PHYSICAL REVIEW B VOLUME 56, NUMBER 7 15 AUGUST 1997-I

Persistent spectral-hole-burning spectroscopy of CuCl quantum cubes
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A persistent spectral-hole-burnii§SHB 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 inZhexciton 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 Zheexciton absorption band. This result was
supported by the photoluminescence spectrum oZthexciton.[S0163-182697)07632-7

In nanometer-size semiconductor crystallites, or zerogeneously broadened absorption band, a spectral hole is
dimensional quantum dots, electronic and optical propertieformed at the position of the excitation photon energy in the
are dramatically different from those in three-dimensionalabsorption band, and the spectral hole is preserved for a long
bulk semiconductors. As a result, they have been attractingme at low temperature. As a result of the PSHB, the elec-
much interest not only from the viewpoint of fundamental tronic and excitonic quantum states, including the excited
physics but also from the expectation for their potential ap-states, may be burned. This allows us to investigate the en-
plications to various electronic and optical devices such as argies of quantum dots systematically. Because the energies
guantum-dot laser. For application, it is very important toof quantum dots depend on their shape, the precise study of
understand and control the physical properties of orderethe energies by means of PSHB spectroscopy is useful for
guantum dots. Orders of quantum dots are classified as thosige investigation of the shape of CuCl quantum dots. An-
in size, alignment, orientation, and shape. Ordering quanturather purpose of this paper is to investigate the correlation
dots in size is of major importance, because the sizéetween the ground- and the excited-state excitons confined
distribution of quantum dots is the primary source ofin CuCl quantum dots in NaCl crystals by means of PSHB
inhomogeneous broadening that can completely cancel ogpectroscopy.
the advantages of zero-dimensional density of states. Narrow Samples, CuCl quantum dots in NaCl, were made from
distribution in dot size has been performed for self-organizedhe melted mixture of NaCl and CuCl, and grown by the
In,Ga_,As/GaAs quantum dots grown by molecular- transverse Bridgman method. The as-grown crystals were
beam epitaxy and by metalorganic chemical vapor deposi-cleaved into several pieces and were annealed in Ar atmo-
tion (MOCVD),2 and for colloidal CdSe quantum dots. sphere for the control of the size distribution of CuCl quan-
As for the order in alignment, an aligned array of tum dots. The samples were directly immersed in superfluid
GaAs/ALGa,_,As quantum dots was fabricated by using helium & 2 K or mounted on a sample rod of a temperature
electron-beam lithography and plasma etching, althoughariable cryostat. A spectrally narrow dye laser pumped by a
the size of each quantum dot is as large as 57 nm iQ-switched Nd*: YAG (yttrium aluminum garnétlaser
diamete A self-alignment of the smaller self-organized was used as a pump source. The spectral width of the dye
In,Ga, _,As/GaAs quantum dots grown by MOCVD was re- laser was 0.014 meV and the pulse duration was approxi-
cently achieved® In the case of orientational order, the mately 5 ns. The repetition rate of the laser system was 30
crystal axis of CuCl quantum dots and that of the NaCl ma-Hz. A halogen lamp was used as a probe source. The trans-
trix were found to be parallel to each otHe®Order in dot  mittance of the probe beam was detected by using a liquid-
shape, however, has been little studied. One of the purpos@dtrogen-cooled charge-coupled-device optical multichannel
in this paper is to investigate the shape of CuCl quantum dotanalyzer in conjunction with a 75 cm monochromator. The
embedded in NaCl crystals by means of persistent spectrapectral resolution of the experiment was 0.04 (035
hole burning(PSHB spectroscopy. meV). For the luminescence measurements, the third-

Recently, PSHB phenomenon in semiconductor quanturharmonic light of the N&": YAG laser (355 nm, 3.49 ey
dots such as CuCl, CuBr, Cul, CdSe, CdTe, and CdS quarwas used as a band-to-band excitation source.
tum dots embedded in glass, crystals, or polymers has been It is known that photoexcited exciton in CuCl quantum
observed 12 Ever since, the PSHB is considered to be ap-dots is confined in the limited space and that its center-of-
plicable to the precise site-selective spectroscopy of quantummass translational motion is quantized due to a small exciton
dots. When the spectrally narrow light excites the inhomo-Bohr radius of 0.68 nm¥*°Figure 1 shows absorption spec-
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expected energy of the ground st&e, ; in cubes with the
—— T T T side length of each cube shown at the top in a unit of half the
L (a) K[ lattice constant (a=0.54 nm).
On the other hand, if quantum dots are assumed to be a
sphere with radiu®k and its diameter changes stepwise in a
unit of a/2, quantized energy levels are calculated by

T ]
/ — En=E him 2 2
i = B+W§n,lv (2

where ¢, | is thenth root of the spherical Bessel function
of thelth order and the principal quantum numiveand the
I f\ A ] angular momentum quantum numbér take valuesn
. . =1,23... andl=0,1,2 ..., respectively. &, takes val-
32 325 33 ues ¢y =1, & ,=1.4303, ¢, ,=1.8346,&,,=2, and so on.
Photon Energy (eV) For the dead layer correctionR{ag/2) is used. Vertical
B 16 14 solid lines in Fig. 1b) represent the calculated energy of the
T T . T ground stateE, 5 with the diametric length of each sphere
L (b) K] shown at the top in a unit of half the lattice constantThe
4- 4 oscillatory fine structure below 3.25 eV is better fitted by
E, 11 rather than by, o and suggests that the shape of CuCl
/\ quantum dots is cubic rather than spherical. However, above
/\/w\/\ / i 3.25 eV, the peak energies of the oscillatory fine structures
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do not coincide with the calculated energies for both quan-
/\/ - tum cubes and spheres. It also should be commented that the
experimental peaks can be explained neither by the quantum
sphere model nor the quantum cube model without the dead
layer correction.
I :\ / ] In order to explain peaks above 3.25 eV, the first excited
i . 1 state of excitons confined in CuCIl quantum cubes was taken
3.2 3.25 33 into account. They are well fitted by the first excited-state
Photon Energy (eV) energyE, , ; calculated on the basis of the energy relation
E>11—Eg=2(E;,,— Eg) obtained from Eq(1), as shown
FIG. 1. Z; exciton absorption spectra of CuCl quantum dots inby downward arrows withh, B, ¢, A, andO in Fig. 1(a).
NaCl crystals at 2 K. Vertical solid lines i) and(b) indicate the  Here, the first excited-state energy ; ; denoted by down-
calculated energies of tt#; exciton under the assumption of quan- ward arrows withA, l, ¢, A, and ] above 3.25 eV is
tum cubes and spheres, respectiveligg is the bulkZ; exciton  calculated by the peak position of the ground-state energy
energy. E; 1 denoted byA, H, ¢, A, andJ below 3.25 eV, re-
spectively. In this way, the observed peaks above 3.25 eV
tra of CuCl quantum dots in NaCl crystals at 2 K. Oscillatory are energetically explained by the first excited states of ex-
fine structures are observed between 3.22 and 3.28 eV in thstons in CuCl quantum cubes. The optical selection rule,
inhomogeneously broadenéty exciton absorption bantf.  however, tells us that the first excited exciton stite; ,
Origin of the inhomogeneous broadening has been explainegsbnfined in a quantum cube does not contribute to the optical
partly by the size distribution of the quantum dots. l&tal.  transitions because of the parify*® The exciton wave func-
suggested that each oscillatory fine structure was explainegbn for the center-of-mass motion is simply given by sine
by the size-quantized lowest energy of thg exciton con-  functions with quantum number, which has even parity for
fined in a quantum cube whose side changes stepwise inthe states of odd and odd parity for those of evem Inte-
unit of a/2, wherea is a lattice constant of CuCl crystdlif  gration of the wave functions over the cube gives the matrix
an infinitely tall potential barrier is assumed in a CuCl quan-element of the electric dipole transition between the ground
tum cube with the side length &f, quantized exciton energy and thenth state, and the matrix element is equal to zero for
levels are easily derived from the simple concept of a particle&iven quantum numbar, according to the long-wavelength
in a quantum cube and are described by approximation. The reason why the optical selection rule is
broken is discussed later.

Absorption and absorption change spectra of CuCl quan-
tum dots & 2 K are shown in Figs. @) and 2b), respec-
tively. The absorption change spectrun ad is defined by
whereEg is the bulkZ; exciton energy Eg=3.2022 eV), the absorption spectrum of the sample exposed to the
M is the translational mass of excitoME2.3mg), ag isits  narrow-band dye laser minus that of the virgin sample. The
Bohr radius 6g=0.68 nm), quantum numberg, n,, and sample was exposed to 72 000 shots of dye laser pulses with
n,, take values 1, 2, 3,..., and ¢ ag) is used for the dead the photon energy of 3.2378 eV and excitation density of
layer correction. Vertical solid lines in Fig(d) indicate the 46 nJ/cm. In addition to the spectral hole resonantly burned
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FIG. 2. Absorption(a) and absorption changé) spectra in FIG. 3. Spectral hole positions as a function of the excited
CuCl quantum dots in NaCl at 2 K. Excitation photon energy de-photon energ§, for CuCl quantum dots in NaCl. Solid circles and
noted byE, is 3.2378 eV. Structures marked by a solid circle andopen circles are explained in the text. Calculated excited states for
an open circle show the spectral holes observe&aEg+ (E, guantum cubes and for quantum spheres are shown by a solid line
— EB)/n, wheren takes values 2 and 3, respective|y. An upward and a dashed line, respectively. The size of cubes in which the first
arrow indicates the position &= Eg+ (E_— Eg)/3.35. excited states of excitons are confined is shown by the top long

scale in a unit of half the lattice constant.
at the excitation photon energy denotedtyy, lower-energy
satellite holes were also burned at energy posiiorwhere  E,,,, respectively. The corresponding calculated satellite
E satisfiesE, —Eg=n(E—Eg) with n=2 or 3. Solid and hole positions based on Eg4d) and(2) are shown by solid
open circles in Fig. @) show the satellite holes for cases and dashed lines, respectively. Although open circles are
n=2 and 3, respectively. The appearance of these satellitelightly scattered, agreement of experimental data and calcu-
holes can be explained as follows: if quantized exciton entated results based on E@.) is good. We should notice that
ergy levels are described by E@), the ground stat&; ,;  satellite holes marked by solid circles move almost continu-
and the first and the second excited st&igs ,E,, 1 satisfy  ously, although the first excited exciton stakgs, ; confined
the relations E,,,—Eg=2(E;1,—Eg) and E,,;—Eg in ideal quantum cubes shift discretely as shown by the long
=3(E; 11— Eg), respectively. Site-selective excitation of scale at the top horizontal axis. This feature can be under-
the excited states results in hole burning of the correspondingtood under the following assumptions: Energies of the first
ground state, which is observed as the lower-energy satellitexcited-state excitons confined in quantum dots, whose
holes in Fig. 2b). Although the staté&, , ; was excited, hole shapes are a little deviated from an ideal cube, are expressed
burning of the staté; ; ; relaxed from theE, , ; state was by E,;;—Eg=2(E;;,—Eg) but the deviation is not so
not observed experimentally and only the ground statdarge to be a sphere. This possibility should be examined
E1 11 Was burned. This suggests that the relaxation from thérom the point of view of the selection rule. As mentioned
excited state to the ground state is considered to be mudbefore, if the shape of quantum dots is an ideal cube, the first
faster than the persistent spectral hole burning process armkcited statee, ; ; and the second excited stdfg , ; do not
the recombination of the ground-state excitons. If quantuntontribute to the optical transitions and solid and open circles
dots are assumed to be spheres, and if the second excitedFig. 3 should not appear. Our experimental results, that the
state is burned, the resultant satellite holes should appear excited state€, ; ; andE,,; are optically found, suggest
the energy positions marked by an upward arrow in Figthat all of the dots are not ideal quantum cubes and that
2(b). Absence of burned hole at the upward arrow indicategleviation from the cubic shape violates the selection rule.
that the shape of CuCl quantum dots in NaCl matrix is cubic One may consider strain between CuCl quantum dots and
rather than spherical and that quantized exciton energy leveldaCl matrix or built-in electric field caused by trapped car-
are described by Ed1). However, it should be noted that riers is a possible origin of the violation of the selection rule.
the optical transitions to both the first and second exciteHydrostatic pressure from the NaCl surrounding matrix may
states are forbidden and the appearance of satellite holes cdse applied to CuCl quantum dots, but the energy shift caused
not be explained by the excited states of excitons confined iby the pressure was shown to be too small to explain the
ideal CuCl quantum cubes. size-dependent energy shift of the exciton transitMore-

Figure 3 shows satellite hole positioBsas a function of  over, isotropic hydrostatic pressure cannot be considered to
the excitation photon enerdy, . Several samples were used give the violation of the selection rule. The selection rule in
for this measurement. Solid circles and open circles correCuCl quantum cubes comes from the parity of the envelope
spond to the burned satellite holes of the ground stateRinction of exciton, which describes the exciton translational
E1 11, Which result from the laser resonant excitation of themotion. It is different from the selection rule for dots in the
first excited statesE,;,; and the second excited states strong confinement regime, where the selection rule comes
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FIG. 5. An absorption and a photoluminescence spectra of CuCl
quantum dots in NaCl at 2 K. Excitation photon energy is 3.49 eV
for the luminescence spectrum. A dashed line indicates the lumi-

FIG. 4. An absorption spectrufa) and absorption change spec- . .
P P @) P ge sp nescence spectrum made by the reabsorption correction.

tra (b) of CuCl quantum dots in NaCl at 5 K. Solid and open circles

i represent the spectral profiles of the ground states and the first . . . .
:enx(c?t)ed pstates in Cugl quanfum dots respgectively sumption is that only both the first excited state and the

ground state contribute to th&; exciton absorption band.

from the parity of the envelope functions of the electrons and From the obtained spectral profiles in Figa$ we can
holes and is violated by the electric figfiBuilt-in electric  estimate the oscillator strength of the ground stdtg and
field in the quantum dots can cause electron-hole separatidhe first excited statefg). The oscillator strength of the first
in exciton and therefore change the internal motion of exci-excited state is equal to zero if quantum dots are cubes. Si-
ton, but cannot change the envelope function of exciton. Thisnultaneously we can compare the obtained r&fitf ; with
consideration excludes the electric field as an origin to viothat expected for a quantum sphét&heoreticalf,/f, for a
late the selection rule. quantum sphere with radidsis 0.51 forR/ag=5.8 and 0.59

Figure 4 shows absorptiof® and absorption chang®)  for R/ag=4.4, while from Fig. 4b), the corresponding ex-
spectra with three excitation photon energies marked byerimentalf,/f; is 0.28 and 0.23, respectively. The experi-
solid circles. Excitation energies are 3.2745, 3.2531, andnental oscillator strength ratib, /f, is about half the ratio
3.2360 eV from top to bottom. Accumulated excitation en-for the quantum sphere and does not contradict with our
ergy density is 6 mJ/cfn It is apparent from Fig. @) that model that the shape of CuCl quantum dots ranges from
the ratio of the satellite hole are@) to the resonantly cubic to spherical while maintaining high symmetry. How-
burned hole areé®) increases with the increase of the burn- ever, there are few studies concerning the problem how the
ing photon energy. This indicates that the contribution of theoscillator strength depends on the shape of quantum dots.
first excited states to the absorption band increases with thieurther study is necessary to clarify this difficult problem.
increase of the photon energy compared with that of the In Fig. 5, absorption and photoluminescence spectra of
ground states. The resonantly burned hole is supposed ©uCI quantum dots in NaCl are shown. The luminescence
come from the ground states at the burning photon energgignal was accumulated while the sample was excited by
and not to contain the excited states as a result of the fa¥i800 shots of laser pulses with the very weak energy density
relaxation from the excited state to the ground state. Thereof 3.1 uJ/cn? and the band-to-band excitation photon energy
fore, the ratio of the resonantly burned hole af@a to the  of 3.49 eV. The luminescence spectrum has the same oscil-
satellite hole aregO) gives the ratio of the ground state to latory structure as the absorption spectrum and shows small
the first excited state at the burning photon energy. Here, wStokes shift (0.6 meV), which suggests that the lumines-
evaluated the hole area including acoustic phonon wingsence spectrum comes from recombination of free excitons
Solid and open circles in Fig.(d show the contributions of confined in CuCl quantum dots. The luminescence spectrum
the ground state and the first excited state of excitons cordrawn by a dashed line is corrected by taking account of the
fined in CuCl quantum dots to the absorption spectrum, rereabsorption effect and is normalized at the peak energy. We
spectively. To derive Fig. (4), we adopted following two note that the luminescence signal is smaller above 3.25 eV,
assumptions. One is that actual quantum dots are deviateHough the exciton absorption intensity does not decrease so
from cubes but preserve their high symmetry. Under thismuch in this energy region. This fact does not contradict
assumption, the ground stafg and the first excited state,  with our idea that the excited states are in the majority at the
satisfy the equatio,—Eg=2 (E;—Eg). In fact, our simu-  higher-energy region of th&; exciton absorption band.
lated results showed that the three-directional side lengths of In summary, we have observed the excited-state excitons
guantum boxes should not be different by twia&® from  in CuCl quantum cubes by means of the PSHB spectroscopy.
each other for reproduction of the oscillatory fine structuresEnergy positions of satellite holes in the PSHB spectrum
in the Z; exciton absorption bamd. Another as- show that the shape of quantum dots in NaCl matrix is not
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spherical but rather cubic. However, actual quantum dots areited state excitons are in majority at the higher-energy re-
considered to be deviated from ideal cubes and have almogion of theZ; exciton absorption band.

continuously distributed shapes without breaking high sym-

metry_ We have determined the Spec‘[ra| prof"es of the We are indebted to Dr. T. Kawazoe and Dr. T. Okuno for
ground state and the first excited state in CuCl quantum dotéheir valuable experimental advice and to Dr. S. Nair and Dr.

The Z5 exciton luminescence spectrum showed that the exN. Matsuura for valuable discussions.
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