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Thermal-strain-induced splitting of heavy- and light-hole exciton energies
in CuI thin films grown by vacuum evaporation

D. Kim, M. Nakayama, O. Kojima, I. Tanaka, H. Ichida, T. Nakanishi,
and H. Nishimura

Department of Applied Physics, Faculty of Engineering, Osaka City University, Sugimoto 3-3-138, Sumiyoshi-ku, Osaka 558-858
~Received 3 June 1999!

We have investigated thermal strain effects on excitons in CuI thin films with a thickness of 10–3000 nm
grown by vacuum evaporation onto~0001! Al2O3, fused silica~quartz!, and ~001! NaCl substrates. The
x-ray-diffraction patterns indicate that the crystalline thin film grown on every substrate is preferentially
oriented along thê111& crystal axis. All the absorption spectra for the films with a thickness of 10–100 nm
clearly show a doublet structure of the heavy-hole and light-hole excitons which are degenerate under a
strain-free condition: The heavy-hole exciton has the higher energy for the Al2O3 and quartz substrates, while
it has the lower energy for the NaCl one. The splitting energy increases as temperature decreases. This
indicates that the in-plane strain, which results from the difference of the thermal expansion coefficients of CuI
and the substrate, induces the splitting. The critical layer thickness for the thermal strain relaxation in the
Al2O3 substrate is estimated to be 400 nm from the observed exciton energies as a function of the layer
thickness. The shifts of the exciton energies due to the thermal strain effects are successfully analyzed on the
basis of ak•p perturbation theory.@S0163-1829~99!04543-9#
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I. INTRODUCTION

Optical properties of excitons in semiconductors with t
reduced dimensionality such as quantum wells, wires,
dots have attracted much attention because the transition
ergy of the exciton can be controlled by the quantum s
effect. In addition, there is another important effect in th
film structures resulting from the existence of a substra
strain effects. There are two kinds of strains in thin film
lattice-mismatch and thermal strains. The lattice-misma
strain arises during the growth process if the lattice const
of substrates and layer do not coincide at the growth te
perature. The thermal strain is caused by the cooling pro
from the growth temperature to the temperature at wh
optical measurements are performed owing to the differe
of thermal expansion coefficients between the substrates
films. Thus, there are possibilities that we can control
exciton energies by choosing substrate materials and
growth temperature.

Cuprous halides have been a model material for the inv
tigation of excitonic properties because excitons in th
crystals have large binding energies: 190 meV for CuCl, 1
meV for CuBr, and 62 meV for CuI.1 The symmetry of the
cuprous halides belongs toTd , and the optical transition is o
a direct allowed type at theG point. The excitons consisting
of holes of j h53/2 and 1/2 are called theZ1,2 andZ3 exci-
tons, respectively: TheZ1,2 exciton corresponds to the dege
erate heavy-hole~HH! and light-hole~LH! excitons at theG
point, and theZ3 exciton to the split-off-hole exciton. Blach
et al. reported the uniaxial strain effect on the exciton tra
sition in CuCl, CuBr, and CuI films with the thickness
;2000 Å and determined the deformation potentials for
hydrostatic and shear stress.2 For the thermal strain effect
Ageev et al. studied optical absorption spectra of CuI film
and discussed the thermal-strain-induced splitting of theZ1,2
PRB 600163-1829/99/60~19!/13879~6!/$15.00
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exciton lines.3 They, however, have not reported the deta
of the spectral features. Although several groups have inv
tigated excitonic properties of thin films of the other cupro
halides such as CuCl and CuBr,4,5 the thermal strain effec
has not been observed in these materials so far. Since
magnitude of the thermal strain essentially depends on
measurement temperature, it is quite important for the inv
tigation of the thermal strain effect to measure the tempe
ture dependence of optical spectra of excitons. Howe
there has been no report on the temperature dependence
film-thickness dependence of the thermal strain has also
mained as an unsolved problem. Moreover, it is noted t
the thermal strain effect is one of essential factors to con
excitonic properties.

In the present work, we have investigated CuI thin film
with the thickness of 10–3000 nm grown by vacuum eva
ration onto ~0001! Al2O3, fused silica~quartz!, and ~001!
NaCl substrates. The thin films are crystalline and prefer
tially oriented along thê111& crystal axis. The absorption
spectra show clear doublet structures aroundZ1,2 exciton en-
ergies. The doublet structures are due to the splitting of
heavy-hole- and light-hole-exciton energies, which is cau
by in-plane biaxial strains. Since the splitting becom
smaller with the increase of the temperature, the origin of
biaxial strains is considered to be the thermal strain. Fr
the layer-thickness dependence of the exciton energies,
found that the thermal strain in CuI films grown on Al2O3
begins to relax at 500 nm and fully vanishes at 3000 nm. T
thermal strain effects on the exciton energies are quan
tively analyzed on the basis of ak•p perturbation theory.

II. EXPERIMENTAL PROCEDURE

Thin films of CuI with the layer thickness of 10–3000 n
were grown on~0001! Al2O3 ~sapphire!, quartz, and~001!
NaCl substrates at;170 °C using a vacuum depositio
13 879 ©1999 The American Physical Society
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13 880 PRB 60D. KIM et al.
method in high vacuum (;231026 Torr!. Commercially
supplied powders of CuI with a purity of 99.9% were heat
in a crucible, and the deposition rate, which was control
by monitoring the frequency of a crystal oscillator, w
about 0.1 nm/s. The deposition rate was calibrated by m
suring the thickness of some thin films with a profilomet
The uncertainty of the layer thickness is estimated to
around 10%. After the deposition, no thermal treatment w
performed. We note that the sticking coefficient of CuI to t
sapphire substrate decreases above;200 °C. The x-ray-
diffraction patterns of the films were analyzed by the CuKa
line of a diffractometer. TheKb line was cut with a Ni filter.
We performed absorption, luminescence, and reflection m
surements. The absorption spectra were measured w
double-beam spectrometer. The excitation light of the lu
nescence spectra was a 325-nm line of a He-Cd laser, an
luminescence was analyzed with a 32-cm single monoc
mator. The probe light of the reflection spectra was produ
by combination of a 100-W Xe lamp and a 32-cm sing
monochromator. The spectral resolution was 0.2 nm in al
the measurements. The sample temperature was contr
using a closed-cycle helium-gas cryostat.

III. RESULTS

Figure 1 shows theu-2u x-ray diffraction patterns mea
sured at room temperature for CuI thin films with the thic
ness of 100 nm on the sapphire, quartz, and NaCl substr
The radiation source is a Cu-Ka line through a Ni filter. The
2u angles of the~111! and ~222! spacing of a CuI crysta
with the zinc-blende structure are estimated to be 25.5°
52.3°, respectively, from the lattice constant of a bu
crystal,6 so that the diffraction patterns clearly indicate th
the thin film grown on every substrate is preferentially o
ented along thê111& crystal axis. Similar patterns also hav
obtained in other CuI thin films. The accuracy and resolut

FIG. 1. u22u x-ray diffraction patterns measured at room te
perature for the CuI thin films with the thickness of 100 nm gro
on the sapphire, quartz, and NaCl substrates.
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of the diffractometer are not sufficient to discuss the strain
the films.

Figures 2 and 3 show absorption spectra measured at 1
for the CuI thin films with the thickness of 10, 20, 50, an
100 nm grown on the sapphire and quartz substrates.
broken lines depicted at 3.06 and 3.70 eV represent theZ1,2
andZ3 exciton energies, respectively, in a CuI bulk crystal
4.2 K.6 The Z1,2 exciton corresponds to the degenerate H
and LH excitons at theG point. As can be seen in the figure
the spectra include structures due to theZ1,2 andZ3 exciton

FIG. 2. Absorption spectra at 10 K for the CuI thin films wit
the thickness of 10, 20, 50, and 100 nm grown on the sapp
substrate. The broken lines depicted at 3.06 and 3.70 eV repre
the Z1,2 andZ3 exciton energies in CuI bulk crystals, respectivel

FIG. 3. Absorption spectra at 10 K for the CuI thin films wit
the thickness of 10, 20, 50, and 100 nm grown on the quartz s
strate.
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transitions, and the energies do not agree with those in
bulk crystal. It is noticed that all of the spectra except
those in the 10-nm films clearly show doublet structu
around theZ1,2 exciton peak: The stronger component h
the higher energy. It is obvious from Figs. 2 and 3 that
splitting energies of the doublet structures do not depend
the film thickness up to 100 nm; 15 and 14 meV for t
sapphire and quartz substrates, respectively. In the 10
films, the spectral-width broadening prevents observing
doublet structure of theZ1,2 exciton.

Figure 4 shows absorption spectra measured at 10 K
the CuI thin films with the thickness of 10, 20, 50, and 1
nm grown on the NaCl substrate. The spectra include st
tures due to theZ1,2 and Z3 exciton transitions and show
doublet structures around theZ1,2 exciton energy. The split-
ting energies of the doublet structures are constant: 17 m
These spectral profiles are similar to those in the sapp
and quartz substrates; however, the energy order of the s
ger and weaker components of the doublet structure is
versed.

Figure 5 shows luminescence spectra at 10 K with
325-nm excitation for the CuI thin films with the thickness
20 nm grown on the sapphire, quartz, and NaCl substra
The broad luminescence band in the low-energy region
considered to be due to the donor-acceptor-pair recomb
tion which is observed in bulk crystals.7 The arrows in the
figure represent the doublet-peak energies of the absorp
spectra. It is noticed that the luminescence spectra aroun
absorption edge consists of two bands. For the NaCl s
strate, it is considered that the high-energy luminesce
band originates from the free exciton because its peak en
just agrees with the low-energy absorption peak. The lo
energy luminescence band appearing as a shoulder is co
ered to be due to a bound exciton:8 The binding energy of the
bound exciton, 12 meV, is equal to that in the bulk cryst
For the sapphire and quartz substrates, luminescence

FIG. 4. Absorption spectra at 10 K for the CuI thin films wi
the thickness of 10, 20, 50, and 100 nm grown on the NaCl s
strate.
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energies coincide with those of the absorption peaks. Th
we assign the luminescence bands to the free-exciton lu
nescence.

Next, we qualitatively discuss the doublet structure of t
Z1,2 exciton transition. The quantitative analysis will be d
scribed in the next section. The oscillator strength of
HH-exciton transition at theG point is considered to be thre
times stronger than that of the LH-exciton transition from t
Bloch-function forms.9 Thus, we assign the stronger comp
nent and the weaker one of the doublet structure to the H
and LH-exciton transitions, respectively. There are two p
sible factors for causing the doublet structure: quantum s
effects and strain effects. The fact that the splitting ene
does not depend on the film thickness as shown in Figs.
indicates no possibility of the quantum size effect. Therefo
we focus only on the strain effect. It is well known that the
are two types of the strain: lattice-mismatch and therm
strain, which are caused by the difference of the lattice c
stants and thermal expansion coefficients of the thin film a
substrate. The possibility of the lattice-mismatch strain c
be denied because of following reasons. The splitting du
the lattice-mismatch strain should depend on the film thi
ness because there exists a critical thickness for the el
deformation. The lattice mismatch between CuI and NaC
about 6.6%. Referring the results of the critical thickness a
function of the lattice mismatch in semiconductors,10 the
critical thickness of the CuI film on the NaCl substrate
estimated to be less than 1 nm. Nevertheless, as menti
above, the magnitude of the splitting energy for the Na
substrate does not depend on the film thickness up to 100
as shown in Fig. 4. In the case of the sapphire and qu
substrates, there is no meaning of the lattice mismatch
cause of the full difference of the crystal structure in sapph
and noncrystallinity in quartz. Consequently, it is conside

- FIG. 5. Luminescence spectra with a 325-nm excitation at 10
for the CuI thin films with the thickness of 20 nm grown on th
sapphire, quartz, and NaCl substrates. The arrows represen
doublet-peak energies of the absorption spectra.
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13 882 PRB 60D. KIM et al.
that the splitting of the HH- and LH-exciton energies is d
to the thermal strain effect.

If the above consideration is true, the HH-LH splittin
energy should depend on the measurement temperature
temperature dependence of absorption spectra for the 50
thick CuI film grown on the sapphire substrate is shown
Fig. 6. Figure 7 shows the temperature dependence of
HH- ~closed circles! and LH-exciton energies~open circles!
of the CuI thin films with the thickness of 50 nm on~a!

FIG. 6. Temperature dependence of the absorption spectra
the CuI thin films with the thickness of 50 nm grown on the sa
phire substrate.

FIG. 7. Temperature dependence of the heavy-hole-~closed
circles! and light-hole-exciton energies~open circles! of the CuI
thin films with the thickness of 50 nm grown on~a! sapphire,~b!
quartz, and~c! NaCl substrates.
he
nm

he

sapphire,~b! quartz, and~c! NaCl substrates. As can be see
in the figures, the splitting energies become smaller with
increase of the temperature. These results certainly indi
that the origin of the HH-LH splitting is the thermal stra
effect.

IV. DISCUSSION

We quantitatively discuss the thermal strain effect on
HH- and LH-exciton energies of CuI thin films on the bas
of a k•p perturbation theory.11 The exciton-binding energy is
hardly changed by the strain effect, so that we consider o
the change of theG-conduction-band bottom and th
G-valence-band top. Since the strain-induced-splitting
ergy in CuI films are much smaller than the spin-orb
splitting energy;630 meV as shown in Figs. 2–4, we ca
neglect the spin-orbit interaction in thek•p perturbation
theory. The CuI thin films used in this study are prefere
tially oriented along thê111& crystal axis as shown in Fig
1; therefore, we consider the deformation in the@111#-
strained system. In this case, the strain-induced shifts of
heavy-hole and the light-hole energies at theG-valence-band
top, DEhh andDElh , are approximately given by11

DEhh52DEH2DES/2 ~1!

and

DElh52DEH1DES/2, ~2!

whereDEH and DES , which are the hydrostatic and she
terms, are given by

DEH53a$4C44/~C1112C1214C44!%e i ~3!

and

DES522A3d$~C1112C12!/~C1112C1214C44!%e i .
~4!

Here,a andd represent the respective deformation potentia
C11, C12, andC44 are the elastic stiffness constants, ande i
is the in-plane strain. We definee i.0 (e i,0) for a tensile
~compressive! strain. Thes-like conduction-band state is af
fected only by the hydrostatic term of the strain:

DEc53c$4C44/~C1112C1214C44!%e i , ~5!

wherec is the deformation potential. Consequently, the e
ergy shifts of the HH and LH excitons,DEHH and DELH ,
are given by

DEHH5DEc2DEhh5DEH8 1DES/2 ~6!

and

DELH5DEc2DElh5DEH8 2DES/2, ~7!

where

DEH8 53~a1c!$4C44/~C1112C1214C44!%e i . ~8!

The magnitude of the thermal straine t , which corre-
sponds toe i , is given by

for
-
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TABLE I. Values of deformation potentials,a1c andd ~Ref. 2!, and stiffness constants,C11, C12, and
C44 ~Ref. 13! of CuI.

a1c ~eV! d ~eV! C11 (31010 dyn/cm2) C12 (31010 dyn/cm2) C44 (31010 dyn/cm2)

21.1 21.4 45.1 30.7 18.4
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Tg
@aCuI~T!2asub~T!#dT, ~9!

whereTg andTm are the film-growth and measurement te
peratures, respectively. The linear expansion coefficient
CuI and substrate materials are denoted byaCuI and asub.
The values ofa essentially depend on temperature. The
tails of asub(T) for sapphire, quartz, and NaCl have be
reported so far.12,13 We obtainedaCuI(T) from the tempera-
ture dependence of the lattice constant.6 We give an example
of a at 293 K: 1631026, 531026, 0.531026, and
3931026 deg21 for CuI, sapphire, quartz, and NaCl, re
spectively. SinceaCuI.asub (aCuI,asub) for the sapphire
and quartz substrates~NaCl substrate!, the tensile~compres-
sive! strain is applied to the CuI films. The thermal straine t
is calculated from Eq.~9!: 4.731023, 5.931023, and
27.631023 for the sapphire, quartz, and NaCl substrat
respectively, withTg5443 K andTm510 K.

We first discuss the splitting energy,DE, of the HH and
LH excitons. SinceDE5DEHH2DELH is equal to DES
from Eqs.~6! and ~7!, the theoretical value ofDE is calcu-
lated from Eq.~4!: 14, 17, and222 meV for the sapphire
quartz, and NaCl substrates, respectively. The calculation
rameters for the strain effect are listed in Table I. Table
shows the calculated values ofe t andDEcal , and experimen-
tal values,DEexp, obtained from the absorption spectra~10
K! of the 50-nm films, in which the widths of the absorptio
bands are the narrowest as shown in Figs. 2–4. The m
sign for DEcal and DEexp means that the LH exciton ha
higher energy than the HH exciton. It is obvious that t
calculated results well explain the substrate-material dep
dence of the order of the HH- and LH-exciton energi
Thus, we conclude that the observed doublet structure of
Z1,2-exciton absorption originates from the thermal-stra
induced splitting of the HH- and LH-exciton energies.

Next, we discuss the center energy,E0, of the splitting
HH and LH excitons. From Eqs.~6! and~7!, the energy shift
of E0 is determined by the hydrostatic termDEH8 . Sincea
1c,0, it is expected that the tensile~compressive! strains
induce the low-energy~high-energy! shift of E0 : E0 is
shifted to the low-energy~high-energy! side for the sapphire
and quartz substrates~NaCl substrate!. The calculated values

TABLE II. Values of thermal strains (e t), splitting energies of
the heavy-hole and light-hole excitons obtained from the calcula
(DEcal) and the absorption spectra (DEexp) for CuI thin films with
the thickness of 50 nm.

Substrates e t DEcal ~meV! DEexp ~meV!

Al2O3 4.731023 14 15
quartz 5.931023 17 14
NaCl 27.631023 222 217
-
of

-

,

a-
I

us

n-
.

he
-

of DEH8 are 26, 28, and 10 meV for the sapphire, quart
and NaCl substrates, respectively. These agree with the
perimental results obtained from the absorption spectra
the 50-nm films shown in Figs. 2–4:24, 25, and 10 meV
for the sapphire, quartz, and NaCl substrates, respective

Finally, we discuss the film-thickness dependence of
thermal strain in the CuI films. As shown in Figs. 2, 3, and
the exciton energies are constant in the thickness region t
ner than 100 nm: This indicates that the thermal strain
unchanged. The absorption spectra for thick films could
be measured because of saturation of the absorption in
sity. So we measured reflection spectra for the films thic
than 100 nm. Figure 8 shows reflection spectra at 10 K
the CuI films with the thickness of 100, 300, 400, 500, 100
and 3000 nm grown on the sapphire substrate. The bro
and dotted lines represent the HH- and LH-exciton energ
in the 50-nm thick film, respectively. We consider the pe
energies of the reflection spectra to be exciton energies s
the absorption-peak energies in the 50-nm film agree w
reflection-peak energies in the 100-nm film. The stron
component and the weaker one in the reflection spectra
respond to the HH- and LH-exciton transitions, respective
The arrows indicate the peak energies of the LH-exciton
flection. Structures due to the Fabry-Perot interference
remarkably superimposed in the low-energy side of the L
exciton band for the films thicker than 100 nm. The splitti

n

FIG. 8. Reflection spectra at 10 K for the CuI thin films with th
thickness of 100, 300, 400, 500, 1000, and 3000 nm grown on
sapphire substrate. The broken and dotted lines represent the h
hole- and light-hole-exciton energies in the 50-nm film, resp
tively. The arrows indicate the peak energies of the light-ho
exciton reflection.
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of the HH and LH excitons begins to become small at 5
nm and disappears at 3000 nm. This result indicates tha
thermal strain begins to relax at 500 nm and fully vanishe
the 3000-nm thickness. As can be seen in the figure,
transition energy of the HH exciton almost does not cha
in contrast with that of the LH exciton. From Eqs.~4!–~8!,
the following relations of the exciton-energy shift and t
in-plane strain are obtained:DEHH.0.08 e i and DELH.
22.8 e i . As a result, the HH-exciton energy is much le
insensitive to the variance of the strain than the LH-exci
energy.

V. CONCLUSION

We have investigated the thermal strain effect on the
citon in CuI thin films with a thickness of 10–3000 nm. Th
thin films were grown by vacuum evaporation onto~0001!
Al2O3, fused silica~quartz!, and ~001! NaCl substrates. We
have investigated x-ray-diffraction patterns and optical
sorption, luminescence, and reflection spectra of the fil
From the x-ray-diffraction patterns, we confirmed that t
crystalline thin films preferentially oriented along the^111&
crystal axis for all the substrates. The doublet structu
around theZ1,2 exciton energy were observed in the abso
tion spectra for all of the thin films in the 10–1000 nm rang
M
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.

ys

H

on
,

0
he
at
e
e

n

-

-
s.

s
-
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We have assigned the stronger component and the we
one of the doublet structure to the HH- and LH-exciton tra
sitions, respectively. The magnitude of the splitting ene
does not depend on the film thickness in the 100–1000
range and becomes small with the increase of the meas
ment temperature. From the results, we conclude that
doublet structures are due to the splitting of the HH- a
LH-exciton energies, which are caused by the biaxial stra
arising from the difference of the thermal expansion coe
cients of CuI and the substrate, the so-called thermal st
effect. The HH exciton has a higher energy than the
exciton for the sapphire and quartz substrates, while the
ergy order of the HH and LH excitons is reversed for t
NaCl substrate. Since the thermal expansion coefficien
CuI is larger~smaller! than those of the sapphire and qua
~NaCl! substrate, the tensile~compressive! strain is applied
to the films. The change of the direction of the thermal str
results in the reverse of the energy order of the HH and
excitons. The shifts and the energy order of the exciton
ergies due to the thermal strain effect are successfully a
lyzed on the basis of ak•p perturbation theory. We also
have investigated the film-thickness dependence of the t
mal strain effect by measuring the reflection spectra for
films thicker than 100 nm. The critical thickness for the the
mal strain relaxation is estimated to be about 400 nm.
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