light is equal to dark noise plus stray light. Therefore,
the band gap determined in this way depends on experimen-
tal conditions and on the thickness of the sample, which is
the reason for the different results in Refs. 38 and 39. To our
knowledge, none of the previous experiments makes a dis-
tinction between the band gap and the 1S exciton. Accord-
ingly, none of them is able to determine the pressure depen-
dence of the exciton binding energy.

In contrast to the experimental data, the theoretical values
show a large variation~between 36 and 86 meV/GPa!. The
best agreement with experiment is achieved by linear-
muffin-tin-orbital ~LMTO! calculations.39,40

B. CdS „wurtzite structure …

Some two-photon spectra of CdS for different pressures
are shown in Fig. 4. One can see two resonances, which are
identified as the 2P excitons of theA and theB series. Both

FIG. 4. Two-photon-absorption spectra of the 2P excitons from
theA andB series in CdS at a temperature of 7 K.

TABLE V. Zero-pressure values and linear and quadratic pres-
sure coefficients of the 2P exciton energies in CdS determined by
two-photon absorption at a temperature of 7 K.DAB is the differ-
ence betweenA andB valence band.

E(P50) dE/dP d2E/dP2

~eV! ~meV/GPa! ~meV/GPa2)

A 2P 2.575360.0003 46.260.8 21.860.1
B 2P 2.590960.0003 46.760.8 21.860.1
DAB 0.015660.0003 0.760.3 0

TABLE III. Hydrostatic deformation potentialag and relative
changes of band gapEg and exciton binding energyR with pressure
for the wurtzite semiconductors CdS and ZnO~Ref. 4! and for the
zinc-blende semiconductors ZnS and ZnSe~Ref. 5!.

ag ~eV!

1

R

dR

dPS 1

GPaD 1

dEg

dEg
dP S 1

GPaD
CdS 2.9160.05 0.017960.0003
ZnO 3.5160.01 0.017660.0003 0.0071860.00003
ZnS 4.6460.03 0.02360.003 0.016660.0001
ZnSe 4.5460.02 0.03760.004 0.024960.0001

TABLE IV. Experimental and theoretical values for the linear
pressure coefficient of the lowest-energy band gap in ZnS.

dEg /dP Method
~meV/GPa!

Experiment
63.860.5 Two-photon absorption,T57 K, this work
63.560.7 Absorption,T5300 K, Ref. 39
64 62 Luminescence excitation,T5300 K, Ref. 45
63 62 Reflection,T5300 K, Ref. 46
57 Absorption,T5300 K, Ref. 38

Theory
62 LMTO, Ref. 40
79.7 Tight binding, Ref. 47a

62.2 LMTO, Ref. 39
86 Pseudopotential, Ref. 48a

53 Ab initio, Ref. 49a

52 Pseudopotential, Ref. 50a

36 Pseudopotential, Ref. 51
72 Dielectric theory, Ref. 52
67 Korringa-Kohn-Rostoker, Ref. 53a

aCalculated with a bulk modulus~Ref. 33! of B574.8 GPa using
Eq. ~5!.
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resonances undergo a sublinear blueshift with pressure as
shown in Fig. 5. The solid lines are quadratic fits, the results
of which are shown in Table V. As in the case of ZnS the
quadratic pressure coefficient is chosen to be the same for
both excitons. Since we do not observe excitons with princi-
pal quantum numbernÞ2 in CdS, it is not possible to de-
termine the change of exciton binding energy with pressure.
One can, however, assume the pressure shift of the band gaps
to be almost equal to the pressure shift of the corresponding
2P excitons, since the difference betweenE2P andEg is only
R/4 @Eq. ~2!#. In ZnS, for instance, this difference is below
the experimental error.

We have used the low-temperature bulk modulusB563
GPa from Ref. 41 to calculate the hydrostatic deformation
potential for CdS with Eq.~5!. It is given in Table III. One
notes that the deformation potentials for the wurtzite semi-
conductors CdS and ZnO are considerably smaller than for
the zinc-blende compounds ZnS and ZnSe.

The pressure range for the measurements on CdS in the
wurtzite phase is limited by a pressure-induced phase transi-
tion at Pc52.75 GPa.42 Since all pressure changes were
done at room temperature, the phase transition took place at
this temperature. Upon cooling the pressure decreases.
Therefore, at 7 K we could measure the wurtzite phase only
up to a pressure of 2 GPa. The high-pressure phase has rock-

salt structure and is an indirect-gap semiconductor.43 We
were not able to measure any two-photon signal in this
phase.

A comparison of our result for the pressure dependence of
the lowest gap with previous results is given in Table VI.
Here the same comments as for ZnS apply with the excep-
tion of the absorption measurements by Lindneret al.44 They
used very thin samples~thickness about 1mm! and were thus
able to measure exciton energies. In principle one could use
their 1S exciton energies to determine the pressure depen-
dence of exciton binding energies, but the experimental er-
rors are too large for this. In contrast to their finding that
DAB , the difference betweenA andB valence band, stays
constant with pressure at 1561 meV, we find an increase of
DAB with pressure~see Table V!.

IV. SUMMARY

We have determined the band-gap deformation potentials
of ZnS and CdS at low temperatures with high accuracy by
two-photon spectroscopy. In ZnS we have also determined
the exciton binding energy and the fine structure of 2P ex-
citons. The spherical valence-band parameterm, which is
derived from this fine structure, increases with pressure in
contrast to the case of ZnSe, where it stays constant.
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