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Type conversion under hydrostatic pressure in ZnSe-ZnS strained-layer superlattices
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A conversion from type-I to type-II in a ZnSe-ZnS strained-layer superlattice under hydrostatic pres-
sure is observed. The hydrostatic-pressure dependence of the integrated intensity and the linewidth of
the n =1 heavy-hole exciton emission spectra is represented by a couple of straight lines with a clear
kink at about 31 kbar. Moreover, the emission peaks appear below the band-gap energy of the ZnSe well
layers above 31 kbar. All of these features are well explained by the type conversion associated with the
I'-T" conduction-band crossover between the ZnSe well and ZnS barrier layers.

In recent years, there has been much work on the
effects of the external modulations in semiconductor su-
perlattices and  multiple-quantum-well  structures.
Hydrostatic-pressure studies! ~3 and electric-field studies*
have enabled us to understand the fundamental electronic
structures in GaAs-based quantum-well structures
through the interlayer I'-X crossover. Magnetic-field
studies have also clarified the band structures in diluted
magnetic semiconductor quantum-well structures such as
ZnSe-Zn,_,Fe,Se (Ref. 5) and CdTe-Cd; _,Mn, Te (Ref.
6) through the Zeeman splitting of the valence band.

We present here the first evidence of a conversion from
type I to type II under hydrostatic pressure in wide-
band-gap ZnSe-ZnS strained-layer superlattices (SLS’s).
This type conversion results from a I'-point crossover of
the ZnSe well and ZnS barrier conduction bands. One of
the most characteristic aspects of this SLS is that the
conduction-band offset is much smaller than the valence-
band offset. This aspect has been suggested by the
model-solid theory.” Our recent studies by photolumines-
cence excitation (PLE) spectroscopy have shown that
type-I ZnSe-ZnS SLS’s have no electron quantum state
higher than n =2 in the conduction-band wells.> The
conduction-band offset was estimated to be less than 150
meV on the basis of Kronig-Penney analysis. Judging
from the differences in the conduction-band
deformation-potential constant and the bulk modulus of
ZnSe well and ZnS barrier layers, one can expect that a
conduction-band crossover between these layers occurs at
a moderate value of hydrostatic pressure. This article
presents the evidence of the crossover. It is clearly ob-
served in the changes in the integrated intensity, the
linewidth, and the peak energy of the n =1 heavy-hole
exciton emission spectra.

ZnSe-ZnS SLS’s were grown on (100)-oriented GaAs
substrates at 350°C without buffer layers by a low-
pressure  metal-organic  chemical-vapor  deposition
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(MOCVD) method with all gaseous sources. The sample
used in this study consists of 150 periods of 2.0-nm-thick
ZnSe well layers separated by 4.0-nm-thick ZnS barrier
layers. The GaAs substrate was thinned to about 50 um.
A small piece of the thinned sample was placed in a
Merrill-Bassett diamond-anvil cell with liquid nitrogen as
the pressure transmitting fluid. The energy shift of the
R, luminescence line from a ruby crystal was used to
calibrate the pressure. The cell was directly immersed in
liquid nitrogen. Photoluminescence (PL) spectra were
measured using a conventional lock-in detection tech-
nique in conjunction with a 75-cm single grating mono-
chromator. The excitation source was a 350-nm line of a
continuous-wave argon-ion laser.

Figure 1 shows the schematic hydrostatic-pressure
dependence of the conduction-band edges for both ZnSe
well and ZnS barrier layers in the ZnSe-ZnS SLS. In this
calculation, we used —5.4 and —4.0 eV as a hydrostatic
band-gap deformation-potential constant (a,—a,) for
ZnSe and ZnS, respectively.9 Moreover, we divided the
hydrostatic band-gap deformation-potential constant into
a hydrostatic conduction-band deformation-potential
constant (a.) and a hydrostatic valence-band
deformation-potential constant (a,), using the calculated
ratio (a,/a,) given by Camphausen, Connell, and Paul.!®
These values are listed in Table I. As a bulk modulus, we
used 6.25X10° bar (Ref. 11) and 7.69 X 10° bar (Ref. 12)
for ZnSe and ZnS, respectively. Therefore, we obtained
the energy shift of the conduction-band edges under hy-
drostatic pressure by 5.84X 1073 P eV and 3.62X 1073 P
eV for ZnSe and ZnS, respectively. Here P is the hydro-
static pressure in units of kbar. The conduction-band
offset under no external hydrostatic pressure is shown as
AE,. in this figure. The conduction-band edges for both
ZnSe and ZnS layers shift toward higher energy with in-
creasing hydrostatic pressure and cross at P, as shown in
Fig. 1. In this way, our calculation suggests that the con-
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FIG. 1. Schematic changes in the conduction-band edges for
both ZnSe well and ZnS barrier layers in a ZnSe-ZnS SLS as a
function of hydrostatic pressure. In this figure, AE, denotes the
conduction-band offset at atmospheric pressure and P, denotes
the crossover pressure.

version from type I (P <P,) to type II (P > P,) occurs in
the ZnSe-ZnS SLS under hydrostatic pressure.

Figure 2 shows PL and absorption spectra of the
ZnSe-ZnS SLS used in this study. Two peaks observed in
the absorption spectrum correspond to » =1 heavy-hole
(hh) and n =1 light-hole (lh) excitons. The PL peak ap-
pears by 28 meV lower-energy side of the n =1 heavy-
hole exciton peak in the absorption spectrum, and is lo-
cated at the tail part of the exciton absorption spectrum.
This dominant PL peak, therefore, can be attributed to
the intrinsic radiative recombination of the n =1 heavy-
hole excitons. The Stokes shift is probably determined by
the interface fluctuation. The fundamental optical prop-
erties of this SLS have already been reported.!?

Photoluminescence spectra of the ZnSe-ZnS SLS under
atmospheric and various hydrostatic pressures at 77 K
are shown in Fig. 3. With the application of hydrostatic
pressure, the PL peak position shifts toward higher ener-
gy and the linewidth broadening takes place. Especially,
the linewidth obtained at 45.8 kbar is 3.3 times as broad
as that obtained at atmospheric pressure. The line shape
becomes much more asymmetric with increasing pressure
because of the decrease of the intrinsic recombination rel-
ative to the lower-energy component of the spectrum.
This lower-energy component can be attributed to the

TABLE 1. The hydrostatic band-gap deformation-potential
constants a, —a,, and the conduction- and valence-band defor-
mation potential constants, a. and a,. These values are written
in units of eV.

a.—a, a. a,
ZnSe —5.4 —3.65 1.75
ZnS —4.0 —2.78 1.22

K.

recombination of excitons localized more deeply. The
origin of this component has not been understood clearly
so far. It is probably ascribed to the recombination of ex-
citons deeply localized at interface defects.

Figures 4(a) and 4(b) show the hydrostatic-pressure
dependence of the integrated intensity and the linewidth
(the full width at half maximum) of the n =1 heavy-hole
exciton emission spectra at 77 K, respectively. In this
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FIG. 3. Photoluminescence spectra of a ZnSe-ZnS SLS

(L, =2.0 nm and L, =4.0 nm, 150 periods) under atmospheric
and various hydrostatic pressures at 77 K. Each spectrum is
normalized at the maximum of the peak height.
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figure, solid lines are due to linear least-squares fits to the
experimental data. The emission intensity in Fig. 4(a)
gradually decreases with increasing hydrostatic pressure
up to 31 kbar. With further increasing pressure the in-
tensity decreases more rapidly. Therefore, the pressure
dependence of the emission intensity is represented by a
couple of straight lines with a kink. Parallel to these
changes, the linewidth in Fig. 4(b) increases as the hydro-
static pressure increases, and the kink point in these
changes appears at the same pressure of 31 kbar. These
observations obtained in the changes in the integrated in-
tensity and the linewidth can be explained by considering
that the conduction-band edges of ZnSe and ZnS layers
cross around 31 kbar and the conversion from type I to
type II occurs at this pressure. Conduction electrons are
confined to the ZnSe well layers below 31 kbar. Howev-
er, electrons are confined to the ZnS barrier layers above
31 kbar. Then, the electrons and heavy holes are spatial-
ly separated and recombination takes place across the
heterointerface. As a result, the intrinsic exciton
luminescence intensity decreases. The emission intensity
of the intrinsic component is more sensitive to the band
structure than that of the lower-energy component of the
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FIG. 4. (a) Hydrostatic pressure dependence of the integrat-
ed intensity and (b) the linewidth of the n =1 heavy-hole exci-
ton luminescence of the ZnSe-ZnS SLS at 77 K. The solid lines
are linear least-squares fits to the experimental data.
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spectrum, because the lower-energy component is due to
excitons localized more deeply and is not sensitive to the
change of band lineups from type I to type II. The over-
lap in the intrinsic and the lower-energy components may
influence the linewidth and the PL peak position. How-
ever, as shown in Fig. 3, the emission intensity of the
lower-energy component does not exceed that of the in-
trinsic one. Therefore, the influence of the overlap in the
intrinsic and the lower-energy components is thought to
be very small, especially on the emission intensity. Thus,
the appearance of the clear kink point which was ob-
served in the changes in the emission intensity and the
linewidth can be explained only by the crossover to type
II.

To support our identification, we estimated the
luminescence quenching around the crossover. Using the
envelope-function approximation, the square of the over-
lap integral between the n =1 electron wave function and
the n =1 heavy-hole wave function at 50 kbar is about
17% of that at atmospheric pressure. In addition to the
above value, we took account of the exciton effect, that is,
the lateral spatial extension of the exciton Bohr radius in
the direction parallel to the heterointerface.'*!*> As a re-
sult, we approximately obtained that the exciton oscilla-

30L ZnSe-ZnS SLS

L Lw=2.0 nm
- Lp=4.0 nm
i 150 periods
i 77 K

3.1

PHOTON ENERGY (eV)
w
o

N
o)

2.8

1

1 1 |
0 10 20 30 40 50
PRESSURE (kbar)

FIG. 5. Hydrostatic-pressure dependence of the peak energy
of the n =1 heavy-hole exciton luminescence of the ZnSe-ZnS
SLS at 77 K. The solid line is a linear least-squares fit to the ex-
perimental data below 30 kbar. The dashed line shows the
hydrostatic-pressure dependence of the band-gap energy of the
ZnSe well layers.
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tor strength at 50 kbar decreased to about 4% of that at
atmospheric pressure.'® This calculated result supports
the experimental luminescence quenching of about 7%
shown in Fig. 4(a).

The pressure-dependent emission peak energies of the
n =1 heavy-hole exciton at 77 K are shown in Fig. 5.
The emission peak energy shifts toward higher energy
with increasing hydrostatic pressure. The energy shift
below 30 kbar is well fitted by a straight solid line shown
in the figure. A dashed line shows the hydrostatic-
pressure dependence of the band-gap energy of the ZnSe
well layer at 77 K. We calculated it by taking account of
the strain effect due to the lattice mismatch® and the ex-
perimental pressure coefficients of the band-gap energy.!’
Above 31 kbar, the peak energy deviates from the solid
line and appears below the band-gap energy of the ZnSe
well layer. This observation also supports that the con-
version from type I to type II occurs around 31 kbar.
Here, we do not take account of the n =1 heavy-hole
quantum confinement energy and the binding energy of
excitons, because these values are found to balance each
other around the crossover.

The type conversion we observed is induced by the I'-I"
conduction-band-edge crossover between ZnSe well and
ZnS barrier layers. The crossover takes place because of
the small conduction-band offset in this SLS and the
difference in the energy shift of the conduction-band
edges under hydrostatic pressure between these layers.
The I'-T type conversion may give unique characteristics
to the system which is not observed in the I'-X type con-
version.

Finally, we consider the conduction-band offset. Re-
cently, Shahzad, Olego, and Van de Walle have reported
the empirical approach to derive the band offset in ZnSe-
ZnS, Se,_, (x <0.30) SLS’s.!® They indicated that the
conduction-band offsets are very small (AE.~5 meV),
and that the experimental observations are in good agree-
ment with the theoretical calculations based on the
model-solid approach. On the basis of our hydrostatic-
pressure measurements, we can obtain the conduction-
band offset in ZnSe-ZnS SLS’s shown as AE_ in Fig. 1 un-
der no external hydrostatic pressure. Using the calculat-
ed energy shifts of both ZnSe and ZnS conduction-band

edges as a function of hydrostatic pressure shown above
and the crossover pressure obtained experimentally, we
estimated the conduction-band offset AE. to be 68.8
meV. If we use 820 meV as the valence-band offset on
the basis of Harrison’s linear combination of atomic or-
bitals theory, the conduction-band offset is estimated to
be 198 meV without the effects of strain due to the lattice
mismatch between ZnSe and ZnS layers. However, the
effects of the strain must be considered in this SLS. In
order to discuss the propriety of the obtained value of the
conduction-band offset, we use the modified model-solid
theory® as one of the theoretical approaches that can esti-
mate the conduction-band offset. In this calculation, the
biaxial strain due to the lattice mismatch can be divided
into the uniaxial and the hydrostatic components and the
effects of each component can be individually treated. As
a result of these calculations, the conduction-band offset
was estimated to be 74.7 meV. This calculated value of
the conduction-band offset approximately agrees with the
experimentally estimated value of 68.8 meV. Moreover,
these two values are consistent with the result of Kronig-
Penney’s analysis of the PLE measurements.®

In conclusion, we have obtained direct observations of
a conversion from type I to type II in a wide-band-gap
ZnSe-ZnS strained-layer superlattice under hydrostatic
pressure. This type conversion results from the I'-I
conduction-band crossover between ZnSe well and ZnS
barrier layers and occurred around 31 kbar at 77 K. This
phenomenon was clearly observed in the changes in the
integrated intensity, the linewidth, and the peak energy of
the n =1 heavy-hole exciton emission spectra. From our
experimental results, we obtained the conduction-band
offset at atmospheric pressure. It is AE.=68.8 meV.
This value is close to that obtained by the semiquantita-
tive calculations, and is consistent with our experimental
results of the PLE spectroscopy.

This work was partly supported in by a grant-in-aid for
Scientific Research on Priority Areas, New Functionality
Materials—Design, Preparation, and Control—Grant
No. 02205016 from the Ministry of Education, Science
and Culture of Japan.

ID. J. Wolford, in Proceedings of the 18th International Confer-
ence on the Physics of Semiconductors, edited by O. Engstrom
(World Scientific, Singapore, 1986), p. 1115, and references
therein.

2U. Venkateswaran, M. Chandrasekhar, H. R. Chandrasekhar,
B. A. Vojak, F. A. Chambers, and J. M. Meese, Phys. Rev. B
33, 8416 (1986), and references therein.

3Y. Masumoto, Y. Kinoshita, O. Shimomura, and K. Takemu-
ra, Phys. Rev. B 40, 11 772 (1989).

4M.-H. Meynadier, R. E. Nahory, J. M. Worlock, M. C. Tamar-
go, J. L. de Miguel, and M. D. Sturge, Phys. Rev. Lett. 60,
1338 (1988).

5X. Liu, A. Petrou, J. Warnock, B. T. Jonker, G. A. Prinz, and
J. J. Krebs, Phys. Rev. Lett. 63, 2280 (1989).

SE. Deleporte, J. M. Berroir, G. Bastard, C. Delalande, J. M.

Hong, and L. L. Chang, Phys. Rev. B 42, 5891 (1990).

7C. G. Van de Walle, Phys. Rev. B 39, 1871 (1989).

8Y. Yamada, Y. Masumoto, T. Taguchi, and S. Takeda, in
Proceedings of the 20th International Conference on the Phys-
ics of Semiconductors, edited by E. M. Anastassakis and J. D.
Joannopoulos (World Scientific, Singapore, 1990), p. 941.

9D. W. Langer, R. N. Euwema, K. Era, and T. Kada, Phys.
Rev. B 2, 4005 (1970).

10D, L. Camphausen, G. A. N. Connell, and W. Paul, Phys.
Rev. Lett. 26, 184 (1971).

1B, H. Lee, J. Appl. Phys. 41, 2984 (1970).

I2C. F. Cline and D. R. Stephens, J. Appl. Phys. 36, 2869 (1965).

13Y. Yamada and T. Taguchi, J. Cryst. Growth 101, 661 (1990).

14y, Shinozuka and M. Matsuura, Phys. Rev. B 28, 4878 (1983);
29, 3717(E) (1984).



44 TYPE CONVERSION UNDER HYDROSTATIC PRESSUREIN . ..

1805
15M. Matsuura and Y. Shinozuka, Phys. Rev. B 38, 9830 (1988). 17S. Ves, K. Stréssner, N. E. Christensen, C. K. Kim, and M.
16We also calculated the reduction factor of the exciton oscilla- Cardona, Solid State Commun. 56, 479 (1985).
tor strength on the Kronig-Penney model. The reduction fac- 18K . Shahzad, D. J. Olego, and C. G. Van de Walle, Phys. Rev.
tor is found to be about 9%. B 38, 1417 (1988).



