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Thermal-strain-induced splitting of heavy- and light-hole exciton energies
in Cul thin films grown by vacuum evaporation
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We have investigated thermal strain effects on excitons in Cul thin films with a thickness of 10—-3000 nm
grown by vacuum evaporation on{®001) Al,Os, 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 thé111) 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 #@; Ahd 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 Cul
and the substrate, induces the splitting. The critical layer thickness for the thermal strain relaxation in the
Al,O; 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)04543-9

I. INTRODUCTION exciton lines They, however, have not reported the details
of the spectral features. Although several groups have inves-
Optical properties of excitons in semiconductors with thetigated excitonic properties of thin films of the other cuprous
reduced dimensionality such as quantum wells, wires, anbialides such as CuCl and CuBt the thermal strain effect
dots have attracted much attention because the transition efi@s not been observed in these materials so far. Since the
ergy of the exciton can be controlled by the quantum sizanagnitude of the thermal strain essentially depends on the
effect. In addition, there is another important effect in thin-Measurement temperature, it is quite important for the inves-
film structures resulting from the existence of a substrateligation of the thermal strain effect to measure the tempera-
strain effects. There are two kinds of strains in thin films:{Uré dependence of optical spectra of excitons. However,
lattice-mismatch and thermal strains. The lattice-mismatct’€re has been no report on the temperature dependence. The

strain arises during the growth process if the lattice constan élm-thlckness dependence of the thermal strain has also re-

of substrates and layer do not coincide at the growth tem[nained as an u_nsolved _problem. Moreover, it is noted that
erature. The thermal strain is caused by the coolin rocestge thermal strain effect is one of essential factors to control
P ' y 9p excitonic properties.

from the growth temperature to the temperature at which In the present work, we have investigated Cul thin films

optical measurements are performed owing to the diﬁerenc&mh the thickness of 10-3000 nm grown by vacuum evapo-
of thermal expansion coefficients between the substrates angiion onto (000D Al,Os, fused silica(quarta, and (001)
films. Thus, there are possibilities that we can control they,c| substrates. The thin films are crystalline and preferen-
exciton energies by choosing substrate materials and thgyy oriented along the111) crystal axis. The absorption
growth temperature. _ ~ spectra show clear doublet structures arodpglexciton en-
Cuprous halides have been a model material for the invessrgies. The doublet structures are due to the splitting of the
tigation of excitonic properties because excitons in thesgeavy-hole- and light-hole-exciton energies, which is caused
crystals have large binding energies: 190 meV for CuCl, 108y in-plane biaxial strains. Since the spliting becomes
meV for CuBr, and 62 meV for Cui.The symmetry of the  smaller with the increase of the temperature, the origin of the
cuprous halides belongs 1g, and the optical transition is of  piaxial strains is considered to be the thermal strain. From
a direct allowed type at thE point. The excitons consisting the layer-thickness dependence of the exciton energies, it is
of holes ofj,=3/2 and 1/2 are called thg, , andZ; exci-  found that the thermal strain in Cul films grown on,@%
tons, respectively: Th&, , exciton corresponds to the degen- begins to relax at 500 nm and fully vanishes at 3000 nm. The
erate heavy-holéHH) and light-hole(LH) excitons at thd”  thermal strain effects on the exciton energies are quantita-

point, and theZ; exciton to the split-off-hole exciton. Blacha tively analyzed on the basis ofka p perturbation theory.
et al. reported the uniaxial strain effect on the exciton tran-

sition in CuCl, CuBr, and Cul films with the thickness of
~2000 A and determined the deformation potentials for the
hydrostatic and shear strés§or the thermal strain effect, Thin films of Cul with the layer thickness of 10—3000 nm
Ageev et al. studied optical absorption spectra of Cul films were grown on(0001) Al,O3 (sapphirg, quartz, and001)
and discussed the thermal-strain-induced splitting ofazhe  NaCl substrates at-170°C using a vacuum deposition

Il. EXPERIMENTAL PROCEDURE
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FIG. 1. 6— 24 x-ray diffraction patterns measured at room tem-  FIG. 2. Absorption spectra at 10 K for the Cul thin films with
perature for the Cul thin films with the thickness of 100 nm grownthe thickness of 10, 20, 50, and 100 nm grown on the sapphire
on the sapphire, quartz, and NaCl substrates. substrate. The broken lines depicted at 3.06 and 3.70 eV represent

the Z, , andZ; exciton energies in Cul bulk crystals, respectively.
method in high vacuum~2x10 8 Torr). Commercially
supplied powders of Cul with a purity of 99.9% were heatedof the diffractometer are not sufficient to discuss the strain of
in a crucible, and the deposition rate, which was controlledhe films.
by monitoring the frequency of a crystal oscillator, was Figures 2 and 3 show absorption spectra measured at 10 K
about 0.1 nm/s. The deposition rate was calibrated by meder the Cul thin films with the thickness of 10, 20, 50, and
suring the thickness of some thin films with a profilometer.100 nm grown on the sapphire and quartz substrates. The
The uncertainty of the layer thickness is estimated to beéyroken lines depicted at 3.06 and 3.70 eV represenZhe
around 10%. After the deposition, no thermal treatment wagindZ, exciton energies, respectively, in a Cul bulk crystal at
performed. We note that the sticking coefficient of Cul to the4.2 K® The Z, , exciton corresponds to the degenerate HH
sapphire substrate decreases abev200°C. The x-ray- and LH excitons at th€ point. As can be seen in the figures,
diffraction patterns of the films were analyzed by thekC#1  the spectra include structures due to Fye, and Z; exciton
line of a diffractometer. Th& B line was cut with a Ni filter.
We performed absorption, luminescence, and reflection mea-
surements. The absorption spectra were measured with a Cul Thin Films on Quartz 10K
double-beam spectrometer. The excitation light of the lumi- Zi2 Z,
nescence spectra was a 325-nm line of a He-Cd laser, and the : :
luminescence was analyzed with a 32-cm single monochro-
mator. The probe light of the reflection spectra was produced
by combination of a 100-W Xe lamp and a 32-cm single
monochromator. The spectral resolution was 0.2 nm in all of
the measurements. The sample temperature was controlled
using a closed-cycle helium-gas cryostat.

Ill. RESULTS

Figure 1 shows th&-26 x-ray diffraction patterns mea-
sured at room temperature for Cul thin films with the thick-
ness of 100 nm on the sapphire, quartz, and NaCl substrates.
The radiation source is a G« line through a Ni filter. The : :
260 angles of the(111) and (222 spacing of a Cul crystal T T | L :
with the zinc-blende structure are estimated to be 25.5° and 28 30 32 34 836 38 40
52.3°, respectively, from the lattice constant of a bulk
crystal® so that the diffraction patterns clearly indicate that
the thin film grown on every substrate is preferentially ori-  FIG. 3. Absorption spectra at 10 K for the Cul thin films with
ented along thé111) crystal axis. Similar patterns also have the thickness of 10, 20, 50, and 100 nm grown on the quartz sub-
obtained in other Cul thin films. The accuracy and resolutiorstrate.
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FIG. 4. Absorption spectra at 10 K for the Cul thin films with

the thickness of 10, 20, 50, and 100 nm grown on the NaCl sub- FIG. 5. Luminescence spectra with a 325-nm excitation at 10 K
strate. for the Cul thin films with the thickness of 20 nm grown on the

sapphire, quartz, and NaCl substrates. The arrows represent the
- ) ) ~doublet-peak energies of the absorption spectra.
transitions, and the energies do not agree with those in the

bulk crystal. It is noticed that all of the spectra except for _ - . .
those in the 10-nm films clearly show doublet structuresS"€rgies coincide with those of the absorption peaks. Then,

around theZ, , exciton peak: The stronger component hasWe assign the luminescence bands to the free-exciton lumi-
the higher energy. It is obvious from Figs. 2 and 3 that the'€SCence. o .
splitting energies of the doublet structures do not depend on Next, we qualitatively discuss the doublet structure of the
the film thickness up to 100 nm; 15 and 14 meV for theZ1.2 exciton transition. The quantitative analysis will be de-
sapphire and quartz substrates, respectively. In the 10-ngfribed in the next section. The oscillator strength of the
films, the spectral-width broadening prevents observing thé&lH-exciton transition at thé&' point is considered to be three
doublet structure of th&, , exciton. times stronger than that of the LH-exciton transition from the
Figure 4 shows absorption spectra measured at 10 K faBloch-function forms’ Thus, we assign the stronger compo-
the Cul thin films with the thickness of 10, 20, 50, and 100nent and the weaker one of the doublet structure to the HH-
nm grown on the NaCl substrate. The spectra include strucand LH-exciton transitions, respectively. There are two pos-
tures due to th&Z,, and Z; exciton transitions and show sible factors for causing the doublet structure: quantum size
doublet structures around tiZg , exciton energy. The split- effects and strain effects. The fact that the splitting energy
ting energies of the doublet structures are constant: 17 me\does not depend on the film thickness as shown in Figs. 2—4
These spectral profiles are similar to those in the sapphirendicates no possibility of the quantum size effect. Therefore,
and quartz substrates; however, the energy order of the strome focus only on the strain effect. It is well known that there
ger and weaker components of the doublet structure is reare two types of the strain: lattice-mismatch and thermal
versed. strain, which are caused by the difference of the lattice con-
Figure 5 shows luminescence spectra at 10 K with thestants and thermal expansion coefficients of the thin film and
325-nm excitation for the Cul thin films with the thickness of substrate. The possibility of the lattice-mismatch strain can
20 nm grown on the sapphire, quartz, and NaCl substrate®e denied because of following reasons. The splitting due to
The broad luminescence band in the low-energy region ishe lattice-mismatch strain should depend on the film thick-
considered to be due to the donor-acceptor-pair recombinaress because there exists a critical thickness for the elastic
tion which is observed in bulk crystalsThe arrows in the deformation. The lattice mismatch between Cul and NaCl is
figure represent the doublet-peak energies of the absorpticabout 6.6%. Referring the results of the critical thickness as a
spectra. It is noticed that the luminescence spectra around tfienction of the lattice mismatch in semiconductbtshe
absorption edge consists of two bands. For the NaCl sutxzritical thickness of the Cul film on the NaCl substrate is
strate, it is considered that the high-energy luminescencestimated to be less than 1 nm. Nevertheless, as mentioned
band originates from the free exciton because its peak energbove, the magnitude of the splitting energy for the NacCl
just agrees with the low-energy absorption peak. The lowsubstrate does not depend on the film thickness up to 100 nm
energy luminescence band appearing as a shoulder is cons@s shown in Fig. 4. In the case of the sapphire and quartz
ered to be due to a bound excitbithe binding energy of the substrates, there is no meaning of the lattice mismatch be-
bound exciton, 12 meV, is equal to that in the bulk crystal.cause of the full difference of the crystal structure in sapphire
For the sapphire and quartz substrates, luminescence peakd noncrystallinity in quartz. Consequently, it is considered
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sapphire(b) quartz, andc) NaCl substrates. As can be seen
in the figures, the splitting energies become smaller with the
increase of the temperature. These results certainly indicate
that the origin of the HH-LH splitting is the thermal strain
RT. effect.

50 nm on Sapphire

IV. DISCUSSION

We quantitatively discuss the thermal strain effect on the
HH- and LH-exciton energies of Cul thin films on the basis
150 K of ak- p perturbation theory* The exciton-binding energy is
hardly changed by the strain effect, so that we consider only
the change of thel'-conduction-band bottom and the
100 K I'-valence-band top. Since the strain-induced-splitting en-
ergy in Cul films are much smaller than the spin-orbit-
splitting energy~ 630 meV as shown in Figs. 2—4, we can

Optical Densiy (arb. units)
N
o
o
#

10K neglect the spin-orbit interaction in thie-p perturbation
! L ! | ! theory. The Cul thin films used in this study are preferen-
3.00 302 304 306 308 310 tially oriented along thé111) crystal axis as shown in Fig.
Photon Energy (eV) 1; therefore, we consider the deformation in tfEl1]-

strained system. In this case, the strain-induced shifts of the
FIG. 6. Temperature dependence of the absorption spectra fdteavy-hole and the light-hole energies at thgalence-band
the Cul thin films with the thickness of 50 nm grown on the sap-top, AE,, andAE,,, are approximately given By
phire substrate.

that the splitting of the HH- and LH-exciton energies is due d
to the thermal strain effect. an
If the above consideration is true, the HH-LH splitting AE; = — AEy+AEg2, @

energy should depend on the measurement temperature. The
temperature dependence of absorption spectra for the 50-Nghere AE,, and AEg, which are the hydrostatic and shear
thick Cul film grown on the sapphire substrate is shown interms, are given by

Fig. 6. Figure 7 shows the temperature dependence of the

HH- (closed circlesand LH-exciton energiefpen circleg AER=3a{4Cy,/(Cyy+2C1,+4C)} ¢ 3
of the Cul thin films with the thickness of 50 nm da)

and
3.07 [ HH Gul 50nm on Sapphye AEs=—2y3d{(Cy+2C1))/(Cyy+2C1o+ 4Cun) e
[00000e o4, , (4)
- . Here,a andd represent the respective deformation potentials,
3.04 -T_°H°°°° °o0 o . Cy1, Cy, andCy, are the elastic stiffness constants, and
= . . . . . is the in-plane strain. We defing>0 (¢<0) for a tensile
> (compressivestrain. Thes-like conduction-band state is af-
207t (b) fected only by the hydrostatic term of the strain:
3 _HH on Quartz
:Cj - .................... AECZSC{4C44/(C11+ 2C12+ 4C44)}€” y (5)
*
X< 3.04 -Ij_|°°°°°°°°°°°°°°° ‘e N wherec is the deformation potential. Consequently, the en-
o . . . . . ergy shifts of the HH and LH exciton&\Ey, and AE, ,
are given b
3.07 _°°°°°Oooc|;yo (c) 9 y
%0 on NaCl AE,y=AE.—AEn,=AE/+AEg?2 (6)
ooooooo.......
FHH oooo.... and
3.04 | ®° e
- - s ; - AE 4=AE.—AE,=AE/,—AEJ2, (7
50 150 250
Temperature (K) where
FIG. 7. Temperature dependence of the heavy-hétesed AE[;=3(a+C){4Cy/(C11+2C,+4Cu)}e . (8)
circles and light-hole-exciton energie@pen circleg of the Cul . . .
thin films with the thickness of 50 nm grown dg) sapphire,(b) The magnitude of the thermal straiy, which corre-

quartz, andc) NaCl substrates. sponds toe|, is given by
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TABLE I. Values of deformation potentials,+c andd (Ref. 2, and stiffness constant§;;, C;,, and
Cu4 (Ref. 13 of Cul.

a+c (eV) d(eV) Cy; (X109 dyn/cn?) Cy, (X 10 dyn/cnt) C,4 (X 10 dyn/cnt)

-11 —-1.4 45.1 30.7 18.4

Tq of AE}, are —6, —8, and 10 meV for the sapphire, quartz,
€= fT [acu(T) —asu(T)]dT, (9 and NaCl substrates, respectively. These agree with the ex-
" perimental results obtained from the absorption spectra of

whereT, andT,, are the film-growth and measurement tem-the 50-nm films shown in Figs. 2—4:4, =5, and 10 meV
peratures, respectively. The linear expansion coefficients dPr the sapphire, quartz, and NaCl substrates, respectively.
Cul and substrate materials are denotedaly, and ey Finally, we discuss the film-thickness dependence of the
The values ofx essentially depend on temperature. The dethermal strain in the Cul films. As shown in Figs. 2, 3, and 4,
tails of aguy(T) for sapphire, quartz, and NaCl have beenthe exciton energies are constant in the thickness region thin-
reported so fal2 13 \We obtainedec,(T) from the tempera- ner than 100 nm: This indicates that the thermal strain is
ture dependence of the lattice constite give an example unchanged. The absorption spectra for thick films could not
of @ at 293 K: 16<10 6 5x10°6. 05x10 ¢ and P€ measured because of saturation of the absorption inten-
39106 deg® for Cul sa{pphire quartz and NaCl. re- Sity. So we measured reflection spectra for the films thicker
: : ' ' ' . than 100 nm. Figure 8 shows reflection spectra at 10 K for
spectively. Sincevcy > agup (acu<asyp for the sapphire ! . .
and quartz substratéblaCl substrate the tensile(compres- thedCuI films with the th|ckr:1ess of %OO 30b0’ 400, 5?]0’ éooli)'
sive) strain is applied to the Cul films. The thermal strajn and 3000 nm grown on the sapphire substrate. The roken
is calculated from EqQ.(9): 4.7x10°3, 5.9x10°%, and and dotted lines represent the HH- and LH-exciton energies
! ' in the 50-nm thick film, respectively. We consider the peak

—7.6x 102 for the sapphire, quartz, and NaCl substrates, . f the reflect ratob i . )
respectively, WithT,=443 K andT =10 K. energies of the reflection spectra to be exciton energies since

) . s the absorption-peak energies in the 50-nm film agree with
We first discuss the splitting energiE, of the HH and . S .
LH exlons. SiceAE=AEw. AE, S cqual 0AEs TSRS SIeen 1 e 100 T, The Suonoe:
from Eqgs.(6) and(7), the theoretical value oA E is calcu- P P

lated from Eq.(4): 14, 17, and—22 meV for the sapphire respond to the HH- and LH-exciton transitions, respectively.

quartz, and NaCl substrates, respectively. The calculation p'l:he arrows indicate the peak energies of the LH-exciton re-

rameters for the strain effect are listed in Table I. Table Il ection. Structure_s due to_the Fabry-Perot in_terference are
shows the calculated values gfandA E and experimen- remarkably superimposed in the low-energy side of the LH-
tal values AE obtained from the acgél)rption spectid exciton band for the films thicker than 100 nm. The splitting

y exp:

K) of the 50-nm films, in which the widths of the absorption
bands are the narrowest as shown in Figs. 2—4. The minus Cul on Sapphire
sign for AE., and AE,, means that the LH exciton has
higher energy than the HH exciton. It is obvious that the
calculated results well explain the substrate-material depen- ,
dence of the order of the HH- and LH-exciton energies.
Thus, we conclude that the observed doublet structure of the
Z, yexciton absorption originates from the thermal-strain-
induced splitting of the HH- and LH-exciton energies.

Next, we discuss the center enerdss, of the splitting
HH and LH excitons. From Eq$6) and(7), the energy shift
of Eq is determined by the hydrostatic terffE/,. Sincea
+¢<0, it is expected that the tensileompressive strains
induce the low-energy(high-energy shift of Ey: Eg is
shifted to the low-energyhigh-energy side for the sapphire
and quartz substratéslaCl substrate The calculated values |

. - . : 100 nm
TABLE Il. Values of thermal strainse), splitting energies of \/ 1

the heavy-hole and light-hole excitons obtained from the calculation ' - '

—

0K
LH HH

Intensity (arb. units)

)50

<.

(AEcq) and the absorption spectraEg, ) for Cul thin films with 2.95 3.00 3.05 3.10 3.15
the thickness of 50 nm. Photon Energy (eV)
Substrates € AE,y (MeV) AEqy, (MeV) FIG. 8. Reflection spectra at 10 K for the Cul thin films with the
thickness of 100, 300, 400, 500, 1000, and 3000 nm grown on the
Al,04 4.7x10°3 14 15 sapphire substrate. The broken and dotted lines represent the heavy-
quartz 5.%10°° 17 14 hole- and light-hole-exciton energies in the 50-nm film, respec-
NaCl —-7.6x10°° —-22 —-17 tively. The arrows indicate the peak energies of the light-hole-

exciton reflection.
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of the HH and LH excitons begins to become small at 500/e have assigned the stronger component and the weaker
nm and disappears at 3000 nm. This result indicates that thene of the doublet structure to the HH- and LH-exciton tran-
thermal strain begins to relax at 500 nm and fully vanishes asitions, respectively. The magnitude of the splitting energy
the 3000-nm thickness. As can be seen in the figure, théoes not depend on the film thickness in the 100-1000 nm
transition energy of the HH exciton almost does not chang&ange and becomes small with the increase of the measure-
in contrast with that of the LH exciton. From Eqgh)—(8), ment temperature. From the results, we conclude that the
the following relations of the exciton-energy shift and thedoublet structures are due to the splitting of the HH- and
in-plane strain are obtaine&Ey;,~0.08 ¢ and AE ;= LH-exciton energies, which are caused by the bla_X|aI strains
—2.8 €. As a result, the HH-exciton energy is much lessarising from the difference of the thermal expansion coeffi-

insensitive to the variance of the strain than the LH-excitorcients of Cul and the substrate, the so-called thermal strain
energy. effect. The HH exciton has a higher energy than the LH

exciton for the sapphire and quartz substrates, while the en-
V. CONCLUSION ergy order of the HH and LH excitons is reversed for the
NaCl substrate. Since the thermal expansion coefficient of
We have investigated the thermal strain effect on the exCul is larger(smalle) than those of the sapphire and quartz
citon in Cul thin films with a thickness of 10—-3000 nm. The (NaCl) substrate, the tensil@ompressive strain is applied
thin films were grown by vacuum evaporation of@01)  to the films. The change of the direction of the thermal strain
Al,Os, fused silica(quarta, and(001) NaCl substrates. We results in the reverse of the energy order of the HH and LH
have investigated x-ray-diffraction patterns and optical abexcitons. The shifts and the energy order of the exciton en-
sorption, luminescence, and reflection spectra of the filmsergies due to the thermal strain effect are successfully ana-
From the x-ray-diffraction patterns, we confirmed that thelyzed on the basis of &-p perturbation theory. We also
crystalline thin films preferentially oriented along th&11) have investigated the film-thickness dependence of the ther-
crystal axis for all the substrates. The doublet structuresnal strain effect by measuring the reflection spectra for the
around theZ, , exciton energy were observed in the absorp-films thicker than 100 nm. The critical thickness for the ther-
tion spectra for all of the thin films in the 10—1000 nm range.mal strain relaxation is estimated to be about 400 nm.
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