Hole-filling of persistent spectral holes in the excitonic absorption band
of CuBr quantum dots
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Persistent spectral-hol€p-SH) are burned in the £, excitonic band of CuBr nanocrystals by a
pulsed laser excitation. The annealing of p-SH is studied by three types of hole-fiiRg
experiments{i) the spontaneous HFKii) thermally-induced HF, andiii) the laser-induced HF.
Results are compared to the well developed theory of the persistent spectral hole-pH8IAB)

in the system of molecules in amorphous matrices. Both p-SHB and HF phenomena can be
explained within the framework of a photochemical reaction like the photoionization of
nanocrystals. The potential application of p-SHB to the frequency-domain optical data storage is
discussed. ©1997 American Institute of Physidss0003-695(97)00906-6

The low-temperature persistent spectral hole-burning A photon absorbed by a NC creates an exciton, which
(pSHB) in semiconductor nanocrystafslCs), observed for can be localized on the surface of the NC and is then disso-
the first time two years ago by Masumatbal,' represents ciated. An electron escapes the NC and is trapped in the glass
an interesting and surprising effect in such a mateffddle  matrix around the NC. In such a way the reaction product is
term “persistent” means that the laser-induced absorptiorstabilized. Saturation of accessible trapping centres leads to a
changes last for a significantly longer time than any excitebackward reaction—the return of an electron to the ionized
state in a material The inhomogeneously broadened exci-NC; an equilibrium between the product and the educt is
tonic absorption band can be nearly arbitrarily formed withinestablished. In this case, the observed p-SHB effect reaches
about 10%—-20% of the original absorption. We can imaginets saturation.

a number of interesting applications for such an extraordi-  The experimental setup is based on a pulsed nanosecond
nary phenomenon, not only the frequency-domain opticakeCl-excimer laser serving as a pump source for a dye-laser
data storage as proposed by Masunfabait also some opti-  (with PBBO dye in dioxane solution as active medjuffihe

cal deviced like narrow band filters etc. Prior to such Specu- spectral width of the laser emission is less than 0.12 meV
lations, however, we must know more about the p-SHB effy| width at half maximum(FWHM). Absorption changes
fect in semiconductor NCs. The effect of hole-fillitiF),  are tested with the spectrally broad superradiance of a laser-
especially i.e., the annealing of "persistent* spectral Hble, gye solution excited by a part of the source laser emission.
has to be considered. Probe and pump pulses are focused on to the sample surface

We represent here the first results on the laser-induceglch that they coincide in space and time. This allows one to
hole-filling of persistent spectral holés-SH) in the exci-  perform not only persistent SHB, but transient SHB experi-
tonic absorption band of small CuBr NCs. The study is cOMments as well, which are described in detail elsewhAdree
pleted by measurements of the spontaneous HF and thegsst pulses are dispersed in a single grating 3/4 m monochro-
mally induced HF. Our results are compared with thepaior and are detected by an optical multichannel analyzer
experiments of Masumoto’s grotiand the potential appli- connected to a computer.
cations are discussed. _ The experiments are performed at low temperatures, the

Generally, two types of spectral hole-burning mecha-samples being mounted inside a continuous flow cryostat

nisms are distinguished: photophysi¢at nonphotochemi- (g 1204 of Oxford Instrumenisvhich allows one to adjust
cal) and photochemical processeSince in our material the the temperature between 4 and 300 K.

persistent spectral changes show an induced absorption The cur NCs have been grown in a borosilicate glass
(product abs%rptlo)wwell separated from the excitonic ab- iy ysing a diffusion controlled process. The semiconduc-
sorption band, the mechanism is supposed to be photo-y concentration in the matrix is about 1%. We study a set of

chemical. It will be discussed in detail in a separate papefg,o samples made of glass containing CuBr NCs of different
For the moment we will consider a photoionization of small ;o4 radius. ie. of 12 9.5 5.1. 3.8. and 2.8 nm. We should

NCs to be an appropriate mechanism of the phOtOChemiCEf'|ote, that narrow-band persistent as well as transient SHB

reactions taking place in CuBr NCs are observed only in the two samples containing the smallest
NCs. (The NC mean radius of 2.8 or 3.8 nm approaches the
Bohr radius of excitons which is about 1.2 nm in the bulk
CuBr) In the following we will present only results obtained
with these two samples.

40n leave from Charles University, Faculty of Mathematics and Physics, ~ SPOntaneous hole-filling(p-SH relaxation). By spon-
Department of Chemical Physics and Optics, Prague, Czech Republic. taneous HF we denote every changes of p-SH without any

hy
(CuBn,—(CuBn+e .
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FIG. 1. Spontaneous HFa) The persistent spectral hole measured for three -g 0.0

different delaysr after the purning(b) S_emilogarithmic plots_ of a hole area < 2.99 Jlem?2 j

(full squareg and a hole widtHopen circleg vs. relaxation time. 011 1st hold filling =
g 80 (C) —B— 15t SH filling efficiency 80 e;

intentional external perturbations such as heating or exposi- o 60\~ O~ 21 SH burning efﬁcie,g [60 g

tion by light. We can speak also about the relaxation or an- § 40-—\3 oo S a0 3

nealing of the p-SH. For molecular systems in a glass matrix, € 20f pogFm o--'5\°/'/ "lao 3

the p-SH relaxation obeys a logarithmic time evolution. The ® ol g : — 1o =

process is explained by tunnelling relaxation from a photo- -0.04 002 000 0.02 004 %

product state to the educt. The distribution of the tunnelling laser detuning AE (eV)

parametersand consequently of the relaxation ratesvery . FIG. 2. Laser-induced HFa) The p-SH at 3.118 eV before fillingb)
Iarge because of the amorphous nature of the glass mat”XChanges of the first spectral hole after the second burning at 3.151 eV for
In CuBr NCs, we also observe a slow logarithmic tem-tnree fluences 13, 191, and 2220 mJcfo) The second hole-burningpen
poral recovery of the hole parameters. The decrease of thaircles and the hole-filling of first holéfull squares as a function of laser
area of a central part of ho[zero-phonon holgZPH)—for ~ detuningAE (the second burning fluence is 38 mJfm
the shape of a typical hole see Figag is about 4% after 30
min of relaxation. The broadening of the ZPH is also non-co-workers. We found/Vg .« to be 0.05, which give us the
negligible and increases logarithmically with relaxation time.maximum barrier height/; ,,,=600 meV(if a«=30). On the
Thermally-induced hole-filling (HF). Thermally- other hand the temperature dependence of the hole width
induced HF is usually studied by applying a so called therdoes not obey the variation expected for molecular systems
mal cycling procedure. The sample with p-SH burned at lowin glass. The broadening is supralinear with temperature, and
temperature g is heated up to a certain temperature, theret can be approximated by a square root dependence. We
maintained for several minutg@ our case 5 minand is  suppose this to be a consequence of the proximity of the
then re-cooled to d. The remaining p-SH after important phonon sidebandgsaused by a strong exciton-
such a temperature cycle is compared with the original holghonon interactior?s and their thermally induced changes
(see inset in Fig. )1 The cycling is repeated with still higher which are not considered in the above mentioned model.
temperatures until the hole is completely erased. Laser-induced hole-filling. In order to study laser-
The theory of thermal filling was developed by ler induced HF, we have applied the following procedure: A
et al.”® for molecular systems in glasses. The area of holep-SH is burned at a wavelength of 397.5 (1118 eV.
depends on the cycling temperature ag1— y(akgT/ Then, the dye-laser is tuned off at the second wavelength and
Vomax l» Where \gmaxis the maximum barrier height, ardis  the spectral changes induced by excitation at this new wave-
a constant. The value of the parameders estimated from length is measured. We thus observe simultaneously the fill-
the maximum barrier height which can be crossed at a teming of the first p-SH and a burning of the second p-SH at the
perature T, \§=KgT In(¥t) (t being the experimental time new laser wavelength. After each burning-filling cycle, the
scale about 100)sv, is the activation frequency of the order sample is slightly shifted in order to have a virgin sample for
of 10'* s The parametew is given by In@t), whose a next cycle.
value is of the order of 30. A broadening of the ZPH is often  In Fig. 2, we show the firstoriginal) spectral holdFig.
called “spectral diffusion.” This is caused by a structural 2(a)] burned by exposition of 820 mJ/éniThe central part
relaxation of the matrix surrounding the molecules, whichof the figure[Fig. 2(b)] shows the absorption changes of the
can have a rich temperature dependence, but at very lowriginal hole induced by the laser when tuned to the second
temperatures a tunnelling is domindgiving rise to a linear photon energy for three expositions of 13, 190, and 2220
dependence of the hole width on temperatufeor higher mJ/cnf. It means that positive and negative parts of curves
temperatures a thermally activated process of relaxation ogepresents the filling of original hole and the burning of the
curs and the hole width increase witR’T second hole, respectively.
Our experimental results obtained by the thermal cycling  In order to represent the dependence of the HF on the
procedure are summarized in Fig. 1. The integrated area dfser detuningAE from the original position, we plot the
the ZPL hole fits well the dependence derived byhkéo and  relative primary hole filling and the relative second hole
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burning for exposition of 38 mJ/chibottom part of the Fig. e — ' '
2). Relative means that the hole depths are compared with
the depth of the original hole before its filling. We can see
that the relative filling of the first hole is about 25% through
almost all the studied range dfE. For the highestAE
(>35 meV), it starts to grow significantly. The burning of
the second p-SH has nearly the same value as the filling of
the first one, but for big negativ&E, it falls down to zero.
There are just two values &E which show a specific rela-
tion between relative filling and new burning. They corre-
spond to the position of the high- and low-energy side bands
of the original hole. ForAE=—20 meV, the second hole
burning coincides with the low-energy side barthe
pseudo-phonon winty of p-SHB, and the second holeburn-
ing has a minimum value for this detuning. On the other -g 0.00
hand, for AE=20...30 meV[position of high-energy side- <
band (phonon-wing of the p-SHB, the secondary burning
has a strong maxima. This is exactly the most favourable
detuning value to perform optical data storage in the
frequency-domaiti.e., to burn several p-SHs for one posi-
tion of laser spot on a samplewe have chosen a detuning FIG. 3. Optical data storage in the frequency-domain: Four spectral holes
of about 20 meV and try to burn a sequence of four p-SHSpyrned in one place of the sample. The laser detuniigbetween two
Results are sketched in the Fig. 3. The HF is still relativelysubsequent burnings is 19 meV.
efficient and causes a smoothing of all existing holes during
the subsequent burnings. Finally, the four holes have depth@o-worker%“
of only about 2% of the sample absorption. All holes can bqn contrast t
erased by illumination with the laser tuned on the low-energy
side of the excitonic absorption band.

It is clear that a system consisting of CuBr NCs in a

4% burnin
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is comparable to our results on CuBr NCs, but
0 our opinion, it is claimed to be promising.

In conclusion, we show three different types of HF phe-
nomena in small CuBr NCs embedded in borosilicate glass: a

| ix | t suitable f p d ) i spontaneous HF, a thermally induced HF, and a laser-
glass malrix 1 not suitable for a frequency-domain oplicay,y,ceq HF as they are observed. The p-SHB process seems
data storage. Special samples made from organic molecul

) . . %5 have a photochemical origin, namely the ionization of NC.
in a polymer matrix have much better properties. The mainp, erasing of p-SH with time and by temperature cycling

Inconveniences of semiconductor N@wgardless to the .experiments is well described by the theory developed for
need of cooling to low temperatures and the use of compli-

. . X ) organic molecules in amorphous matrices. From this com-
cated laser equipmemivhich one should have in mind are:

" idths of 0-SHB that tb arison we deduce a value of the maximal barrier between
(i) large wi s of p- Means that one cannot burn mor%roduct and educt of our photochemical reaction. Laser-
than four or five holes even in relatively large inhomoge

\v broadened ab tion band il the st “induced HF experiments allow us to find the most favourable
neo.Lthy r:oa enet a ?orp 'OR. han S, dr:ﬁ be sdrong value of laser detuninAE~20 me\) for optical data stor-
‘ha)éfe':n{;% ct)ggn Iposvrt?\C gc;néw rlgno(;ili:seeds streuctrlj)rae %?ms? doe(ge experiments. Due to a strong exciton—phonon interaction
band 9 P @nd the always present HF effects, however, CuBr NCs in a

anTi.e HF phenomenon can be explained within the frameglass matrix is not a perspective material for this application.
work of the photochemical mechanipsm as a backward reacl}levertheless, the rare possibility of changing arbitrarily the
i it P it NCs by th d burni absorption spectrum of a material up to about 20% of its
lon. I we excite new s Dy the seconc urn!l(ugn- original absorption can be interesting for other types of ap-
changed by first burningnew electrons are injected into the lications

matrix and they can be captured by the previously ionizecP '

NCs. Consequently, the primary hole is erased and the sec-
ond one is burned into the absorption spectrum.

Comparing our results to those of Masumoto’s grup, . o _ .
we find the following.(i) Spontaneous HFThe recovery of Ehgﬂaég?oﬁg'(lié S‘-DZ'”“”' K. Naoe, s. Okamoto, and T. Arai, Mater. Sci.
p-SH_s observed__ln Ref. 4 is a_Iso logarithmic but much fasterzg ‘5 amoto and Y. Masumoto, Jpn. J. Appl. Phy@51512 (1996.
than in our caseii) Thermally-induced HFMasumotoet al. 3U. P. Wild, A. Renn, C. De Carro, and S. Bernet, Appl. Cg8, 4329
used a combination of two distributions of barriers to fit the 4(1990-
thermal recovery of holes. The reason for this complicated éggﬂg-s\t;m&?éu;oT:V\?ZSEAEZ?oT'T Y?;m?é?o Z%S-T R;;‘;sz‘(‘)zg?:h .
treatment is not glear. They did not discuss spectrql diffusion siaws solidi B18g 209(1995. ' ' o
at all. (ii) Laser induced HFIn Ref. 4, only the filling of  5J. Friedrich and D. Haarer, Angew. Chem. Int. Ed. Ef2g. 113(1984).
p-SH by broad-band light exposure is shown and the mo-2J. Valekr}ta| J.(Monizfteﬁ Pai Gilliot, B. Herlage, J. B. Grun, R. Levy, and

11k s ; ; _ A. I. EKimov (unpublishe
notonous d.ecrease. of filling efficiency with de(.:reaSI.ng pho 7J. Kohler, J. Meiler, and J. Friedrich, Phys. Rev.3B, 4031(1987.
ton energy is mentioned. The frequency-domain optical datas; kaier, J. Zolifrank, and J. Friedrich, Phys. Rev3B, 5414(1989.

storage experiment in CuCl NCs reported by Masumoto anB. Kohler, A. Renn, and U. R. Wild, Opt. Lett8, 2144(1993.
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