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Quantum confinement efFects at the L point in CdTe
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We report quantum-size-related shifts in optical transitions originating away from the center of
the Brillouin zone of a II-VI semiconductor. CdTe-glass composite thin films, containing isolated

0
semiconductor crystallites with average sizes ranging from 46 to 158 A, exhibit a size-dependent
blue shift of the E, and E, +6& transitions occurring at the L point of the zinc-blende Brillouin
zone. Analysis of the effect, in the context of current zone-center confinement theory, supports the
existence of bound electron-hole pairs whose internal motion is restricted to two dimensions. The
effective mass governing the energy shift of each transition falls within at least 5% of the corre-
sponding total transverse mass of the electron and hole calculated using k p theory for the bulk ma-
terial. It thus appears that, within the crystal size regime of the present study, optical absorption
into these energy states results in the formation of a fully correlated two-particle state whose behav-
ior is analogous to that of a single quasiparticle confined within the crystallite.

INTRODUCTION

The effect of finite crystal size on observed optical tran-
sitions in various II-VI and III-V compound semiconduc-
tors has received considerable attention in recent years.
Not only do these lower-dimensional systems allow the
decomposition of bulk electronic states to be examined as
the number of participating atoms in the structure de-
creases, but carrier population redistribution within the
quantum-confined electronic structure under high in-
cident electromagnetic radiation can also result in many
significant nonlinear-optical effects.

Three-dimensional confinement of II-VI semiconduc-
tors has been studied typically using samples consisting
of an ensemble of crystallites embedded in an optically
transparent, insulating matrix. Silicate glasses, ' poly-
rners, zeolites, and organic solutions have all served as
suspending media. Through reduction in the average size
of the semiconductor crystallites, a blue shift in the fun-
damental absorption edge energy of the composite sample
is observed, the result of carrier localization effects on the
valence and conduction bands at the center of the Bril-
louin zone. In extremely small crystallites, a breakup of
the energy bands into discrete electron and hole subbands
is predicted, as evidenced by optical absorption features
above the threshold absorption edge.

This paper reports the first study of quantum-related
shifts in optical transitions of a II-VI semiconductor orig-
inating from states lying away from the k=0 or I point
of the Brillouin zone. Specifically, we observe and ana-
lyze size-dependent blue shifts in the E& and E~+6&
direct transitions known to occur in CdTe near the L
point of the zinc-blende Brillouin zone.

EXPERIMENTAL RESULTS

The samples used in the present study were composite
thin films consisting of approximately 2 —10 vol% CdTe

crystallites embedded in a borosilicate glass matrix de-
posited on a fused silica substrate. Their production, us-
ing a sequential rf magnetron sputtering technique, has
been discussed elsewhere. The film microstructure was
examined using transmission electron microscopy. This
allowed the average crystallite size and size distribution
to be determined and enabled the examination of crystal-
lite morphology. A post-deposition heat treatment al-
lowed controlled variation in the average crystallite size
from 46 to 158 A through a diffusion-controlled growth
process. Crystallite morphology appears circular in the
extraction replica TEM samples examined. Recent
cross-sectional TEM analyses have shown the crystallites
to be spherical, in contrast to our earlier hypothesis that
the crystallites may be disklike. The distributions of
crystal diameters in the TEM analysis exhibit widths
ranging from 20%%uo to 30% about the smallest and largest
average sizes, respectively. Selected area electron
diffraction together with x-ray diffraction of the films
showed the precipitated crystallites to possess a zinc-
blende structure. Linear-optical absorption was co11ected
at room temperature with the incident beam normal to
the film plane. A representative spectrum of a composite
film containing CdTe crystallites of an average size of 106
A is presented in Fig. 1. With decreasing wavelength, the
first increase in absorption at approximately 769 nm cor-
responds to the fundamental absorption edge. At shorter
wavelengths, the absorption rapidly increases to plateaus
at 315 and 371 nm, identified in bulk CdTe as the E, and
E, + 6& transitions. " The energetic position of a given
absorption feature is taken to be the inAection point of
the spectrum found using the first derivative spectrum
shown in the inset of Fig. l. (Also evident in this figure
are interference-related oscillations due to the thin-film
geometry of the sample. ) These uv transitions are typi-
cally observed in reAection measurements of the bulk ma-
terial " and are only observed here due to the low ab-
sorption of the films.

Figure 2 contains the energy of these uv transitions
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plotted as a function of inverse squared average crystal-
lite size, the parameter of interest in the study of quan-
tum confinement. A small but significant increase in the
transition energies is observed as the average size of the
crystallites is reduced.

DISCUSSION

Ultraviolet feature interpretation

Myers, Edwards, and Schetzina' identify peaks ob-
served in reAectivity spectra of their polycrystalline CdTe
thin films, in the same energy region as the absorption
plateaus exhibited in the present samples, as transitions
occurring at the L point of the zinc-blende Brillouin zone
between the spin-orbit split valence bands and the con-
duction band. Some uncertainty, however, does exist re-
garding this identification in the literature prior to
Myers, Edwards, and Schetzina. While Cardona and
Harbeke' also identify the L point as the origin of these
transitions, Cardona and Greenaway' and Chadi et aI. ,
for example, subsequently identify the transitions as
occurring at the A point, in accordance with a pseudopo-
tential band-structure calculation which predicts a
significantly smaller oscillator strength for the L-point
transition than is observed in reAectivity (e& and e, +6&
are then used as the designations for the L-point transi-
tions).

Cardona and Harbeke' originally suggested the medi-
ation of a Coulomb interaction between carriers to form
excitons at this point in the Brillouin zone as an alternate
explanation for the sharpness of the absorption they ob-
served in CdTe thin films. Since the L point corresponds
to an inAection point in the valence —conduction-band
separation as a function of k, i.e., represents an M, or
saddle-type critical point in the band structure, the group
velocities of the electron and hole are known to be equal
allowing the concept of correlated motion to exist at this
point in the Brillouin zone. '

Kane' theoretically treats the effect of a significant
Coulomb interaction between carriers at an M& point in
the zinc-blende structure on the imaginary portion of the
dielectric function. In the adiabatic approximation, using
a large, negative longitudinal mass in comparison to the
smaller transverse values, it is found that the two-
dimensional state eigenenergies developed for the light
masses predict effectively the position of features found in
spectra obtained by Marple and Ehrenreich' for CdTe.
Close agreement with the line shape of the experimental
spectrum is also permitted when contributions from one-
dimensional motion along the heavy mass coordinate
within the adiabatic potential created by the orbital
motions of the light masses are included. As will be dis-
cussed shortly, the existence of a correlated electron-hole
pair appears to be substantiated by our data.

Quantum confinement

Elementary theoretical treatments of quantum shifts
exhibited by transitions occurring at the Brillouin-zone
center in lower-dimensional semiconductor structures

generally take the form of a "particle-in-a-box" problem.
The Schrodinger wave equation is solved with a Hamil-
tonian which includes the kinetic-energy operators of
both excited carriers and interparticle Coulomb interac-
tions. In the case of three-dimensional confinement,
spherical coordinates are generally chosen with infinite
potential boundary conditions imposed at a distance cor-
responding to the radius of the semiconductor crystallite.
The general expression describing the shift in the thresh-
old absorption energy has been derived by a number of
authors. The treatments of Efros and Efros' and of Kay-
anuma' are most appropriate to our studies. In the
Efros and Efros analysis, the shift in the absorption-edge
energy is found to be E,h ft 'f1 (~ //(2m, sa ), where a„&
is a root of the spherical Bessel function, a is the potential
well radius, and m, z is a mass term whose value varies
from the translational mass to the reduced mass of a bulk
Wannier exciton in the semiconductor, depending upon
the relative magnitudes of the Coulomb interaction and
the kinetic energy of localization. ' Thus the mass value
gives an indication of the degree of correlated motion ex-
hibited by the electron and hole while in the quantum
well.

Translational confinement of the bulk Wannier exciton,
in agreement with the Efros and Efros treatment, has
been observed and analyzed previously in CdS-doped op-
tical filter glasses. In crystallite sizes larger than the bulk
exciton, 2ao, i.e. , reduced sizes greater than 1 (where re-
duced size =a /ao ), the experimentally determined mass
value was found to be within 10%%uo of the total mass of the
exciton in CdS.

In contrast, studies of the fundamental absorption edge
in the present CdTe-glass films have reported an inter-
mediate behavior. Blue shifts as high as 0.44 eV above
the bulk edge energy have been observed with a linear
inverse-square size dependence of the shift yielding a
mass term intermediate between the reduced and transla-
tional masses of the CdTe exciton. This suggests that the
interparticle Coulomb interaction is still significant even
at crystallite sizes as small as 0.31 times the bulk exciton
diameter. The result was not in agreement with a varia-
tional approach used by Kayanuma' which predicts
nearly uncorrelated carriers at reduced crystal sizes less
than 1.0.

Returning to the present study and the edge of the
Brillouin zone, Fig. 2 contains the linear best-fit lines cal-
culated from the data. Assuming the theories discussed
above to be equally appropriate for the L point in the
Brillouin zone with the corresponding electron and hole
effective masses, it is possible to calculate the m, ~ values
for each of the transitions examined from the slopes of
these lines. Using the lowest-order root of the Bessel
function (a, o=3.14), the experimental m, z parameters
for the light- and heavy-hole transitions are 0.47mo and
0.59m p respectively.

Comparison of the calculated effective-mass values to
known, bulk carrier effective masses at this point in the
Brillouin zone is possible using expressions for the trans-
verse carrier masses adapted by Cardona and Greena-
way' to II-VI semiconductors from similar equations
developed by Ehrenreich' for the III-V's using k.p per-
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turbation theory. The transverse masses for the electron
(L, band) and the heavy (L~ band) and light (L6 band)
holes can be calculated as follows:

arid

molm, (L, ) = I+E~ l(E, +b. , /2),
m o Im „„(L4) = —1 +Ep /2E, ,

m 0 /m 1h (L 6 ) = —1 +Ep /2 (E ) + b, ) )

where m o is the free electron mass, m,
~ hh ~h ~

is the
effective mass of the electron (heavy hole, light hole), E,
is the gap energy at the L point, 6, is the spin-orbit split-
ting of the valence bands, and E is proportional to the
square of the linear momentum matrix element, taken to
be 25 eV for CdTe. '

The bulk Ei and Ei+6& transition energies are as-
sumed to be equal to the y intercepts of the best-fit lines
in Fig. 2, i.e., these values are approached asymptotically
as the crystallite size increases. The energies are found to
be 3.337 and 3.926 eV, respectively, falling well within
the range of energies reported in the literature for the
bulk transitions. " ' Using these transition energies, the
resulting transverse masses of the electron and light and
heavy holes at the L point are calculated to be 0.127mo,
0.364mo, and 0.458mo, respectively. The translational
(total) masses of the two-dimensional Coulomb bound
states originating from each valence band are then
0.491mo and 0.585mo and have been used to generate the
Efros and Efros translational mass behavior plotted in
Fig. 2. Comparison to the masses calculated using the
confinement behavior exhibited in Fig. 2 shows that the
experimentally derived values are within 5% and 2% of
the expected, bulk translational masses for excitons
formed from the light- and heavy-hole valence bands, re-
spectively. Figure 2 also shows the results of
Kayanuma's' numerical calculations, which underesti-
mate the shifts exhibited by both the experimental data
and the Efros and Efros translational mass treatment.

The close agreement between the bulk excitonic
translational masses and the values obtained from the
size-dependent transition energy data substantiates the
existence of correlated electron-hole pair motion at the L
point of the Brillouin zone of CdTe. It appears that the
transverse mass components are, in fact, coupled through
the Coulomb interaction to form a bound state, as dis-
cussed by Kane. ' This two-particle state interacts with
the potential step imposed by the crystallite boundaries in
an analogous manner to that of a confined quasiparticle
whose mass is equal to the total mass of its constituents.

Since Kane finds that the energetic position of the c2
peak in CdTe is given by the discrete eigenenergy of the
n =0 state for the hydrogenic solution to the two-
dimensional Coulomb equation, shifts in the position of
this energy with size suggest that the electron and hole
motion in the plane of their orbits is being restricted by
the boundaries. The behavior of transitions originating
from both the light- and heavy-hole valence bands ap-
pears to be analogous to the case of confinement at the
zone center when the crystallite size is larger than the

bulk exciton diameter.
Kane calculates the binding energy of the ground state

for the two-dimensional (2D) bound state as being four
times that originally calculated for the 3D case by Elli-
ot. Consequently, the spatial extent of the 2D wave
function should be approximately one-quarter the value
normally used for the bulk 3D exciton. Using the static
dielectric constant for CdTe (10.4) and the transverse
effective masses calculated above, the diameter of the 2D,
correlated electron-hole pairs is found to be approximate-
ly 29 A for the light hole and 27 A when the heavy hole
participates. Thus the reduced size of the CdTe crystal-
lites examined ranges from 1.6 to approximately 5.8 for
both light and heavy holes, well within the size regime
characterized by translational confinement concepts ac-
cording to Efros and Efros and by the intermediate-size
behavior of Kayanuma.

These reduced-size values contrast those found at the
I point where, because the appropriate carrier effective
masses are smaller than those at the I point, the bulk
Wannier exciton diameter is 150 A. This results in a
reduced-size range for the same crystallites of 0.31 to 1.1.
Consequently, the kinetic energy of localization of the ex-
cited particles represents a greater proportion of their to-
tal energy than that found in larger confining structures.
This causes a decrease in the degree of correlated motion
exhibited by the electron-hole pair and the corresponding
transition energy displays a much steeper increase with
reduction in crystal size than predicted by center-of-mass
confinement only (see Ref. 8).

CONCLUSIONS

A quantum-size related shift in transitions occurring at
the L point of the zinc-blende Brillouin zone of CdTe has
been observed in linear-optical absorption spectra of
CdTe-glass thin films. These transitions occur between
the two spin-orbit split valence bands and the conduction
band. The shifts observed allow an estimate of the
effective masses for the confined species to be calculated.
It is found that the calculated masses agree, within at
least 5%, with the total mass values obtained from the
bulk transverse masses for the electron and hole partici-
pating in each transition. This suggest that within the
crystal size range of this study, the electron and hole
moves in an almost fully correlated manner throughout
the crystallite.

The evidence substantiates the calculations of Kane'
who models the experimental c2 data of bulk CdTe by as-
suming a significant Coulombic interaction between the
excited particles, thus giving rise to bound states whose
correlated motion in the transverse plane is described by
a two-dimensional wave function. The ground-state ener-
gy of this electron-hole pair is found to accurately predict
the position of an c.2 peak observed experimentally. '

The observed shift in this energy therefore suggests that
confinement of the electron-hole translational motion
occurring in the plane of their orbits is the dominant fac-
tor contributing to the effect.

The simultaneous observation of quantum confinement
effects at both the center and edge of the Brillouin zone
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in the same crystallites permits the effect of crystal-lattice
truncation and subsequent structural distortion to be ex-
amined from the perspective of two different real-space
size scales. Theoretical treatments involving zone-center
effects have shown that not only must Coulomb-related
interparticle forces be included, but also interactions of
the excited particles with the crystalline-matrix interface
must be considered to provide a closer approximation to
observed behavior. While significant crystallite size-
related variations are already observed in these longer-
range, surface-sensitive optical transitions, occurring
near k=0 in the present samples, the effects of the po-

tential boundary on local, short-range crystallite struc-
ture are only just beginning to emerge, reflected in the be-
havior of transitions at the edge of the Brillouin zone.

ACKNO% LEDGMENTS

The authors wish to express their gratitude to Dr. P.
Kumar and Dr. C. Stanton (Department of Physics, Uni-
versity of Florida) for enlightening discussions concern-
ing this topic. The work was supported by DARPA-
Florida SUS Grant No. MDA 972-88-J-1006 and by
ATEST Bell Laboratories (B.G.P.).

N. F. Borrelli, D. W. Hall, H. J. Holland, and D. W. Smith, J.
Appl. Phys. 61, 5399 (1987).

~A. I. Ekimov and A. A. Onushchenko, Fiz. Tekh. Polupro-
vodn. 16, 1215 (1982) ISov. Phys. —Semicond. 16, 775 (1982)].

Y. Fuyu and J. M. Parker, Mater. Lett. 6, 233 (1988).
48. G. Potter, Jr. and J. H. Simmons, Phys. Rev. B 37, 10838

(1988).
5Y. Wang and W. Mahler, Opt. Commun. 61, 233 (1987).
Y. Wang and N. Herron, J. Phys. Chem. 91, 257 (1987).

7L. E. Brus, J. Chem. Phys. 79, 5566 (1983); J. Lumin. 31&32,
381(1984).

8B. G. Potter, Jr. and J. H. Simmons, J. Appl. Phys. 68, 1218
(1990).

D. J. Chadi, J. P. Walter, M. L. Cohen, Y. Petroff, and M. Bal-
kanski, Phys. Rev. B 5, 3058 (1972).

M. Cardona and D. L. Greenaway, Phys. Rev. 131, 98 (1963).
' J. L. Freeouf, Phys. Rev. B 7, 3810 (1973).

T. H. Myers, S. W. Edwards and J. F. Schetzina, J. Appl.
Phys. 52, 4231 (1981),and references therein.

'3M. Cardona and G. Harbeke, J. Appl. Phys. 34, 813 (1963).
E. O. Kane, Phys. Rev. 180, 852 (1969),

~5D. T. F. Marple and H. Ehrenreich, Phys. Rev. Lett. 8, 87
(1962).

Al. L. Efros and A. L. Efros, Fiz. Tekh. Poluprovodn. 16,
1209 (1982) [Sov. Phys. —Semicond. 16, 772 (1982)].

Y. Kayanuma, Phys. Rev. B 38, 9797 (1988).
M. Cardona and D. L. Greenaway, Phys. Rev. 125, 1291
(1962).
H. Ehrenreich, J. Appl. Phys. 32, 2155 (1961).

oR. J. Elliot, Phys. Rev. 108, 1384 (1957).


