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Persistent spectral hole®-SH9 are induced in theZ,, excitonic absorption band of CuBr
nanocrystals(NCs) in glass by selective excitation with nanosecond dye-laser pulses at low
temperatures. The effect can be observed only in samples containing NCs with mean radius smaller
than about 5 nm. The kinetics of p-SHs growth and the long-time relaxd8pontaneous
hole-filling) after burning are studied. The burning process may be described as the first order
dispersive reaction, which proceeds through a phonon-assisted tunneling between different excited
states of the NC/matrix system. The same model apply in the backward redwierfilling) but

the tunneling takes place between different ground states of the NC/matrix system and the reaction
rate is much lower. The photoproduct of persistent spectral hole-burning reaction is a charged NC
which energy states are modified by the Stark effect. The quantum efficiency of burning reaction is
quite high 4< 102 (mean rate constant ix410” s 1) while the rate of spontaneous HF reaction

is very low (0.5 s'1). © 1999 American Institute of Physids$0021-960809)70144-3

I. INTRODUCTION (as, e.g., NC size-dependence of the exciton energy,
_ _ _ o ~ exciton—phonon interaction, et¢® On the other hand the
The transient selective saturation of excitonic absorption,achanism of p-SHB in semiconductor NCs itself is an in-
under strong narrow-band excitatiftnansient spectral hole- (gresting topic. The NC/matrix surface effects are most prob-
burning (t-SHB)] in semiconductor nanocrystalblCs) was  4p|y responsible for the p-SHEbut a detailed mechanism is
observed already at the end of eighties in the beginning ofot yet well understodd and the investigation of the SHB
laser-spectroscopic studies of N§:§h|s phenomenon was  phenomenon can provide information about photochemical
not surprising because it is a straightforward consequence ?froperties of semiconductor NCs embedded in different
the inhomogeneous broadening due to the NC-size distribqypes of matrices.
tion. On the other hand selective absorption saturation simi- \y/e present here a study of persistent-SHB phenomenon
lar to t-SHB but lasting for time significantly longer than any ;, cuBr NCs in a borosilicate glass matrix. The shape of
excited state lifetime of the studied system—called persistergpectra| holes, changes of hole depth with size of NCs and
spectral hole-burningp-SHB—was an unexpected effect. A ggpecially the kinetics of growth and decéyole-filling) of
semiconductor NC is a rather big object—containing thou-spectral holes are described in details. The aim of this work
sands of atoms—bigger and more stable than organic Mo|g petter understanding of the mechanism responsible for per-

ecules or impurity and defect centers in which the p-SHBgigtent spectral changes in semiconductor nanocrystalline
phenomenon was observédhe first studies on p-SHB in systems.

NCs were published by Masumoto’s group in 1$9%rom
the present point of view, it is probable that p-SHB is always|; ExPERIMENT
present(to a certain extendwhen studying semiconductor
NCs in glass by strong selective excitation at low tempera
tures. However, the phenomenon was escaping an attention The experimental setup is based on a pulsed nanosecond
for several yeargor it was considered to be margingbrob-  XeCl-excimer laser serving as an excitation source for a dye-
ably because its relatively rapid saturatiexposition of |aser(with PBBO, Exalite 389 or DPS dye in dioxane solu-
about 1 J/crhor less is sufficient in most cages tion as active mediuin The spectral width of the laser emis-
Spectral hole-burning spectroscopy in semiconductokijon is less than 0.12 melWHM). Excitation intensities as
NCs has been applied to study the excited-state dynamics, High as 570 kW/crhcan be reached when focusing pulses of
overcome the inhomogeneous broadening, and to obtaifypical energy of 0.5:J and 5 ns duration into spots of about
various microscopic parameters of nanocrystalline materialg50 pum diam. Absorption changes induced by a dye-laser
are tested with a spectrally broad superradiance of a laser-

3Author to whom correspondence should be addressed. Electronic maiflye solution excited by a part of the excimer laser emission.
valenta@karlov.mff.cuni.cz Probe and pump pulses are focused on to the sample surface

A. Experimental setups
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such that they are coincident in space and tithes allows to wavelength [nm]

perform simultaneously persistent and transient SHB experi- 320 300 280 260 240 220 200
ments, see Ref. 8 for detailSThe probe pulses are dispersed '
in a single grating 3/4 m monochromator and are detected by
an optical multichannel analyzer connected to a computer. 12 nm ;

For the seek of comparison we use also a one-beam~ 300+ \ il E 1
pump-and probe setup to measure p-SHB. In this configura- g iCu ;
tion the pumping dye-laser serves also to probe induced ab- 3’ 2001 -
sorption changes. The testing of sample transmission before 21,223 P :
and after burning is achieved by scanning frequency of the 100 3.9nm |
attenuatedabout 1000 timeslaser beam around the center P
of a spectral hole. The transmitted light is detected directly -
by a photomultiplier placed behind the cryostat. The advan- 0 30 35 40 45 50 55 60
tages of the one-beam method are a higher spectral resolu- photon energy [eV]
tion (it is determined by the spectral width of dye-laser emis-

: : " IG. 1. Linear UV absorption spectfgaken at room temperatyréor two
Slon) and the perfECt spat|al coincidence of the spots of thés:amples 3.9 nntbold line) and 12 nm(narrow ling. Apart from the exci-

pumping and the testing beam on the sample. On the Oth‘i’;(Snic absorption bandg, , and Z; two another UV-bands around 4.5 and
hand, the advantages of the two-beam method are a mults:75 eV are distinguished. For details, see Sec. |1 B.

channel detection of the wide part of a transmission spectrum

and the possibility to observe transient changes during burn-

ing. IIl. EXPERIMENTAL RESULTS
The experiments are performed at low temperatures us-

ing a pumped helium-bath cryostdt€ 2 K) or a continuous

400 o : 8

Strong excitation of CuBr NCs by a pulsed nanosecond
: : dye-laser radiatiorfphoton energy being resonant with the
flow cryostat which allows to adjust the temperature betweelzly2 excitonic absorption bandproduces two types of
5 and 300 K. . o changes in absorption spectsee Figs. 3 and)4

Room temperature linear absorption is measgred_by a (i) relatively narrow spectral holesesonant with the la-
conventional two beam spectrophotometefHitachi ser photon energy and
UV3000. (i) broad overall changesf excitonic absorption bands
(absorption background changes

One part of both types of changes lasts only during the
excitation (transient changes with sub-ns decay fimehe

CuBr NCs have been grown in a borosilicate glass masecond part has a very long decay tifeeveral hoursat low
trix using a diffusion controlled procedsThe semiconductor temperaturegpersistent changes, Figs. 3 and 4 this paper
concentration in the matrix is about 1%. We study a set ofve concentrate on the p-SHB effect. The comparison of the
five samples made of glass containing CuBr NCs of differenpersistent and transient changes was presented in our previ-
mean radius, 12, 9.5, 5.1, 3.9, and 2.8 nm, respectivelyous papef.
(Note: the Bohr radius of exciton is 1.25 nm in the bulk We have to note that both the t-SHB and p-SHB are
CuBr). The mean radius of the NCs is determined from theobserved only in three samples from our set, namely in those
spectral positions of the maxima of tig , andZ3 excitonic ~ with mean sizes of NCs of 2.8, 3.9, and 5.1 nm. The other
absorption bands using the model of donorlike excitdns. two samples with bigger NCs have narrower size distribu-
Samples have a rectangular form of sheets with thickness dions and consequently the inhomogeneous broadening of the
about 0.4 mm. excitonic absorption bands is smaller and the peak absorp-

Room-temperature absorption spectra of two representaion of theZ; , band is much higher. This makes the obser-
tive samples are shown in Fig.(¢pectra of the whole set of vation of t-SHB more difficult. Also the efficiency of the
samples were presented in Ref. 8, Fig. The important p-SHB mechanism seems to decrease with increasing size of
blue-shift of Z, , and Z3 excitonic absorption bands due to NCs as illustrated in the Fig. 2. Part A of Fig. 2 shows the
the quantum confinement is clearly obseryede also Fig. low-temperaturg2 K) linear absorption spectra of 2.8 nm
2(A) for low-temperature linear absorption spectra of thregblack triangleg 3.9 nm(white triangle$, and 5.1 nm(black
samples containing NCs of mean radius of 5.1 nm orircles samples. Figures (B) and ZC) show the size-
smalled. dependence of relative hole depflas the burning laser pho-

Two other interesting absorption bands are observed d@bn energy for the transient and persistent SHB, respec-
high photon energies around 4.5 and 5.7(e¥e Fig. 1. We  tively. For the seek of comparability the values of hole
attribute the peak at 5.7 eV to tlig peak of a band-to-band depths were taken at identical excitation intensity of 100
transition in CuBr according to results from bulk CuBr, kW/cn? in the case of t-SHB and for energy fluence of 300
where this peak is placed at 5.5 é¥4? The peak at 4.5 eV mJd/cnt in the case of p-SHB. The relative hole-depth always
may correspond to the Cuion absorption(transitions &'  decreases with increasing photon energy inZhe absorp-
—3d%s and A'°—3d%p) because it is shifted to lower tion band for any of the three samples. For samples with
energy only by about 20-300 meV compared to"@on  smaller mean size of NCs, however, the relative depth in-
absorption in alkali halide¥1° creasedif compared for any photon energy inside the,

B. Sample preparation and characterization
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v FIG. 3. Persistent changddifferential absorption of the Z, , excitonic

; . ) M absorption band under resonant excitatig@uBr NCs, a=2.8 nm).
3.00 3.08 3.10 3.15 320 (A) Persistent absorption changeg={2 K) measured in the two beam
photon energy [eV] configuration for excitation at 3.054 eV and fluences of (20 16 (b), and
270 mJ/crf (c). The deepest component of spectral holes coincide with the
laser frequencyresonant holeés Dashed lines mark positions of side-holes.

FIG. 2. Size dependence of the relative hole deffbs resonant holes - 4 -
(B) Detail of the central part of persistent SHE=7 K) measured in the

(A) Linear absorption of three samplésean size 2.8 nm—full circles, 3.9 ‘ ! o >
nm—open up-triangles, and 5.1 nm—full down-triangleghibiting hole one-beam configuration for excitation at 3.045 eV and burning fluences; 64

burning effects(B) Relative transient absorption changé®) Relative per- (@, 130 (b), 250 (c), 500 (d), and 1000 mJ/cfn(e). Full dots represent
sistent absorption changes. The transient hole depths at any wavelength g&xgerimental data, while solid lines are Lorentzian fits of Sig3.Broad-
monitored for an excitation density of 100 kW/gnthe persistent holes are  €hing of above plotted SHs with increasing fluence. The zero-fluence limit
monitored for an exciting laser fluence of 300 m¥cm width (dashed lingis about 1.3 meV.

band, especially for the case of p-SHB-ig. 2C)]. This  spond to zero-phonon absorption lines of almost single-sized
paradox—increasing importance of SHB in samples withNCs. No side-bands coming from low-frequency acoustic
small NCs but decreasing depth with decreasing size withiphonons[observed by Matsumoto group in similar experi-
one sample—may be understood by considering the differemhents on CuCl(Ref. 18] are resolved near the burning
preparation conditions of our samples. Bigger NCs ardrequency. Figure B) shows details of the central part
formed by annealing at higher temperatures and for a longesf persistent SHs. These high-resolution spectra were mea-
time. They have better spherical shape and better quality cfured in the one-beam configuration. There is no apparent
interfaces. If the mechanism of photochemical changes idifference compared to the two-beam experiments
related to surface defects and imperfections, its efficiencyFig. 3(A)]. Therefore we can state that the two-beam experi-
will be reduced in biggefmore regular NCs. ments have a high enough resolution and provide us with
essentially identical results as the one-beam configuration
but in significantly(about 10 timesshorter detection time.
A. Shape of resonant spectral holes Part C of Fig. 3 shows the width of the hole as a function of
Resonant spectral holes consist of a hole centered at tifience for data from Fig. (8). Small broadening at low
excitation wavelengtkcentral hol¢ and of several side-holes fluences becomes stronger for fluences higher than about 250
at both shorter and longer wavelengflRsg. 2(A)]. mJ/cnt. This is the value of fluences at which the persistent-
Central holes have almost a perfect Lorentzian shapbole depth becomes almost saturafsde Sec. Il C(Fig.
without any apparent structure. We suppose that they corres)].
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photon energy [eV] persistent SHs in 2.8 nm NCS & 2K, hvo=3.1065 V). Experimental

) . . . . points are represented by black squares. The solid line is a fit calculated
FIG. 4. Wide spectral.—range persistent differential absorption spectra for th%sing a model of the first order dispersive reaction described in(&st.
fluence of 800 mJ/cfnin samples; 5.1 nA), 3.9 nm(B), and 2.8 nnC). i C 1), The best fit is obtained for parameterss=1.14+0.54 andC

FIG. 5. Growth of relative hole depttat the center of resonant hojesf

The position of the laser is marked by arrows. For comparison we add_ g3+ g cnt/J. (B) Broadening of persistent holes with energy fluence. The

dotted curves to each spectrum. These spectra represent calculated absq§pick squares are the full-widths at half-maximum of the Lorentzian fits of
tion changes corresponding to 0.29), 1.9(B), and 1.12 me\(C) red-shifts holes. The solid line is only the guide for eyes.
of respective linear absorption spectra.

C. Kinetics of growth and decay of persistent spectral
In our previous papefs’ we have estimated excitonic heles

dephasing time from the widths of central holes and com-  The study of the kinetics of growth and dedagcovery

pared them with direct measurements by femtosecond tramf p-SHs gives us an interesting insight into the mechanism

sient four-wave-mixing. Also a discussion of a LO-phononof the p-SHB phenomenon. It allows us to estimate the dis-

origin of side holes may be found in Ref. 8. tribution of rates of the corresponding reaction as well as its
quantum efficiency.

B. Absorption background changes 1. Persistent spectral hole-burning kinetics

In wide-range differential absorption spectsee Fig. 4 Figure 5 shows the resonant hole dep#t) and width
we can observe that narrow spectral holes around the excit@B) as a function of the energy fluence extending over five
tion wavelength are superposed with some broad wavy stru@rders of magnitude. Our laser was tuned to the center of the
tures. Z, , absorption band3.1065 eV. For practical reasonghe

The shape of broad absorption changes may be recomturation of experimentwe increase energy of laser pulses
structed by a small red-shifof a few meVj of the linear from 1.2 nJ/pulse up to 130 nJ/pulse to achieve energy flu-
absorption spectruniWe note the evident fact that the shape ence extending over five orders of magnitytiee repetition
of differential absorption spectra obtained by such a smaltate was kept constant at about 10)HEhe correctness of
red-shift is identical to the shape of the first derivative ofthis procedure was verified by measuring the p-SH growth
linear absorption spectyaThe dotted curves in Figs.(4),  with different intensities of laser pulses. We observed that
4(B), 4(C) are the absorption changes calculated by lineathe kinetics of p-SHB depends only on the integral exposi-
absorption red-shifts of 0.21, 1.9, and 1.12 meV, respection of the samples and not on the intensity of exciting laser
tively. The correspondence between measured and modelg@dilses (within the range of energies specified above and
background changes is quite good. The magnitude of thwithin our experimental accuracyWe did not find any
background differential absorption grows with increasingthreshold pulse energglown to 1 nJ/pulsebelow which the
fluence in the same way as the depth of a resonant hole, i.g;SHB is not observed.
approximately as the logarithm of fluence. A possible origin  These facts exclude the Auger-type mechanism of SHB,
of the absorption background changes will be discussed ine., the creation of some stable product by exciton—exciton
Sec. IV. or exciton—electroriexciton—hole scattering which can give
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E tunneling several other quantities which are subject to statistical fluc-
> frequency \dissociated tuations because of the disorder on the interface NC/glass.
% ______ Y'_/-____w"—em;k The value of the tunnelling rat® is highly sensitive to
S VBI _____ LN 1A tunneling parameters and it can extend over several orders of
- G N 7 A ? magnitude. For nonphotochemical SHB involving the down-
ward phonon-assisted tunneling in the excited electronic

state of the molecule, the reaction rate takes the f&m

O VI | I =0g.exp(2\), whereQ o~ wy.*® So the distribution oR
values stems primarily from the distribution »fvalues. Dif-

ferent shapes of the distribution have been adopted, e.g.,

FILLING the square distributiGh or a normal (Gaussian
q\

distribution?? In the following we use the Gaussian
\-distribution.

FIG. 6. Sketch of the mod¢based on the two-level systerfie.S) schemég The expression for the relative central hole defité.,

adopted to explain the kinetics of p-SH growtsee Sec. lIC L Vg, Ve normalized number of burned NC®,(t)=Aa/ay, as a

andAg, Ag are the barrier heights and the asymmetry parameters for barffunction of burning time t has the fon]ﬁ,

riers involved in the burning and filling reaction, respectivély= w, exp

(=N\) is a tunneling frequency for the phonon-assisted tunneling between %

two different excited states of the NC/glass syst@vherew, is a phonon Dy(t)=1— f f(R).exp( —Po®(R)t).dR, 1)
0

frequency and\ is a tunneling parameter

wheref(R) is the normalized distribution function fdr, P
to an electror(hole) enough energy to overcome energy bar-js the photon flux, and- the peak absorption cross section of
rier at the NC/matrix interface. In such a case the efficiencyhe transition. The quantum yield for the reaction is equal to
of th_e reaction should depend superlinearly on the pulse ing(R)=R/(R+k), wherek is the excited state decay rate.
tensity. Usually, the relatiorR<k is fulfilled and ®(R)~R/k.
Concerning the width of the hold$ig. 5B)] we ob- Because the hole kinetics is measured as a function of
serve a small broadening up to energy fluences of about 03hoton fluxP in our casewe use different pulse intensities

Jien? (around this fluence the hole-depth becomes satuge hole depthD,(t) has to be expressed as a function of
rated, then the hole-widths increase to approximately thephoton fluencer = P(t).t

double of its minimal value.
It is evident that the observed kinetics of the p-SH

. . 1 + o X2
growth cannot be described by a single rate constant. Thergy (F)=——— f exp — — —C-F-exp(2x) | .dx,
fore we use a model of thérst order dispersive (photo- N2m-og J-= 205G

chemical) reactiorireaction with a significant distribution of ()
reaction ratesin analogy with a persistent-SHB in glasses
doped with organic moleculd$or review see Ref. 13 where x=A—\g and C=(o/k).Qy.exp(=2\qy). We adopt

In this model!® the rate-determining step is phonon- here the Gaussian distribution bfvalues { is the center
assisted tunneling between two different excited states of thand o the width of the Gaussian distributiprEquation(2)
impurity-glass matrix system. After relaxation the system ishas been used to fit the hole-growth kinefisse Fig. BA)].
found in a different ground state configuratiguith different  The two fitting parameters are the width of the Gaussian
position of absorption linethan before excitation. A persis- distribution o¢ and the constan€C. The best fit has been
tent SH can be created at the laser burning wavelength jusibtained for the following values of parametetg;=1.14
because the spontaneous backward-reaction has a muct).54 andC =63+ 9 cn?/J. Using the values of the absorp-
lower probability, tion cross sectionr=10 1 cn? (see Appendix the exci-

We suppose that a similar mechanism may be adopted tmnic decay rat&=10'" s, and the LO-phonon frequency
explain the growth of p-SHs in CuBr NCs in a glass matrix. wg.=3.06x 10%* 8 we find fromC the mean value of the
Figure 6 gives a schematic representation of our model based-distribution \y=11.0. We can also calculate the average
on the two-level system@LS) scheme® The absorption of value of the rate constan{R)=Qgexp(—2\q)exp(22)

a photon creates one free-exciton in a NC. It recombines=4.2x10" s ! and the corresponding quantum efficiency
back or becomes localized at the NC/matrix interface. Now® =(R)/k=4.2x10"3. All the values of\distribution pa-

the electron—hole pair can either recombine or the electrorameters as well as reaction quantum efficiency are of the
(hole) can tunnel through a barrier to the matrix creatingsame order as the values found in glasses doped by organic
permanent charges—trapped quasiparticles—near the intemolecules®

face. So in analogy with amorphous molecular solids the The value of quantum efficienap =4.2x 10 2 is quite
NC/glass system has more than one ground state configurhigh but is only about the half of the value X702 mea-

tion and the transfer between two ground states is possibleured by Kawazoe and Masumoto for CuBr NCs in glass
via excited state tunneling. The phonon-assisted tunnelingmean radius of 3.4 nnm[=5 K).?* Nevertheless, their pro-
rate isW=wq.exp(—\), wherew, is a phonon frequency cedure for elucidation ofb is different from ours because
and\ is a tunnelling parameter. The parametatepends on only the onset of hole-growth curve is considered for calcu-
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D —— r e ————rrr i"g}a;fjg‘e' |transientSHB| persistentSHB|
= ) - ) excitation dissociation
£ 091 - - trapping
3 ] CuBrNCs | — e,
= i 2.8 nm i «— Q- R,
8" 0.8 | | recombination f::,f,at‘::p
= 0.7 - hVIas
- T (NC) = (NC)+free exciton —> (NG)* +e"
2 Hole-Filling
° 0.6 burn/fil T (spontaneous, ct’h?arn:a;g/?or light-induced)
o | 15K
_g 0.5 O 53K 1 FIG. 8. Schematic representation of the sequence of processes involved in
. 1 A 65K the SHB and HF processé®r details see Sec. IV
® 044 vV 80K 4
. S ; . . .
0.3 T An interesting feature of the SHB process is also the fact
. Y oo q000 that a part of the initial p-SH stays unfilled even after a long
relaxation time [s] relaxation time. Thg unfillable portloq of p-SH decreases
from 0.33 to 0.25 with a temperature rise from 15 to 80 K.
FIG. 7. Spontaneous filling of persistent SHs for 2.8 nm CuBr .NCse We have to note that persistent spectral holes in our

hole-depth is plotted in units of original hole depth at the end of burningsamp|eS may be efficiently erased also by thermal or Iight
(hvey=3.1065 eV. The temperature of the burning/filling process was 15 | timulati f back d fi Both th I d
K (black squares 53 K (white dotg, 65 K (black trianglegy and 80 K (ase')_s Imulauon o ) _aC ward reaction. 5o er_ma y an
(white triangles. The solid and dotted lines are the best fits calculated usingl@ser-induced hole filling phenomena were described in Ref.
Eg. (3) (see Sec. IlIC® The fitting parameters are;=1.0+0.5 andB 25.

=6.8+2.1x10 3s 1. The unfillable part of the original hole was taken

0.33 and 0.25, for the uppésolid) curve and the lowefdashed curve, IV. DISCUSSION: MODEL OF PERSISTENT
respectively. SPECTRAL HOLE-BURNING IN SEMICONDUCTOR
QUANTUM DOTS

lation. Such treatment is preferential for nanocrystals with ~ Generally, two main types of p-SHB mechanisms are
higher probability of the p-SHB photoreaction while our cal- described in literaturé®?® photophysical (or nonphoto-
culation gives the mean value df. chemica) and photochemical The photophysical SHB oc-
We have to note that the relative hole-depth is saturatedurs due to a rearrangement of the host environment around
at about 10% of the linear absorptifffig. 5(A)]. The reason the absorber. The photoproduct absorption appears usually
may be, that not all NCs are able to undergo the photoinelose to the burning wavelengtimside the inhomogeneously
duced reaction with a stable photoproduct. Also the influencéroadened band in this cas&he photochemical mechanism
of the exciton—phonon coupling may affect the depth oflabels a(reversiblg reaction that is initiated in an excited
hole?* state of the absorbémolecule and its photoproducts absorb
usually far from the burning wavelength. In the case of semi-
conductor nanocrystals, however, it is difficult to distinguish
between the photochemical or photophysical mechanisms.
Our p-SHB spectrasee Fig. 4 show an induced absorption
tion (relaxation which transforms a photoproduct of the on thF:a red ed%e Ofafh?il,z gxc?tonic absorption band bupt we

burning reaction be_lck o the initia_l educt state. SHF proceeds,nnot gecide whether this is really a photoproduct absorp-
through the tunneling between different ground states of th‘ﬁon or simply the effect of a red-shift of the whole linear

systgm(and n_ot through thg excited states involved_ in .theabsorption spectrum due to an electric field effect.
burning reaction The equation for the hole-depth kinetics Masumoto and co-workers proposed a straightforward

vyill be similar tol Eq.(2) (but the distribution of the tunnel- model of persistent SHB in copper halide NCs: the photo-
ling parameten is not the same as that found for p-SHB ionization of NCS*’ It is worth mentioning that such a model

2. Spontaneous hole-filling
The spontaneous hole-fillingGHF is a backward reac-

1 oo X2 was previously used to explain photoinduced permanent in-
Dy(t)= —— j exp( - — —B-t-exp(2x) |.dx, crease of absorption—the so-called photodarkening
V2m o6 /= 205 effect—in Cd$Se_, (x=0..1) NCs in glass(color
4 fiters).282% Let us now propose a similar model for the per-
WhereB=Qo.exp(—2)\0)exp(2026). sistent SHB in CuBr NCs, which will explain our experimen-

In Fig. 7 the decay of saturated persistent SHs is showial observations.
for different burning/filling temperatures. The best fit is ob- A schematic picture of our model is in Fig. 8. A photon
tained for the following values of parameters=1.0 absorbed by a NGvhose exciton energy is resonant with the
+0.5 andB=6.8+2.1x10 2 s~ 1. Using the same value of laser frequencycreates an exciton inside a NC. The pres-
the LO-phonon energy as in the previous calculation we findence of one exciton in a NC saturates its absorption at the
Ao=18, and(R)=0.5 s 1. The width of thex-distribution is  laser wavelength but creates inducbixcitonig absorption
approximately the same as for the burning process, but that a higher energy. This causes transient spectral holes as
mean value\ is significantly higher. The average rate con- well as changes of absorption in a wide spectral range. Then
stant of the filling reaction is eight orders of magnitude lowerthe exciton recombineg&he initial state of a NC is recon-
than for burning. structed or it is localized on the surface of the NC and
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afterwards dissociates. An electréor hole escapes from even after a long tim&or temperature$ <80 K, see Fig. Y.
the NC (probably by tunneling through the potential barrier On the other hand, the filling by heating of the sample can
on the NC/glass interfageand both particles are trapped erase the hole completely since trapped quasiparticles are
separately in a glass matrix around the NC and on the surfageleased efficiently by a thermal activation.
of the NC. In such a way the NC becomes char(edized What is the nature of photoinduced centers? Okamoto
and its absorption is shifted away from the initial position ~ and Masumoto suggested that the'@an displacement trig-
even disappears completgbnd a resonant hole appears. Wegers p-SHB in CuCl NCs in NaCGf We observe a peak
suppose that background absorption changes are caused dssigned to the Cuion absorption in the linear absorption
the photoproducts of laser-induced reaction. Separately Ispectra of our samples. More information about the role of
calized electrons and holes cause relatively strong local ele€u*-ions may be elucidated from the comparison of simul-
tric field and consequently the excitonic absorption energietganeously observed photoluminescence and absorption
are red-shifted by th&tark effectithe oscillator strength of changes. These experiments are under development.
the transitions is also modified by an electric fieldhe
Stark sh_lft may have a broad_dlgtr|but|o_n due to the vananorv CONCLUSIONS
of magnitude of a local electric field which depends on exact
position of the charges. In consequence the photoproduct ab- We have performed pump-and-probe transmission ex-
sorption is smoothed and has no sharp structsimilar to  perimentsusing a nanosecond dye-lasen CuBr nanocrys-
observed background absorption changes, FigTde even- tals (NCs embedded in a borosilicate glass matrix. The per-
tual creation of a local electric field by charge diffusion from sistent spectral hole-burnif@HB) phenomenon is observed
burned to unburned NCs through the glass matrix has a lown the low temperature excitonic absorption band of NCs
probability at low temperatures<(10 K). with mean radius smaller than 5 nm. The evolution of spec-

The Stark effect in II-VI semiconductor quantum dots tral holes during burning and their relaxation after burning
has been studied extensively because of their potential applare studied. We show that both the persistent SHB and the
cation as optical modulator$:3! Stark shift in ensembles of spontaneous hole-fillingHF) may be described as the first
NCs was found to be a quadratic function of the appliedorder dispersive reactions. The SHBF) reaction proceeds
field, it means that the polarizability of NC excited-state through phonon-assisted tunneling between different excited
plays a key role. The recent work of Empedocles andground states of the NC/matrix system. The persistent
Bawend?? on single CdSe NC Stark spectroscopy indicategoroduct of such reaction is a charged NC which energy states
clearly the importance of both the polar and polarizable charare modified by the Stark effect. The quantum efficiency of
acter of the lowest excited state. The excited-state dipoléhe burning reaction is quite high410™ 2 (average rate con-
moment(its average in an ensemble of NCs goes to zero dustant is 4 10" s~ 1) while the rate of spontaneous HF reac-
to the random orientation of dipoless explained by the tion is very low (0.5 s ).
polarization of a highly polarizable excited state in a strong,
rapidly changing local field. This field has a magnitude of the
order of 16—1C° V/cm? and it is caused by the localization ACKNOWLEDGMENTS
of charge carriers on or near the NC surfésech a photo- We would like to thank A. I. Ekimowv(loffe Physical
ionization has been also proposed as the source of single-NTechnical Institute, St. Petersbiifgr high quality samples.
fluorescence intermittent®. The Stark shift due to the local We appreciate valuable and stimulating discussions with
electric field causes spectral diffusion which is probably theProfessor Hoerlage. This work was supported in part by
main source of the inhomogeneous broadening of NC spedrants Nos. 202/98/0669 from GACR and B1112901 from
tral lines. We suppose that a similar mechanism is involvedGA AV CR. J.V. has received financial support from the
in the persistent spectral hole-burning in our CuBr/glassrench GovernmerfMENRT - “Réseau de Formation - Re-
samples(Unfortunately, there are not any data on electroabcherche, Europe Centrale et Orientglatthich is gratefully
sorption of copper halides in literature as far as we kndiw. acknowledged.
seems probable, that the photoionization effect inducing
strong local electric fields is a common feature in various
semiconductor nanocrystalline materigils both the strong APPENDIX: ABSORPTION CROSS SECTION OF A

. . NANOCRYSTAL

and weak quantum confinement regimes

Let us now return to our description of the p-SHB  Our estimation of the NC absorption cross sectia@S)
mechanism. A stable photoprodu@nized NQ is formed ¢ is based on the relation between the absorption coefficient
efficiently (quantum efficiency 410~ %) but only in a small  « and the ACSo,3®
part of the total number of excited NC&he depth of satu-
rated p-SHs is only about 10% or 20% in extreme cases. a=0(N;=No), (AL)

The backward reaction may proceed either spontaneshereN; andN, are the populations of the ground and the
ously or it may be induced by a thermal or light excitation. excited state, respectively. For very low photon flux, fast
The spontaneous backward reaction—escape and recombinalaxation and low thermal populatigkT<(E,—E;)] we
tion of trapped quasiparticles by tunnelling—has a very lowcan use the approximatidd,=0, N;=N;. HereN, stands
rate(about 0.5 s?, eight orders of magnitude lower than the for the total population, i.e., the number of absorption cen-
burning reaction A part of the initial p-SH stay unfilled ters, molecules or nanocrystals in our case.
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