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A persistent spectral hole-burning phenomenon in nanometer-size semiconductor microcrystals (nano-
crystals), namely, CdSe, CdS, s¢Sey 41, and CuCl, embedded in a crystal or glass was observed. When the
spectrally narrow laser excites the inhomogeneously broadened absorption band of CdSe and CuCl nano-
crystals, a narrow bleaching hole and induced absorption arise in the absorption spectra at 2 K and are
present for more than a few hours after the laser irradiation. Long-lived bleaching was observed also in
CdS, soSeq 4; nanocrystals together with photodarkening. A photophysical model explains the long-lived
bleaching ascribed to the spectral antihole fairly well, but some part of the persistent spectral hole burn-
ing comes from the photochemical mechanism. Nanocrystals consisting of 10°~10* atoms behave like
molecules or ions in a matrix to give the persistent spectral hole-burning phenomenon. This means that
the total system consisting of even one semiconductor nanocrystal and the matrix has more than one
ground-state configuration. Not only the size distribution but also these ground-state configurations give
inhomogeneous broadening to semiconductor nanocrystals.

I. INTRODUCTION

Nanometer-size semiconductor crystals are known as
zero-dimensional quantum dots. The nanocrystals have
been prepared by several kinds of growth methods: ion
aggregation growth in glass and crystals, interrupted
growth of colloidal particles in solvents, electron-beam
lithography, and so on. When photoexcited electrons
and holes or excitons are confined to semiconductor
nanocrystals, their electronic and optical properties are
strongly changed. Their optical properties have been ex-
plained by the quantum confinement effect.! ~* In recent
years, the nonlinear optical properties of zero-
dimensional systems have been extensively studied by
means of both experimental and theoretical approaches,
because they have unique properties and a potential for
device applications.* ¢

In semiconductor nanocrystal samples, the absorption
band is inhomogeneously broadened. The origin of the
inhomogeneous broadening has been explained by the
size distribution of semiconductor nanocrystals, while we
may consider the other origins of the inhomogeneous
broadening for semiconductor nanocrystals, because they
are made of as small as 10°~10° atoms like macro-
molecules. In fact, in transparent glass, crystals, and po-
lymers containing absorbing molecular or ionic guests,
the origins of the inhomogeneous broadening are the dis-
tribution of local environments due to structural random-
ness, crystal field, and strains.”

When the spectrally narrow light excites materials hav-
ing the inhomogeneously broadened absorption band, a
spectral hole in the absorption band is formed at the posi-
tion of the excitation photon energy. This phenomenon
is called spectral hole burning. Spectral hole burning is
often used to study the homogeneous line broadening, be-
cause the homogeneous linewidth can be estimated from
the spectral hole.® The spectral hole-burning spectrosco-
py reveals the electron and exciton dynamics, carrier-

0163-1829/94/50(24)/18200(11)/$06.00 50

surface interactions, carrier-phonon interactions, etc. in
nanocrystals. Therefore, much work has been performed
to study semiconductor nanocrystals by means of the
hole-burning spectroscopy.’ !¢

For CdSe nanocrystals, the homogeneous linewidth in
CdSe embedded into polymer is narrow compared with
that in CdSe embedded in glass.!!>15 Therefore, this
difference between glass and polymer samples originates
from surrounding matrix materials.'°” !> Organometallic
reactions at surface can be utilized to produce nanocrys-
tals which are passivated or capped by organic groups
simultaneously. Contrary to the organic matrix, the
chemical understanding of the glass-nanocrystal interface
is rather poor. There are several reports on CdSe nano-
crystals embedded in glass concerning carrier dynamics,'?
surface effects,'>'> and carrier-phonon interactions.”!’
However, there is still no consensus of the origin of the
homogeneous broadening of semiconductor nanocrystals.
In CuCl nanocrystals embedded into NaCl crystals, the
homogeneous linewidth is much narrower than that of
CdSe nanocrystals and the size dependence of the homo-
geneous linewidth has been reported.'*!® It has been
shown that the size dependence of homogeneous
linewidth is inversely proportional to the square of the ra-
dius of nanocrystals. The interaction of confined excitons
with surfaces and phonons is important for the broaden-
ing. Moreover, the confined phonons in nanocrystals
were recently observed by using pump-and-probe
method.'” However, it is strange that the hole-burning
spectra consist of a narrow spectral hole and the broad
bleaching band.?*?! The phenomenon cannot be under-
stood on the basis of the power broadening model.?

Therefore, we need study the homogeneous and inho-
mogeneous broadening of semiconductor nanocrystals
embedded in matrices from a different standing point. So
far, the spectral hole-burning phenomenon observed in
semiconductor nanocrystals has been believed to be tran-
sient. However, we found the persistent spectral hole
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burning (PSHB) phenomenon in semiconductor nano-
crystals. In the preceding paper,> we briefly reported
this finding. In this paper, we report the phenomenon
much more extensively. The understanding of the
phenomenon serves to solve the above-mentioned ques-
tions about the hole burning. The layout of this paper is
as follows: In Sec. II, two underlying backgrounds con-
cerning this work are described. In Sec. III, the experi-
mental procedures for the measurements of spectral hole
burning are explained. In Sec. IV, the experimental re-
sults are described and discussion is made. First, the ex-
citation energy dependence of differential absorption
spectra is shown in CdSe nanocrystals embedded in GeO,
glass. Second, the observation of PSHB is presented for
four types of semiconductor nanocrystal samples (CdSe
nanocrystals in GeO, glass, CdSe 59S 4; nanocrystals in
glass, and CuCl nanocrystals in glass and in NaCl).
Third, the PSHB mechanism in semiconductor nanocrys-
tals is discussed. Finally, the demonstration experiment
of the optical data storage in CuCl nanocrystals embed-
ded in glass is shown. In Sec. V, the results, conclusions,
and impacts of this work are summarized.

II. UNDERLYING BACKGROUNDS
A. Quantum-size effects of semiconductor nanocrystals

The finite size of nanocrystals leads to an increase in
the kinetic energy of confined electrons, holes, and exci-
tons.!~® Depending on the relative size of the radius of a
nanocrystal R compared with the exciton Bohr radius ap,
there are two limiting cases. One of them is the so-called
“weak confinement” regime, where R >>ap holds. This
is typically observed in CuCl nanocrystals where the bulk
exciton Bohr radius ap is 0.68 nm. The lowest-energy
state of this system can be expressed as a function of R as
follows:

#? ?

E=E,+

T N *
g M (R ——naB)z ER’ M m, +mh N (1)

where E, is the bulk energy gap, M is the translational
mass of exciton, Ey is the Rydberg energy, and m} (m;’)
is an effective mass of the electron (hole). The az multi-
plied by 7 corresponds to the dead layer for excitons.
For CuCl nanocrystals, E,—E=3.2025 eV (2 K),
Ez =213 meV, M =2.3m, and 7=0.5 are used, where
m, is the electron mass.

The other case is known as the “strong confinement”
regime, where R <<ap holds. Both electrons and holes
are quantized separately and, for example, CdSe nano-
crystals are treated on this model. The lowest energy of
this system as a function of R can be expressed by

#*m®  1.786e>

E=E, +
& 2uR? eR
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)

where € is a dielectric constant of the semiconductor.
The second term of the right-hand side is due to quantum
confinement of electron and hole, the third term means
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the Coulomb energy, and the last term means the correla-
tion energy. For CdSe nanocrystals, E,=1.841 eV (A4
band), Egx =15.7 meV, u=0.12m,, and €=9.3 are used.
Both Eqgs. (1) and (2) show that the lowest energy in-
creases with the decrease in the radius R of nanocrystals.
Nanocrystals in samples have the size distribution.
Therefore, the size distribution leads to the inhomogene-
ous broadening of the absorption spectra. So far, the size
distribution is considered to be the unique origin of the
inhomogeneous broadening of nanocrystals.

B. Persistent spectral hole burning

Spectrally narrow excitation of the inhomogeneously
broadened absorption band in materials permits us to ob-
serve the spectral hole. In some kinds of solids, the spec-
tral hole is preserved for time periods longer than the life-
time of any excited state. This phenomenon is called
“persistent spectral hole burning (PSHB).”” The PSHB is
observed in a number of transparent hosts, glass, crystals,
and polymers, containing absorbing ionic or molecular
guests. Basic requirements for the PSHB are as follows:
(1) The optical absorption of a guest embedded in a host
must be broadened inhomogeneously. (2) There must ex-
ist more than one ground-state configuration of the total
system consisting of a guest and a host. (3) The relaxa-
tion among the ground states must be slower than the de-
cay rate of any excited state.

Microscopic mechanism leading to the PSHB
phenomenon can be roughly classified into two
categories: photochemical®>~2® and nonphotochemical
(photophysical) mechanisms.?* 32 Photochemical mech-
anisms usually involve some internal changes in the guest
center itself, such as bond breaking, ionization, isomeri-
zation, tautomerization, and so forth. Nonphotochemi-
cal (photophysical) mechanisms arise from a change in
environment around the guest. Especially, it is known
that amorphous hosts, glass and polymers, play an impor-
tant role for photophysical hole burning. They are
simplified into the so-called two-level system defined by
double-well potential*®3%32 for understanding of the phe-
nomena. There has been much work to clarify the mech-
anisms of the PSHB. Nevertheless, there are many un-
known parts concerning the PSHB mechanisms up to
now.

III. EXPERIMENTAL PROCEDURES

A. Samples

In this paper, four kinds of semiconductor nanocrystals
were studied by means of hole-burning spectroscopy.
They are CdSe in GeO, glass (R =2.4 nm), CdS, 5S¢ 4;
in SiO,-rich glass (R =4.0 nm), CuCl in a NaCl crystal
(R =2.7 nm), and CuCl in SiO,-rich glass (R =2.5 nm).
The mean size of nanocrystals in four samples was deter-
mined by small-angle x-ray-scattering measurements.

The preparation method of the sample, CdSe in GeO,
glass, was described in Ref. 33. In order to check the
difference in the hole-burning behavior depending on the
host glass, CdS,Se;_, nanocrystals in silica-rich glass
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were also prepared.** The composition of CdSg soSeq 4
was determined by the Raman shift of the LO phonon.*

Samples, CuCl nanocrystals in NaCl, were made from
the melt mixture of NaCl powder and CuCl powder and
grown by the transverse Bridgman method. After this
process, the sample was annealed to control the size of
CuCl nanocrystals. Many researches on optical proper-
ties of confined excitons, phonons, and biexcitons have
been performed in the same type of CuCl nanocrys-
tals.!418:19.36=38 The other nanocrystals were CuCl nano-
crystals in aluminoborosilicate of glass. The size of CuCl
nanocrystals was also controlled by means of heat treat-
ment.*

B. Nanosecond pump-and-probe measurements

In pump-and-probe experiments, the change in absorp-
tion can be measured and expressed as the form of
different absorption spectrum (DAS). The differential ab-
sorption spectrum, — Aad, is defined as

—Aad =(ad)y—(ad)

pump
—1
I

In I probe
I ref

where (ad), and (ad),,,, are absorbance of the sample
without and with a pump beam, respectively. I
represents the intensity of the probe beam. I, . and I,
represent the measured transmitted intensity of the probe
beam through the sample without and with a pump
beam, respectively. I, represents the intensity of
pump-beam scattering and photoluminescence. Because
the pump intensity is much larger than the probe intensi-
ty, I,,., involves the effects of pump-beam scattering and
photoluminescence. Therefore, we omit them by sub-
tracting I, from I, as shown in the second term in
the above expression. We neglect the intensity profile of
the pump laser in the samples.

A dye laser pumped by the second or the third har-
monics of the output of a Q-switched Nd*":YAG (yttri-
um aluminum garnet) laser was used as a pump source.
The spectral linewidth of the dye laser was 0.001 nm
(0.006 meV) around 3.2 eV and 0.002 nm (0.007 meV)
around 2.2 eV and the pulse duration was approximately
5 ns. As for laser dyes, we used Coumarin 153 and Rho-
damine 6G for CdSe and CdS, s4Se, 4; nanocrystals and
Exalite 384 for CuCl nanocrystals. As the probe source,
amplified spontaneous emission (ASE) from dye solution
was used. The ASE was excited by a portion of the out-
put of the Q-switched Nd**:YAG laser. A few kinds of
dyes were mixed in order to broaden the spectral range of
the probe beam. The optical delay was adjusted to
reduce the time delay between pump and probe pulses to
less than 1 ns. Nanosecond pump-and-probe experiments
at zero time-delay were done without a chopper. For
time-resolved measurements, a special chopper which
was constituted by a chopper blade having three series of
holes was used. This chopper was synchronized with the
QO-switched Nd’**:YAG laser. Both pump-and-probe
pulses alternately passed through the chopper. The
chopper providing the trigger pulses to the laser could
give the time delay between pump-and-probe pulses in
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’
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the millisecond regime. To increase the time delay, the
chopper blade was changed. In this way, the delay was
varied from O to 1.4 s. Polarizers and spatial apertures
were employed to reduce the pump-beam scattering in all
experiments. The spot of the probe beam on the sample
was approximately 300 um in diameter and was spatially
overlapped with the pump beam which was about 500 um
in diameter.

The samples were directly immersed in superfluid heli-
um at 2 K or in liquid nitrogen at 77 K. The transmit-
tance of the probe beam was detected by using an optical
multichannel analyzer (OMA) in conjunction with a 25-
cm monochromator or a 93-cm monochromator. The
spectral resolution of the experiment was approximately
3 nm (11 meV) for CdSe and CdS, 5oSe; 4, samples and
0.2 nm (1.6 meV) for CuCl samples.

IV. EXPERIMENTAL RESULTS
AND DISCUSSIONS

A. Excitation energy dependence

Excitation energy dependence of the differential ab-
sorption spectrum (DAS) in CdSe nanocrystals embedded
in GeO, glass was measured without the chopper. The
pump-and-probe pulses were adjusted to reach the sam-
ple simultaneously. The upper part and the lower part of
Fig. 1 show a linear absorption spectrum and the DAS at
2 K, respectively. In the linear absorption spectrum, two
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FIG. 1. The upper part is the linear absorption spectrum of
CdSe nanocrystals embedded in GeO, glass at 2 K. 4 band and
B band are indicated by arrows. The lower part shows
differential absorption spectra in the same sample at 2 K. The
energy positions of the excitation are indicated by vertical bars
[@) 2.138 eV, (b) 2.156 eV, (c) 2.175 eV, (d) 2.214 eV, (e) 2.234
eV, () 2.254 eV, (g) 2.288 €V, and (h) 2.317 eV]. The excitation
energy density was approximately 0.15~0.25 mJ/cm?.  The
open circles and the solid circles indicate antiholes and satellite
holes, respectively. The solid squares show the phonon side-
band holes.



50 PERSISTENT SPECTRAL HOLE BURNING IN . ..

bands indicated by the arrows correspond to the lowest-
energy quantum states of the 4 band and B band, simi-
larly to the identification by previous authors.'>!3 The 4
band peak located at 2.19 eV is shifted by 370 meV from
the bulk value of 1.826 eV. The blueshift is explained by
Eq. (2), assuming that the radius of nanocrystals is 2.7
nm. The value almost agrees with the mean radius of 2.4
nm measured by the small-angle x-ray scattering. A-
band and B-band peaks in the linear absorption spectrum
are broadened inhomogeneously.

The DAS was obtained by changing the energy of the
narrow-band excitation. The excitation energy density
was approximately 0.15-0.25 mJ/cm®. The excitation
energy positions are indicated by the vertical bars in Fig.
1. According to Eq. (2), the excitation means the excita-
tion of a certain-size nanocrystal. The 4 band was excit-
ed in the spectra (a)-(e). On the other hand, the B band
was excited in (g) and (h). In spectrum (f), the energy po-
sition between A4 band and B band was excited. In our
case, the shape and the linewidth of the spectral hole in
the DAS are similar to those reported in CdSe nanocrys-
tals in glass.!>!® The spectral hole is about twice as nar-
row as previous reports in CdSe nanocrystals in glass.!>!3
These facts imply that the hole structure is not deter-
mined by the CdSe nanocrystals alone but by both the
CdSe nanocrystals and the surrounding materials. More-
over, these spectra have rich structures: satellite holes
and antiholes. The satellite hole is the bleaching struc-
ture at the different energies from the excitation energy.
The antihole is the dip structure, which means induced
absorption.

In order to assign these structures, the energy positions
of antiholes and satellite holes are plotted in Fig. 2. The
open circles and solid circles indicate the energy position
of antiholes and satellite holes, respectively. The solid
line represents the excitation energy. The five data from
the left-hand side are taken from the spectra (a)—(e) in
Fig. 1 and the others are from (g) and (h). As shown in
Fig. 2, the energy difference between the excitation and
the satellite holes taken from the spectra (a)—(e) in Fig. 1
is approximately 140 meV. In the linear absorption spec-
trum, the energy difference between the 4-band peak and
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FIG. 2. Excitation energy dependence of the energy positions
of antiholes (O ) and satellite holes (@). The five data from the
left-hand side are taken from spectra (a)—(e) and the others are
from (g) and (h) in Fig. 1.

18 203

the B-band peak is estimated to be between 110 and 150
meV. This value almost agrees with the previously re-
ported value for similar-size CdSe nanocrystals.'>!
Therefore, it is reasonable that the satellite holes are at-
tributable to the B band. When the 4 band is bleached,
the B band is also bleached, because both the 4 band and
the B band are made of the same conduction-band elec-
tron. Similarly, spectra (g) and (h) in Fig. 1 are under-
stood, because the energy difference between the excita-
tion and the satellite holes is also approximately 140
meV. The satellite holes in the spectra (g) and (h) origi-
nate from the 4 band.

Figures 1 and 2 show that the high-energy-side an-
tihole shifts in the similar manner to the main hole.
Moreover, a new low-energy-side depth arises, when the
main hole becomes rather far from the absorption edge.
There is a model to explain the origin of antiholes.!?!34
On the basis of the model, the antihole is the induced ab-
sorption due to the generation of two-electron-hole-pair
states.!>13151640  Tyo_electron-hole-pair states may be
generated by the absorption of both the pump photon
and the probe photon. However, this model conflicts
with the observed persistency of the antiholes which is
presented in Sec. IVB.*! In order to explain our results,
another model is required. We discuss it in the next sec-
tion.

The spectral holes in Fig. 1 are asymmetric, not
Lorentzian, due to phonon sidebands. The LO- and TO-
phonon energies in bulk CdSe are 26 meV and 21 meV,
respectively.*? It can be seen from the spectra (a)-(d) in
Fig. 1 that there are shoulders marked by solid squares at
the higher- and lower-energy sides of the spectral hole.
The energy difference between the shoulders and the exci-
tation energy is approximately 26 meV. Therefore, these
shoulders of the spectral holes are considered to corre-
spond to the structures due to optical phonons.

B. Observation of the persistent spectral
hole-burning phenomena

In order to clarify the carrier dynamics in semiconduc-
tor nanocrystals, many studies have been done by means
of the time-resolved spectroscopy. In CdSe nanocrystals,
time-resolved luminescence has been investigated under
picosecond excitation of the lowest excited state.*’ The
emission showed two decay components with time con-
stants of 110 ps and microsecond. The microsecond de-
cay component was suggested to originate from the local-
ization of excited carriers. Time-resolved pump-and-
probe measurements were also done in CdSe nanocrys-
tals.!"!2 Authors found that the bleaching structure lasts
more than 500 ps (Ref. 12) or 40 ns.!! The long decay
was ascribed to the slow recombination of the trapped
carriers.

1. Persistent spectral hole burning in CdSe nanocrystals

Figure 3 shows a linear absorption spectrum, (a), and
DAS (differential absorption spectra), (b) and (c), in CdSe
nanocrystals embedded in GeO, glass at 2 K. The time
lag between pump and probe pulses in (b) was less than 1
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FIG. 3. Linear absorption spectrum (a) and the differential
absorption spectra, (b) and (c), in CdSe nanocrystals embedded
in GeO, glass at 2 K. The time delays in (b) and (c) were O and
33 ms, respectively. The excitation energy is indicated by verti-
cal bars [1(1'):2.288 eV, 2(2'):2.214 eV, 3(3'):2.138 eV]. The
excitation energy density was 25 uJ/cm?.

ns. The time delay in (c) was 33 ms. The repetition rates
of both pump and probe pulses were 30 Hz for (b) and 15
Hz for (c). The relative timing between pump and probe
pulses for (c) is illustrated in Fig. 4(a). The excitation en-
ergy of 1 (1’), 2 (2'), and 3 (3’) was 2.288, 2.214, and
2.138 eV, respectively. The excitation energy density was
25 uJ/cm? in all measurements. Figure 3 points out that
the spectrum (c) and the spectrum (b) are alike in the
structures of holes, satellite holes, and antiholes. It
means that antiholes do not originate from the excited
state of biexciton,”’ because the one-electron-hole pair
state should completely disappear within much less than

(A) Repetition Rate : 15 Hz
Pump

Probe
fe— t
33ms
66ms
B) Repetition Rate : 0.67 Hz
Probe
J ' ff l H 3 .
— 15s —>!

Ty =0.1~1.4s

(

FIG. 4. The relative timing between pump-and-probe pulses
for the time-resolved measurements. (a) The temporal sequence
of pump-and-probe measurements in Fig. 3(c). (b) The temporal
sequence of the pump-and-probe measurements in Figs. 5-12.
The delay time is represented by T,.

KAZUHIKO NAOE, LEV G. ZIMIN, AND YASUAKI MASUMOTO 50

33 ms in direct-allowed semiconductor nanocrystals.*'

Figure 5 shows the time dependence of DAS. The ex-
citation photon energy and the excitation energy density
were 2.175 eV and 1.0 mJ/cm?, respectively. The repeti-
tion rates of both pump-and-probe pulses were reduced to
0.67 Hz. In this case, the relative timing between pump-
and-probe pulses is illustrated in Fig. 4(b). The delay
time of probe pulses for spectra (a), (b), and (c¢) in Fig. §
were 0, 0.1, and 1.4 s, respectively. The dip structure in
0-s spectrum is swelled up compared with Fig. 1(c) as a
result of the increase in the pump intensity. Spectral
change takes place within 0.1 s and becomes small after
0.1 s. Figure 6 shows the temporal change in the intensi-
ty of the spectral hole for the same sample. This figure
shows that the spectral hole was decreased quickly within
0.1 s and it becomes almost constant after 0.3 s. The
most important point is that the spectral hole and the an-
tihole are observed even at 1.4 s after the excitation.
Moreover, it was found that the hole was still present
after a few hours.

So far, the relaxation of the spectral hole (bleaching) in
semiconductor nanocrystals has been explained by carrier
relaxation processes from excited states.’”!620:2! The
longest lifetime among the previous reports on CdSe
nanocrystals is several microseconds which was explained
by the localization of the excited carriers. However, in
the present study, we observed that the spectral hole was
held more than a few hours. This long-lived spectral hole
cannot be explained by considering carrier relaxation
processes from any excited states in CdSe nanocrystals.
On the other hand, it is a well-known phenomenon that
the spectral hole remains persistently in various kinds of
materials.” This phenomenon is explained by PSHB.
Therefore, it is reasonable to consider that the long-lived
spectral holes in CdSe nanocrystals are explained by the
PSHB process.

CdSe in GeO, 2K
//\.
@0s /
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0.1 o eaeree]
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5 22 24
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FIG. 5. The time dependence of the differential absorption
spectra in CdSe nanocrystals embedded in GeO, glass at 2 K.
The excitation photon energy shown by vertical bars and the ex-
citation energy density were 2.175 eV and 1.0 mJ/cm?, respec-
tively. The repetition rate was 0.67 Hz. The delay time for
spectra (a), (b), and (c) was 0, 0.1, and 1.4 s, respectively.
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FIG. 6. The temporal change in the depth of spectral holes in
CdSe nanocrystals embedded in GeO, glass at 2 K. The experi-
mental conditions were the same as those of Fig. 5.

The phenomenon depends on the matrix. We exam-
ined another sample CdS 5S¢, 4; nanocrystals embedded
into silica-rich glass. Figure 7 shows a linear absorption
spectrum (a) and the time dependence of DAS (b) at 2 K
in CdS, 59S¢; 4; nanocrystals embedded in glass. The ex-
perimental condition was the same as that for CdSe in
GeO, glass. The upper and the lower spectra in (b) were
measured without and with 0.1-s time delay, respectively.
The excitation energy and excitation energy density were
2.300 eV and 1.0 mJ/cm?, respectively. At zero time de-
lay, the distinct hole and the antihole are observed. On

3f (@) (:]clg‘,:,g,ISeo.41 in glass
- 2l 2K
s b i

0 — : ; T

(b)
] 0s ]
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: 01s N
) ™ 4 0.1
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FIG. 7. (a) Linear absorption spectrum in CdS, soSep 4; nano-
crystals embedded in silica-rich glass at 2 K. (b) The time
dependence of the differential absorption spectra in the same
sample at 2 K. The lower spectrum and the upper spectrum
were measured with 0- and 0.1-s time delay, respectively. The
excitation photon energy shown by vertical bars and the excita-
tion energy density were 2.300 eV and 1.0 mJ/cm?, respectively.
The repetition rate was 0.67 Hz. (c) The absorbance change of
the same sample at 2 K taken by using an incandescent lamp.
The excitation photon energy and the excitation energy density
were 2.300 eV and 0.15 mJ/cm?, respectively. After pump
pulses hit the sample for 10 min, the pump was stopped. Then,
we started accumulating the transmitted spectrum in 1 min and
the accumulation time was 20 min.
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the contrary, the structure is weaker than the noise level
at 0.1 s after the excitation. We were afraid that the
probe pulses were erasing the spectral hole and, there-
fore, used the weak spectrally filtered output of the incan-
descent lamp which passed through a short-wavelength-
cut filter (HOYA Y43) as the probe. The result is shown
in (c). The excitation density of the pump pulses was 0.15
mJ/cm?.  After pump pulses hit the sample for 10 min,
the pump was stopped. Then, the absorption spectrum
was taken by accumulating the transmitted signal of the
probe light for 20 min. The spectral hole was overlapped
on the photodarkened spectrum and almost the same
spectrum was also taken at 20 min after the laser excita-
tion. This result is not enough to clarify the relationship
between the PSHB and the photodarkening in this sam-
ple. However, it is obvious that the PSHB is a different
phenomenon from the photodarkening and that the
PSHB takes place in the CdS; 5oS€q 4; in a glass sample,
too.

2. Persistent spectral hole burning in CuCl nanocrystals

Figures 8(a) and 9(a) show 2 K linear absorption spec-
tra of CuCl nanocrystals embedded in glass and in NaCl,
respectively. The broad structures indicated by arrows
are due to the Z; exciton. These structures show blue-
shifts compared with the Z;-exciton energy in bulk CuCl.
The blueshift in Fig. 8(a) is 48 meV, which corresponds to
the exciton quantum confinement energy in CuCl nano-
crystals whose radius is 2.2 nm. This correspondence is
obtained on the basis of Eq. (1) and the estimated value of
2.2 nm almost agrees with the value, 2.5 nm, obtained by
the small-angle x-ray-scattering measurement. It is be-
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FIG. 8. (a) Linear absorption spectrum in CuCl nanocrystals
embedded in glass at 2 K. The Z;-exciton band is indicated by
the arrow. (b) The time dependence of the differential absorp-
tion spectra in the same sample at 2 K. The excitation energy
shown by vertical bars and the excitation energy density were
3.237 eV and 1.0 mJ/cm?, respectively. The repetition rate was
0.67 Hz. The delay time was 0, 0.1, 0.5, and 1.4 s.
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FIG. 9. (a) Linear absorption spectrum in CuCl nanocrystals
embedded in NaCl at 2 K. The Z;-exciton band is indicated by
the arrow. (b) The time dependence of the differential absorp-
tion spectra in the same sample at 2 K. The excitation photon
energy shown by vertical bars and the excitation energy density
were 3.237 eV and 1.5 mJ/cm?, respectively. The repetition rate
was 0.67 Hz. The delay time was 0, 0.1, 0.5, and 1.4 s.

lieved that the broadening of absorption peaks comes
from the inhomogeneous size distribution. The absorp-
tion spectrum of Fig. 9(a) is so broad that the peak is
smeared. The shoulder indicated by an arrow corre-
sponds to the blueshift of 26 meV, which is equal to the
exciton quantum confinement energy in CuCl nanocrys-
tals whose radius is 2.8 nm. This estimated value on the
basis of Eq. (1) almost agrees with the mean radius, 2.7
nm, obtained by the small-angle x-ray-scattering mea-
surement.

Figures 8(b) and 9(b) show the time dependence of
DAS at 2 K in CuCl nanocrystals embedded in glass and
in NaCl, respectively. These spectra were obtained by
means of the same experimental procedures that were
used for CdSe in GeO, glass. The excitation energy was
3.237 eV. The excitation density was 1.0 mJ/cm? and 1.5
mJ/cm? for CuCl in glass and in NaCl, respectively.
Main spectral holes, antiholes, and satellite holes are
clearly observed in DAS of CuCl in glass [Fig. 8(b)]. An-
tiholes are located at both sides of the main spectral holes
and satellite holes are located at the low-energy shoulder
of spectral holes. The satellite holes are found to origi-
nate from the first-order acoustic phonons confined in
nanocrystals.!® The DAS of CuCl in NaCl [Fig. 9(b)] also
have structures, such as spectral holes, satellite holes, and
antiholes. These spectral holes are broader than those of
the CuCl in glass sample. The satellite holes observed at
both sides of the main bleaching hole come from the
first-order acoustic phonons confined in nanocrystals and
the satellite holes observed at the lower-energy part prob-
ably come from the higher-order confined acoustic pho-
nons.!® The most important point shown in Figs. 8 and 9
is that the spectral holes and the other structures are ob-
served at 1.4 s after the excitation. Moreover, we can ob-
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serve the spectral holes for a few hours after the excita-
tion. Therefore, we concluded that the long-lived spec-
tral holes observed in two kinds of CuCl nanocrystals
also come from the PSHB process.

Figures 10(a) and 11(a) show 77 K linear absorption
spectra of CuCl nanocrystals in glass and NaCl, respec-
tively. The time dependence of DAS at 77 K is also
shown in Figs. 10(b) and 11(b). The samples were directly
immersed in liquid nitrogen. The excitation energy and
the excitation energy density were 3.263 eV and 1.5
mJ/cm? for CuCl nanocrystals embedded into glass,
3.254 eV and 1.5 mJ/cm? for CuCl nanocrystals embed-
ded into NaCl, respectively. In CuCl nanocrystals, the
linear absorption spectrum at 77 K shows blueshift com-
pared with that at 2 K. The DAS of CuCl nanocrystals
in glass [Fig. 10(b)] shows spectral holes and antiholes at
both sides of holes. The spectral holes at 77 K are
broader compared with those at 2 K and satellite holes
are invisible. During 0.1 s after the excitation, the spec-
tral hole slightly decreases. However, these structures,
spectral holes, and antiholes, almost remain at 1.4 s after
the excitation. On the contrary, the spectral hole of
CuCl nanocrystals in NaCl [Fig. 11(b)] quickly decreases
during 66 ms after excitation. The spectrum at 934 ms
still has small structures which are similar to that at 66
ms. These results of Figs. 10 and 11 show that the PSHB
phenomenon exists even at 77 K.

The upper part and the lower part of Fig. 12 show the
temporal change in the spectral hole depths for CuCl
nanocrystals in glass and in NaCl, respectively. The solid
circles and the open circles indicate the depth of the spec-
tral hole at 77 and 2 K, respectively. It can be seen from
this figure that the relaxation of the spectral hole strongly
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FIG. 10. (a) Linear absorption spectrum in CuCl nanocrys-
tals embedded in glass at 77 K. (b) The time dependence of the
differential absorption spectra in the same sample at 77 K. The
excitation energy shown by vertical bars and the excitation en-
ergy density were 3.263 eV and 1.5 mJ/cm?, respectively. The
repetition rate was 0.67 Hz. The delay time was 0, 0.1, 0.5, and
1.4s.
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FIG. 11. (a) Linear absorption spectrum in CuCl nanocrys-
tals embedded in NaCl at 77 K. (b) The time dependence of the
differential absorption spectra in the same sample at 77 K. The
excitation energy shown by vertical bars and the excitation en-
ergy density were 3.254 eV and 1.5 mJ/cm?, respectively. The

repetition rate was 1.0 Hz. The delay time was 0, 66, and 934
ms.

depends on temperature in case of CuCl nanocrystals in
NaCl. Moreover, it is concluded that long-lived spectral
holes due to the PSHB process were observed in CuCl
nanocrystals embedded in two kinds of matrix at both 2
and 77 K.

C. Mechanism of the persistent spectral hole burning
in semiconductor nanocrystals

So far, the temporal change of the spectral hole in
semiconductor nanocrystals is explained by carrier rela-
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FIG. 12. The temporal change in the depth of spectral holes
in CuCl nanocrystals embedded in glass and NaCl. The data
were measured from the differential absorption spectra shown in
Figs. 8—11. The solid circles (@) and the open circles (O) indi-
cate the depth of spectral holes at 77 and 2 K, respectively.
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tion processes from excited states. However, our results
cannot be explained by the state filling of the excited
states, because the spectral hole persists much longer
than the lifetime of any of the excited states. In order to
explain our results of the PSHB in semiconductor nano-
crystals, more than one ground state is required. In glass
containing organic molecules, the ground-state config-
urations are often referred to structural changes of mole-
cules?®?627 and their environments.?’ Similarly, in semi-
conductor nanocrystals, many ground-state
configurations can result from the production of per-
sistent structural changes, such as changes in a nanocrys-
tal surface or surrounding environments of nanocrystals,
induced by the optical excitation. Next, we show an en-
ergy model to explain the PSHB in semiconductor nano-
crystals qualitatively.

Figure 13 shows the schematic representation explain-
ing the photophysical PSHB mechanism. Figures 13(a)
and 13(b) represent the energy-level diagram. In Fig.
13(b), the ground states are represented as potential-
energy wells for the explanation of the possible origin of
persistency. The configuration of Fig. 13(b) is based on
the generalization of the two-level-system model.” The
excited state, the initial ground state, and the other
ground states are represented by (E), (I), and (G), respec-
tively. Site-selective excitation causes the transition from
the initial ground state to the excited state and provides
another ground-state configuration. The population at
(G) is increased by the relaxation from (E). This causes
the increase of the absorption at the both sides of spectral
holes in the absorption spectrum. The increase of ab-
sorption is the so-called antihole. The relaxation time in
the PSHB mechanism is mainly due to the relaxation
from (G) to (I). A solid line and a dashed line in Fig.
13(c) show the absorption spectrum before and after the
site-selective excitation, respectively. This PSHB model
shown in Fig. 13 is called the “photophysical model.”
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FIG. 13. The schematic representation of the persistent spec-
tral hole-burning phenomenon based on the photophysical
mechanism. (a), (b) The energy-level diagram. The excited
state, the initial ground state, and the other ground states are
represented by (E), (I), and (G), respectively. (c) A solid line
and a dashed line show the absorption spectra before and after
the site-selective excitation, respectively.
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The overall absorption area integrated over the inhomo-
geneously broadened spectrum should remain approxi-
mately constant, because the site-selective excitation
redistributes the population among the ground states.
The conservation of absorption area is the essential point
to ascribe the PSHB mechanism to the photophysical
mechanism. In photochemical mechanism, on the con-
trary, the conservation is not satisfied and the absorption
due to the photoproduct is observed.

Semiconductor nanocrystals studied in this work con-
sist of 10°~10* atoms. The number of atoms on the sur-
face of nanocrystals is less than 20% of the total. Even if
photochemical reaction takes place at the interface be-
tween nanocrystals and the surrounding matrix, the
PSHB phenomenon is probably different from the photo-
chemical PSHB phenomenon in molecular and ionic
guests. We cannot imagine the photochemical change
takes place in whole nanocrystals. The probable result is
the reduction of the effective radius of nanocrystals
which reduces the total area of the absorption spectrum.
Therefore, it is rather difficult to distinguish the photo-
chemical process from the photophysical one. The ener-
gies of the photoproducts are expected to be very close to
the energies of burned nanocrystals. Photoproducts can
give the antihole structures shown in Fig. 13(c). In this
case, we can use the ‘“photophysical model” shown in
Fig. 13 even for the photochemical mechanism. Photo-
products are regarded as ground-state configurations.

According to the “photophysical model,” we can ex-
plain the persistency of the antiholes in the DAS shown
in previous subsections. In CdSe nanocrystals embedded
into GeO, glass, therefore, the antiholes in Fig. 1 origi-
nate from the above-mentioned mechanism of the PSHB.
It can be seen from the DAS of Figs. 1(a)-1(c) that the
antiholes are not observed in the transparent region of
CdSe nanocrystals in GeO, glass. This phenomenon is
explained by the absence of the ground-state
configuration at the transparent energy region, because
ground-state configurations are considered to contribute
also to the inhomogeneously broadened absorption spec-
tra. This idea sharply contradicts with the generally ac-
cepted model of inhomogeneous broadening of semicon-
ductor nanocrystals which takes account of the size dis-
tribution as the unique origin of the inhomogeneous
broadening. The generally accepted model cannot be
used for explanation of the PSHB phenomenon.

The conservation of the absorption area should be dis-
cussed in reference to the question whether the photo-
physical mechanism or the photochemical mechanism
works. The conservation of the absorption area is not
satisfied within the observed spectral range in Figs. 5(b)
and 5(c), which was measured in CdSe nanocrystals.
Therefore, the photochemical mechanism is working in
CdSe nanocrystals. The photophysical mechanism is
more suitable for the explanation of the DAS measured
in CuCl nanocrystals embedded into glass. The struc-
tures of the DAS in Figs. 8 and 10 resemble those of Fig.
13(c). Figure 8 shows that the ratio of the antihole area
to the hole area is 0.76 at 0 s, 0.78 at 0.1 s, 1.0 at 0.5 s,
and 1.1 at 1.4 s. Similarly, Fig. 10 shows that the ratio is
0.77 at 05,096 at 0.1 s, 1.1 at 0.5 s, and 1.1 at 1.4s. In

KAZUHIKO NAOE, LEV G. ZIMIN, AND YASUAKI MASUMOTO 50

both cases, the conservation of the absorption area is al-
most satisfied at the later time stage. In the case of CuCl
nanocrystals embedded in NaCl, the DAS have rich
structures, spectral holes, antiholes, and satellite holes.
Therefore, the structures of DAS strongly depend on the
matrix. Although the antiholes were observed, the struc-
tures of spectra are a little different from those of Fig.
13(c). The absorption area is not conserved in the CuCl
nanocrystals embedded in NaCl sample, either. The pho-
tophysical model well explains the antihole structure ob-
served in CuCl nanocrystals, but some parts of the PSHB
are due to the photochemical mechanism.

The satellite holes coming from the phonon sideband
observed in CdSe and CuCl nanocrystals in glass or a
crystal are explained in the framework of the PSHB
phenomenon.” The Stokes satellite holes grow with the
increase in the pump intensity. The essential point to ac-
count for this behavior of the Stokes phonon sideband is
the saturation of the zero-phonon hole due to the finite
number of certain-size nanocrystals and the burning of
the larger-size nanocrystals with the help of phonon
emission. The anti-Stokes phonon sideband arises, be-
cause the probe absorption associated with the emission
of phonons is reduced by the presence of the zero-phonon
hole.

At present, we cannot assign the definitive physical
process responsible for the PSHB phenomenon present-
ing in the nanocrystals and matrix. However, we can
mention two possible mechanisms. The first mechanism
is the change of the stress coming from the matrix. The
photons excite the spherical acoustic mode confined in
nanocrystals which may induce the mechanical change of
the interface between nanocrystals and matrix or the sur-
rounding matrix itself. The second mechanism is the
photoionization of nanocrystals caused by the trapping of
electrons or holes at the interface or matrix. The
identification requires further study.

D. Demonstration of optical data storage

Soon after the first observation of the PSHB, it was
quickly recognized that spectral holes could be used for
the high-density optical memory.”* The presence or ab-
sence of a hole at a given energy within the inhomogene-
ous line could be used to encode a digital “1” or “0.”
When the homogeneous linewidth I', is sufficiently nar-
row compared with the inhomogeneous broadening,
many bits could be stored in a diffraction-limited laser
spot. This type of memory, therefore, is a good candidate
for ultrahigh-density memories that will be required in
the near future. Here, optical multifrequency memory
using the PSHB phenomenon is demonstrated in semi-
conductor nanocrystals. The CuCl nanocrystals in glass
were selected as a sample for the demonstration because
the width of the spectral hole of this sample was the nar-
rowest in our samples.

The upper part and the lower part of Fig. 14 show the
linear absorption spectrum and the DAS in CuCl nano-
crystals embedded in glass at 2 K, respectively. The DAS
was obtained by the excitation at three different photon
energies, 3.236, 3.244, and 3.253 eV in turn. The excita-
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FIG. 14. (a) Linear absorption spectrum in CuCl nanocrys-
tals embedded in glass at 2 K. (b) The differential absorption
spectrum for the demonstration of the optical data storage. The
excitation energy denoted by arrows was 3.236, 3.244, and 3.253
eV. The excitation energy density was 50 uJ/cm?.

tion energy density was 50 uJ/cm?. The same spot of the
sample was excited by 2000 shots of the pump pulses at
each excitation photon energy. After that, the DAS was
simultaneously measured by probe pulses. Therefore,
three spectral holes are observed at the different energy
positions. Because the later excitation energy fills the
hole burned by the previous excitation energy, the hole
depth depends on the excitation history. Because the ra-
tio of a spectral-hole width to the width of inhomogene-
ous broadening is not so small, it is rather difficult to
make the spectral hole much more dense in the spectral
range than this demonstration. Although the present re-
sult is not enough for practical application, we cannot
deny the possible capabilities of semiconductor nanocrys-
tals for the optical memory in the future.

V. CONCLUSIONS

We studied the spectral hole burning in semiconductor
nanocrystals by means of the nanosecond pump-and-
probe technique. According to time-dependent measure-
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ments of the DAS, spectral holes, antiholes, and satellite
holes were observed even at 1.4 s after the excitation at 2
K for three samples, CdSe nanocrystals in GeO, glass,
CuCl nanocrystals in silica-rich glass, and CuCl nano-
crystals in NaCl. Moreover, these structures remained
after a few hours at 2 K. Even at 77 K, long-lived spec-
tral holes were observed for CuCl nanocrystals in glass
and in NaCl. The formation process of long-lived spec-
tral holes can be explained by considering the PSHB pro-
cess. In CdS, soSe; 4; nanocrystals in glass, the PSHB
phenomenon was observed, too. Our results are the first
observation of the PSHB in semiconductor nanocrystals.
The “photophysical model” explains fairly well the an-
tihole structures in the PSHB spectra.

Semiconductor nanocrystals consisting of 10°-10*
atoms behave like molecules in the matrix to give the
PSHB phenomenon, which has been missed by many pre-
vious authors. This finding gives a different aspect to the
physics of mesoscopic semiconductor structures. Many
kinds of semiconductor nanocrystals can be new media
for persistent hole-burning spectroscopy. The PSHB
phenomenon seriously contributes to the nonlinear opti-
cal measurement of semiconductor nanocrystals. More-
over, many previous data about nonlinear optical proper-
ties of semiconductor nanocrystals should be reexamined.
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