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Persistent spectral-hole-burning spectroscopy of CuCl quantum cubes
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A persistent spectral-hole-burning~PSHB! phenomenon was successfully applied to the precise site-selective
spectroscopy of CuCl quantum dots embedded in NaCl crystals. In the PSHB spectra of CuCl quantum dots,
a resonantly burned hole and lower-energy satellite holes were observed. These satellite holes are supposed to
originate from hole burning of the ground states, which results from site-selective excitation of the correspond-
ing excited states of excitons confined in CuCl quantum dots. Energy relation between the resonantly burned
hole and each satellite hole is well explained by the simple concept of a particle in a quantum cube with an
infinitely high potential barrier. However, actual quantum dots are considered to be a little deviated from cubes,
resulting in the violation of the optical selection rule in quantum cubes. A cubic-shaped quantum-dot model is
almost consistent with oscillatory fine structures observed in theZ3 exciton absorption band. Its spectral
decomposition into the ground state and the first excited state of excitons was made, and showed that the first
excited state is in majority at the higher-energy region of theZ3 exciton absorption band. This result was
supported by the photoluminescence spectrum of theZ3 exciton.@S0163-1829~97!07632-7#
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In nanometer-size semiconductor crystallites, or ze
dimensional quantum dots, electronic and optical proper
are dramatically different from those in three-dimensio
bulk semiconductors. As a result, they have been attrac
much interest not only from the viewpoint of fundamen
physics but also from the expectation for their potential
plications to various electronic and optical devices such a
quantum-dot laser. For application, it is very important
understand and control the physical properties of orde
quantum dots. Orders of quantum dots are classified as t
in size, alignment, orientation, and shape. Ordering quan
dots in size is of major importance, because the s
distribution of quantum dots is the primary source
inhomogeneous broadening that can completely cancel
the advantages of zero-dimensional density of states. Na
distribution in dot size has been performed for self-organi
InxGa12xAs/GaAs quantum dots grown by molecula
beam epitaxy1 and by metalorganic chemical vapor depo
tion ~MOCVD!,2 and for colloidal CdSe quantum dots3

As for the order in alignment, an aligned array
GaAs/AlxGa12xAs quantum dots was fabricated by usin
electron-beam lithography and plasma etching, altho
the size of each quantum dot is as large as 57 nm
diameter.4 A self-alignment of the smaller self-organize
InxGa12xAs/GaAs quantum dots grown by MOCVD was r
cently achieved.5,6 In the case of orientational order, th
crystal axis of CuCl quantum dots and that of the NaCl m
trix were found to be parallel to each other.7 Order in dot
shape, however, has been little studied. One of the purp
in this paper is to investigate the shape of CuCl quantum d
embedded in NaCl crystals by means of persistent spe
hole burning~PSHB! spectroscopy.

Recently, PSHB phenomenon in semiconductor quan
dots such as CuCl, CuBr, CuI, CdSe, CdTe, and CdS qu
tum dots embedded in glass, crystals, or polymers has b
observed.8–13 Ever since, the PSHB is considered to be a
plicable to the precise site-selective spectroscopy of quan
dots. When the spectrally narrow light excites the inhom
560163-1829/97/56~7!/4051~5!/$10.00
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geneously broadened absorption band, a spectral hol
formed at the position of the excitation photon energy in
absorption band, and the spectral hole is preserved for a
time at low temperature. As a result of the PSHB, the el
tronic and excitonic quantum states, including the exci
states, may be burned. This allows us to investigate the
ergies of quantum dots systematically. Because the ener
of quantum dots depend on their shape, the precise stud
the energies by means of PSHB spectroscopy is useful
the investigation of the shape of CuCl quantum dots. A
other purpose of this paper is to investigate the correla
between the ground- and the excited-state excitons confi
in CuCl quantum dots in NaCl crystals by means of PSH
spectroscopy.

Samples, CuCl quantum dots in NaCl, were made fr
the melted mixture of NaCl and CuCl, and grown by t
transverse Bridgman method. The as-grown crystals w
cleaved into several pieces and were annealed in Ar at
sphere for the control of the size distribution of CuCl qua
tum dots. The samples were directly immersed in superfl
helium at 2 K or mounted on a sample rod of a temperatu
variable cryostat. A spectrally narrow dye laser pumped b
Q-switched Nd31: YAG ~yttrium aluminum garnet! laser
was used as a pump source. The spectral width of the
laser was 0.014 meV and the pulse duration was appr
mately 5 ns. The repetition rate of the laser system was
Hz. A halogen lamp was used as a probe source. The tr
mittance of the probe beam was detected by using a liq
nitrogen-cooled charge-coupled-device optical multichan
analyzer in conjunction with a 75 cm monochromator. T
spectral resolution of the experiment was 0.04 nm~0.35
meV!. For the luminescence measurements, the th
harmonic light of the Nd31: YAG laser ~355 nm, 3.49 eV!
was used as a band-to-band excitation source.

It is known that photoexcited exciton in CuCl quantu
dots is confined in the limited space and that its center
mass translational motion is quantized due to a small exc
Bohr radius of 0.68 nm.14,15Figure 1 shows absorption spe
4051 © 1997 The American Physical Society
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tra of CuCl quantum dots in NaCl crystals at 2 K. Oscillato
fine structures are observed between 3.22 and 3.28 eV in
inhomogeneously broadenedZ3 exciton absorption band.16

Origin of the inhomogeneous broadening has been expla
partly by the size distribution of the quantum dots. Itohet al.
suggested that each oscillatory fine structure was expla
by the size-quantized lowest energy of theZ3 exciton con-
fined in a quantum cube whose side changes stepwise
unit of a/2, wherea is a lattice constant of CuCl crystal.17 If
an infinitely tall potential barrier is assumed in a CuCl qua
tum cube with the side length ofL, quantized exciton energ
levels are easily derived from the simple concept of a part
in a quantum cube and are described by

Enx ,ny ,nz
5EB1

\2p2

2M ~L2aB!2 ~nx
21ny

21nz
2!, ~1!

whereEB is the bulkZ3 exciton energy (EB53.2022 eV),
M is the translational mass of exciton (M52.3m0), aB is its
Bohr radius (aB50.68 nm), quantum numbersnx , ny , and
nz , take values 1, 2, 3,..., and (L2aB) is used for the dead
layer correction. Vertical solid lines in Fig. 1~a! indicate the

FIG. 1. Z3 exciton absorption spectra of CuCl quantum dots
NaCl crystals at 2 K. Vertical solid lines in~a! and~b! indicate the
calculated energies of theZ3 exciton under the assumption of qua
tum cubes and spheres, respectively.EB is the bulk Z3 exciton
energy.
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expected energy of the ground stateE1,1,1 in cubes with the
side length of each cube shown at the top in a unit of half
lattice constanta (a50.54 nm).

On the other hand, if quantum dots are assumed to b
sphere with radiusR and its diameter changes stepwise in
unit of a/2, quantized energy levels are calculated by

En,l5EB1
\2p2

2M ~R2aB/2!2 jn,l
2 , ~2!

wherepjn,l is thenth root of the spherical Bessel functio
of the l th order and the principal quantum numbern and the
angular momentum quantum numberl take values n
51,2,3, . . . andl 50,1,2, . . . , respectively. jn,l takes val-
ues j1,051, j1,151.4303,j1,251.8346,j2,252, and so on.
For the dead layer correction, (R2aB/2) is used. Vertical
solid lines in Fig. 1~b! represent the calculated energy of t
ground stateE1,0 with the diametric length of each sphe
shown at the top in a unit of half the lattice constanta. The
oscillatory fine structure below 3.25 eV is better fitted
E1,1,1 rather than byE1,0 and suggests that the shape of Cu
quantum dots is cubic rather than spherical. However, ab
3.25 eV, the peak energies of the oscillatory fine structu
do not coincide with the calculated energies for both qu
tum cubes and spheres. It also should be commented tha
experimental peaks can be explained neither by the quan
sphere model nor the quantum cube model without the d
layer correction.

In order to explain peaks above 3.25 eV, the first exci
state of excitons confined in CuCl quantum cubes was ta
into account. They are well fitted by the first excited-sta
energyE2,1,1 calculated on the basis of the energy relati
E2,1,12EB52(E1,1,12EB) obtained from Eq.~1!, as shown
by downward arrows withm, j, l, n, andh in Fig. 1~a!.
Here, the first excited-state energyE2,1,1 denoted by down-
ward arrows withm, j, l, n, and h above 3.25 eV is
calculated by the peak position of the ground-state ene
E1,1,1 denoted bym, j, l, n, and h below 3.25 eV, re-
spectively. In this way, the observed peaks above 3.25
are energetically explained by the first excited states of
citons in CuCl quantum cubes. The optical selection ru
however, tells us that the first excited exciton stateE2,1,1
confined in a quantum cube does not contribute to the opt
transitions because of the parity.18,19The exciton wave func-
tion for the center-of-mass motion is simply given by si
functions with quantum numbern, which has even parity for
the states of oddn and odd parity for those of evenn. Inte-
gration of the wave functions over the cube gives the ma
element of the electric dipole transition between the grou
and thenth state, and the matrix element is equal to zero
even quantum numbern, according to the long-wavelengt
approximation. The reason why the optical selection rule
broken is discussed later.

Absorption and absorption change spectra of CuCl qu
tum dots at 2 K are shown in Figs. 2~a! and 2~b!, respec-
tively. The absorption change spectrum2Dad is defined by
the absorption spectrum of the sample exposed to
narrow-band dye laser minus that of the virgin sample. T
sample was exposed to 72 000 shots of dye laser pulses
the photon energy of 3.2378 eV and excitation density
46 nJ/cm2. In addition to the spectral hole resonantly burn
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56 4053PERSISTENT SPECTRAL-HOLE-BURNING . . .
at the excitation photon energy denoted byEL , lower-energy
satellite holes were also burned at energy positionE, where
E satisfiesEL2EB5n(E2EB) with n52 or 3. Solid and
open circles in Fig. 2~b! show the satellite holes for case
n52 and 3, respectively. The appearance of these sate
holes can be explained as follows: if quantized exciton
ergy levels are described by Eq.~1!, the ground stateE1,1,1
and the first and the second excited statesE2,1,1,E2,2,1 satisfy
the relations E2,1,12EB52(E1,1,12EB) and E2,2,12EB
53(E1,1,12EB), respectively. Site-selective excitation
the excited states results in hole burning of the correspon
ground state, which is observed as the lower-energy sate
holes in Fig. 2~b!. Although the stateE2,2,1 was excited, hole
burning of the stateE2,1,1 relaxed from theE2,2,1 state was
not observed experimentally and only the ground st
E1,1,1 was burned. This suggests that the relaxation from
excited state to the ground state is considered to be m
faster than the persistent spectral hole burning process
the recombination of the ground-state excitons. If quant
dots are assumed to be spheres, and if the second ex
state is burned, the resultant satellite holes should appe
the energy positions marked by an upward arrow in F
2~b!. Absence of burned hole at the upward arrow indica
that the shape of CuCl quantum dots in NaCl matrix is cu
rather than spherical and that quantized exciton energy le
are described by Eq.~1!. However, it should be noted tha
the optical transitions to both the first and second exc
states are forbidden and the appearance of satellite holes
not be explained by the excited states of excitons confine
ideal CuCl quantum cubes.

Figure 3 shows satellite hole positionsE as a function of
the excitation photon energyEL . Several samples were use
for this measurement. Solid circles and open circles co
spond to the burned satellite holes of the ground sta
E1,1,1, which result from the laser resonant excitation of t
first excited statesE2,1,1 and the second excited stat

FIG. 2. Absorption~a! and absorption change~b! spectra in
CuCl quantum dots in NaCl at 2 K. Excitation photon energy d
noted byEL is 3.2378 eV. Structures marked by a solid circle a
an open circle show the spectral holes observed atE5EB1(EL

2EB)/n, wheren takes values 2 and 3, respectively. An upwa
arrow indicates the position atE5EB1(EL2EB)/3.35.
ite
-

ng
ite

e
e
ch
nd

ted
in
.
s
c
ls

d
an-
in

e-
s

E2,2,1, respectively. The corresponding calculated satel
hole positions based on Eqs.~1! and ~2! are shown by solid
and dashed lines, respectively. Although open circles
slightly scattered, agreement of experimental data and ca
lated results based on Eq.~1! is good. We should notice tha
satellite holes marked by solid circles move almost conti
ously, although the first excited exciton statesE2,1,1 confined
in ideal quantum cubes shift discretely as shown by the lo
scale at the top horizontal axis. This feature can be und
stood under the following assumptions: Energies of the fi
excited-state excitons confined in quantum dots, wh
shapes are a little deviated from an ideal cube, are expre
by E2,1,12EB52(E1,1,12EB) but the deviation is not so
large to be a sphere. This possibility should be examin
from the point of view of the selection rule. As mentione
before, if the shape of quantum dots is an ideal cube, the
excited stateE2,1,1 and the second excited stateE2,2,1 do not
contribute to the optical transitions and solid and open circ
in Fig. 3 should not appear. Our experimental results, that
excited statesE2,1,1 and E2,2,1 are optically found, sugges
that all of the dots are not ideal quantum cubes and
deviation from the cubic shape violates the selection rule

One may consider strain between CuCl quantum dots
NaCl matrix or built-in electric field caused by trapped ca
riers is a possible origin of the violation of the selection ru
Hydrostatic pressure from the NaCl surrounding matrix m
be applied to CuCl quantum dots, but the energy shift cau
by the pressure was shown to be too small to explain
size-dependent energy shift of the exciton transition.15 More-
over, isotropic hydrostatic pressure cannot be considere
give the violation of the selection rule. The selection rule
CuCl quantum cubes comes from the parity of the envel
function of exciton, which describes the exciton translatio
motion. It is different from the selection rule for dots in th
strong confinement regime, where the selection rule com

-

FIG. 3. Spectral hole positionsE as a function of the excited
photon energyEL for CuCl quantum dots in NaCl. Solid circles an
open circles are explained in the text. Calculated excited states
quantum cubes and for quantum spheres are shown by a solid
and a dashed line, respectively. The size of cubes in which the
excited states of excitons are confined is shown by the top l
scale in a unit of half the lattice constant.
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4054 56NARU SAKAKURA AND YASUAKI MASUMOTO
from the parity of the envelope functions of the electrons a
holes and is violated by the electric field.20 Built-in electric
field in the quantum dots can cause electron-hole separa
in exciton and therefore change the internal motion of ex
ton, but cannot change the envelope function of exciton. T
consideration excludes the electric field as an origin to v
late the selection rule.

Figure 4 shows absorption~a! and absorption change~b!
spectra with three excitation photon energies marked
solid circles. Excitation energies are 3.2745, 3.2531,
3.2360 eV from top to bottom. Accumulated excitation e
ergy density is 6 mJ/cm2. It is apparent from Fig. 4~b! that
the ratio of the satellite hole area~s! to the resonantly
burned hole area~d! increases with the increase of the bur
ing photon energy. This indicates that the contribution of
first excited states to the absorption band increases with
increase of the photon energy compared with that of
ground states. The resonantly burned hole is suppose
come from the ground states at the burning photon ene
and not to contain the excited states as a result of the
relaxation from the excited state to the ground state. Th
fore, the ratio of the resonantly burned hole area~d! to the
satellite hole area~s! gives the ratio of the ground state
the first excited state at the burning photon energy. Here
evaluated the hole area including acoustic phonon win
Solid and open circles in Fig. 4~a! show the contributions o
the ground state and the first excited state of excitons c
fined in CuCl quantum dots to the absorption spectrum,
spectively. To derive Fig. 4~a!, we adopted following two
assumptions. One is that actual quantum dots are devi
from cubes but preserve their high symmetry. Under t
assumption, the ground stateE1 and the first excited stateE2
satisfy the equationE22EB.2 (E12EB). In fact, our simu-
lated results showed that the three-directional side length
quantum boxes should not be different by twicea/2 from
each other for reproduction of the oscillatory fine structu
in the Z3 exciton absorption band.21 Another as-

FIG. 4. An absorption spectrum~a! and absorption change spe
tra ~b! of CuCl quantum dots in NaCl at 5 K. Solid and open circl
in ~a! represent the spectral profiles of the ground states and the
excited states in CuCl quantum dots, respectively.
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sumption is that only both the first excited state and
ground state contribute to theZ3 exciton absorption band.

From the obtained spectral profiles in Fig. 4~a!, we can
estimate the oscillator strength of the ground state (f 1) and
the first excited state (f 2). The oscillator strength of the firs
excited state is equal to zero if quantum dots are cubes
multaneously we can compare the obtained ratiof 2 / f 1 with
that expected for a quantum sphere.22 Theoreticalf 2 / f 1 for a
quantum sphere with radiusR is 0.51 forR/aB55.8 and 0.59
for R/aB54.4, while from Fig. 4~b!, the corresponding ex
perimentalf 2 / f 1 is 0.28 and 0.23, respectively. The expe
mental oscillator strength ratiof 2 / f 1 is about half the ratio
for the quantum sphere and does not contradict with
model that the shape of CuCl quantum dots ranges fr
cubic to spherical while maintaining high symmetry. How
ever, there are few studies concerning the problem how
oscillator strength depends on the shape of quantum d
Further study is necessary to clarify this difficult problem

In Fig. 5, absorption and photoluminescence spectra
CuCl quantum dots in NaCl are shown. The luminesce
signal was accumulated while the sample was excited
1800 shots of laser pulses with the very weak energy den
of 3.1mJ/cm2 and the band-to-band excitation photon ener
of 3.49 eV. The luminescence spectrum has the same o
latory structure as the absorption spectrum and shows s
Stokes shift (;0.6 meV), which suggests that the lumine
cence spectrum comes from recombination of free excit
confined in CuCl quantum dots. The luminescence spect
drawn by a dashed line is corrected by taking account of
reabsorption effect and is normalized at the peak energy.
note that the luminescence signal is smaller above 3.25
though the exciton absorption intensity does not decreas
much in this energy region. This fact does not contrad
with our idea that the excited states are in the majority at
higher-energy region of theZ3 exciton absorption band.

In summary, we have observed the excited-state excit
in CuCl quantum cubes by means of the PSHB spectrosc
Energy positions of satellite holes in the PSHB spectr
show that the shape of quantum dots in NaCl matrix is

rst

FIG. 5. An absorption and a photoluminescence spectra of C
quantum dots in NaCl at 2 K. Excitation photon energy is 3.49
for the luminescence spectrum. A dashed line indicates the lu
nescence spectrum made by the reabsorption correction.
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spherical but rather cubic. However, actual quantum dots
considered to be deviated from ideal cubes and have al
continuously distributed shapes without breaking high s
metry. We have determined the spectral profiles of
ground state and the first excited state in CuCl quantum d
The Z3 exciton luminescence spectrum showed that the
re
st
-
e
ts.
x-

cited state excitons are in majority at the higher-energy
gion of theZ3 exciton absorption band.
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