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Two-photon excitation spectra of confined excitons in CuCl nanocrystals
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We investigated two-photon excitation spectra of confined excitons of CuCl nanocrystals embedded in a
NaCl matrix. The spectra exhibit a sharp increase that is attributed to transitions into higher Coulombic states
(nP) of the confined excitons, and its position shifts to a higher energy side with decreasing crystal size. We
also discuss the difference in peak positions between one- and two-photon absorption spectra in the presence
of a broad inhomogeneous width due to the size distribufis0163-182¢09)04320-9

[. INTRODUCTION Theoretical calculation of two-photon transitions in the
strong confinement regime has also been preséfitedthis
Recently, the electronic and optical properties of semiconpaper we report on two-photon excitation spectra of confined
ductor nanocrystals, i.e., “quantum dots,” have attractedexcitons in CuCl nanocrystals embedded in NaCl matrices
much attention because of their potential for electronic andnd show a pronounced two-photon excitation band that is
optical applications.In such a system, an electron and a holeprobably due to transition to higher CoulombicP-like
exhibit various characteristic properties that are much differstates.
ent from those in a bulk crystal, on account of quantum
confinement effects. With regard to the confinement of exci- Il. EXPERIMENT
tons in nanocrystals, there are two extreme cases, depending
on the ratio of the nanocrystal siza) to the effective exci-
ton Bohr radius &z). One extreme case is known as that of
“electron-hole individual confinement” or “strong confine-

CuCl nanocrystals embedded in a NaCl crystal matrix
were grown using a customized heat treatnérBamples
with mean effective radia* =1.6, 2.7, and 6.3 nm were used
o o . . for the present experiment. The mean effective radii were
ment.” This corresponds to the situati@n<ag, in Which  oq4imated from the peak position of the one-photon absorp-
the confinement energy of an electron and a hole OV€Ttion band and/or the luminescence band due to the confined

whgllrlnfllthe C_oulodmbtlnteractlon ?eltwte)eln thetm.thl\'/lost I!I'VZ3 excitons. The samples were cooled in a conduction-type
and 1i-vi semiconductor nanocrysta's belong 1o thiS régime.yqq1at down to liquid nitrogen temperature. The sample

These nanocrystals have been studied extensively. The other o ~itaq by a continuous-wave mode-lock@W-ML)

extr?me case, in“whic|la>a?., s refe,r'r?_id to ?]S “gxciltonb dye laser(Pyridine-2, line width of approximately 0.1 nm,
confinement™ or “weak confinement.” Here the Coulomb ;56 \igth 20 ps, and peak intensity at the sample of ap-
interaction is much greater than the individual confinemen roximately 10 MW/cri) synchronously pumped by the
energy and hence the translational motion of the exciton i econd harmonics of a CW-ML Nd:YAG las@nhere YAG
enotes yttrium aluminum garnefThe excitation light was

constrained. Excitons in CuCl nanocrystals are typicallyd
classified into the exciton confinement regfneed the opti- vertically incident on the sample along tf@01] direction of

cal properties of the nanocrystals. have been studied N S€Y¥he matrix (NaCl) crystal. The excitation light was linearly
eral contexts. Most of these studies are concerned with thﬁolarized with the electric vector parallel to t&10] or
Iq;/vzst te?ut?ﬁ state of the fCOﬂfIPedd exqton._tForf T;]gh_er €XT7100] direction, using an achromatic half wave plate. Emitted
f' eds ? ef)t ere aret\;]ery evr\: s ud|esi |nds_p| € ? th € IMPOT3nd scattered light from the sample was collected along the
ance ot-obtaining a thorough understanding of the energyny g girection and detected by an intensified charge coupled
diagram of the confined exciton. For instance, the excito evice camera (Princeton Instruments ICCD-576G/6
confinement picture may no longer be valid for higher Cou'through a grating spectromet@kcton Research SpectraPro-

lombic states because of th?'r extended_lnternal m(_)t'on‘SOO). The total spectral resolution of this apparatus was
Two-photon spectroscop§ and infrared transient absorption ~01 nm

spectroscopy? are promising methods for the study of the
higher excited states of the nanocrystals. The former is of
particular interest because the use of two photons can cause
excitation into higher states that are difficult to observe using Figure 1 shows the emission spectra under one-photon
usual one-photon excitation spectroscopy. Moreover, twoband-to-band excitatiofcurvea) and under two-photon ex-
photon excitation will provide interesting information con- citation at various excitation energies ranging from the band-
cerning such phenomena as nanocrystal orientation in a cryss-band(curvesb andc) to theZ,5(1S) exciton band region
talline matrix® resonant second harmonitsind resonant (curvesd ande). For these excitation energy regions, the
hyper-Raman scatteriffigRecently, several authors have re- emission spectra under one- and two-photon excitations are
ported on two-photon spectroscopy for nanocrystals in bothyuite similar to each other. The emission intensity under
the strong confinement regiMi€dS and CdSéRefs. 9 and  two-photon excitation rapidly increases with increasing exci-
10)] and the weak confinement regif@uCl (Refs. 11-18].  tation energy, while the shape and the energy position do not

Ill. RESULTS AND DISCUSSION
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L B observed at 3.24 and 3.32 eV. These are attributed to the

g(';;%‘(‘)‘l’l“’“ lowest (1S) states of theZ; andZ,, exciton bands, respec-

(8) hv=381eV tively. These peak positions in the two-photon excitation are
) shifted to the lower energy side with respect to that in the

E L o one-photon absorption. This difference, as well as the similar
% Two—photon difference observed in the emission spectra for one- and two-
E excitation o photon excita’;ior(Fig. 1), is probably caused by the differ-
Z (b) Zhv=3.62¢V ence in the size dependence petween one-photon qnq two-
- it photon transition rates, as discussed later. The incident
o x2 polarization dependence of these peaks indicates that the
wn | () 3.55¢v CuCl nanocrystals are grown with their crystal axes parallel
Z to those of the NaCl matriXIn the energy region above 3.45
E (d) 3.35¢V x3 eV, which is higher than theQ exciton bands, there exists a
distinct absorption edge that has almost no polarization de-
© 3316V x10 pendence, whereas there is no distinguishable structure of the
Lok b sl b S shasehofiin s one-photn absorption spectra in this region. The two-photon
PHOT(Silz\I ENERGY (2% ‘ absorption efficiency in the energy region above this edge

reaches a value more than ten times greater than that of the
FIG. 1. Emission spectra of the CuCl nanocrystals* ( Z3 Or Z;,exciton band. This pronounced two-photon absorp-
=2.7 nm) in a NaCl matrix at 77 K under one-photon band-to-tion is possibly due to transitions to CoulombidP-like
band excitatior(curvea) and two-photon excitatiofcurvesb—e). states of the confined excitons, since the energy separation
Each spectrum was magnified by the factor indicated on the correbetween the absorption edge and He 1S band, approxi-
sponding curve. mately 240 meV, is comparable to the peak energy of the
infrared transient absorption{280 meV) due to the transi-
change distinguishably. It is noteworthy that the emissiortion from Coulombic B to 2P states of the confined;
band under the two-photon excitation is slightly5 meV) exciton>® This sharp increase in the two-photon absorption
shifted to the lower energy side with respect to that under thavas similar to that theoretically predictédand observed in
one-photon excitation. bulk CuCl crystaf:"'8 except that no discrete structures due
Figure 2 shows the two-photon excitation spectra for theto transitions to P or 3P excitons were resolved in our
spectrally integrated intensity of the total emission bandspectra. In the bulk crystal, discrete structures due to these
Open and closed circles represent the spectra for incidetansitions were clearly observed in the two-photon absorp-
polarizations parallel to thel00] and[110] axes of the NaCl tion spectrd®®The possible reason for this difference is the
single crystalline matrix, respectively. A one-photon absorpinhomogeneous broadening due to size distribution of our
tion spectrum is also shown for comparison. In the two-nanocrystalline sample.
photon excitation spectra fdi10] polarization, peaks are Figure 3 presents the two-photon excitation spectra for
some samples with different mean nanocrystal size. We see
PHOTON ENERGY (eV) that, in addition to the edge position of the two-photon exci-
34 3.6

32 tation spectrgindicated by thick vertical arrows in the fig-
L LA L L ure), the separation between the edge andZhelS band
. ;)l;‘szgz‘(’;’“ ] (indicated by thin arrowsalso becomes larger with decreas-
a ing mean nanocrystal size. Provided that the absorption edge
ol can be attributed to the transitions to higher Coulombic states
- ] of the confined excitons, this finding indicates that the en-
OfF—Tr——""——T71— T 7 ergy positions of the higher Coulombic states depend more
. Two—photon o L strongly on the nanocrystal size than that of the lowest 1
. excitation s LY state. In other words, it implies that the higher Coulombic
= | *E/[110] ° °:g;°$'°o i states of the confined exciton deviate considerably from the
% L o E // [100] .'f ol 1 ideal exciton confinement model, in which the exciton bind-
SN - 03:3? i ing energy should be independent of the nanocrystal size.
E Ve ,;,. & ;;° ° This result is qualitatively consistent with the theoretical cal-
o o B 1 culation forS-ike confined exciton staté8,where the sepa-
I “*’ 355 | #ﬁ . ration between $- and 2S-like states becomes larger with
|M oo the decrease of nanocrystal size. In Fig. 4 we plot the energy

32 34 3.6 separation between the edge position andZkelS) peak
TWO-PHOTON ENERGY (eV) under two-photon excitation versus the mean effective radius

FIG. 2. One-photon absorption spectritap) and two-photon (a*) of the nanocry;tadfilled circles. In the figure the peak
excitation spectra for the integrated emission intenigttom for ~ Positions observed in infrared transient absorption spectra
CuCl nanocrystalsg* =2.7 nm) in a NaCl matrix at 77 K. Open (0pen squargsand the theoretical &-2S separatioff (solid
and closed circles represent the spectra for incident polarizationéne) are also plotted for comparison. We see that the experi-
parallel to the[100] and[110] axes of the NaCl single crystalline mental results for the two-photon excitation and the infrared
matrix, respectively. absorption both agree qualitatively with the theoretical cal-
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(]

L L ) distribution was studied theoretically in detail by Lifshitz
| e*=1.6nm . | and Slezo#® Here, for simplicity, we assume a Gaussian
L o E // [110] & distribution f(a) of the nanocrystal siza, which is practi-
¢ E // [100] .:39 i cally used to approximate the size distribution of semicon-
| ductor nanocrystals grown in glass matriéés:
P . 1 —
=0 f(a)= exp{— (a—a)?/20?}. )
% ) N2mo
E . Under the condition of the “exciton confinement” regime,
Z 1 the lowest confinement energig) of the exciton is
7 _
9 | E B ﬁ2 B k 2 2
2 - @=2m\al =la) @
]
=
=

whereM is the translational mass of the exciton aadep-
resents the radius of the spherical nanocrystal. Thus, in the
energy domain, the distribution functidifa) is transformed

to

g(E)dE= f(a) dE—a—f(a)dE 3

3

3.6

TWO-PHOTON ENERGY (eV) For a nanocrystal of a certain siza)( the one-photon exci-
o ) tation rate is proportional to the volume of the nanocrystal
FIG. 3._ T\_/vo-photon_ excitation spectra for the spectrally mte-(as) while the two-photon excitation rate is proportional to
grated emission intensity of CuCl nanocrystats él.'s’ 2.7, and the square of the volume, provided that the electronic states
6.3 nm in a NaCl matrix at 77 K. Open and closed circles represent

N L of relevance to the transition maintain their coherence within
the spectra with incident polarization parallel to fi€0] and[110] the nanocrvstal. Thus the spectra of the one- and two-bhoton
axes of the NaCl matrix, respectively. ystal. P P

excitation (, andl,, respectively are described by

culation. However, a more dt'ayailed study, including the'(':al- | (E)dExad"g(E)dExa’™ Vf(a)dE (n=1,2). (4)

culation of two-photon transition energy and the transition

probability from the ground state to the higher CoulombicHere it is assumed that the homogeneous width of the exci-

(nP-like) states, is necessary to facilitate quantitative comton is negligible in comparison to the inhomogeneous width

parison between experimental and theoretical results. due to the size distribution. After a short calculation, we find
Next we discuss the shift of the two-photon excitationthe peak energy positiorts, (n=1,2) forl,(E):

peak from the one-photon absorption observed in the present .

experiment and show that it is attributed to the difference E,=4k’[a+Va’+12(n+1)0?] 2. (5

between the size dependence of one- and two-photon excita-

tion (or absorption rates? For usual nanocrystalline By fitting |,(E) to the Z3(1S) exciton band of the ob-

samples, there is a certain degree of size distribffidthe  served one-photon absorption spectr[fig. 2@)] we can

estimate the values @ ando and thusE, — E,. The result-

Two—photon exc. ant values area=1.0 nm, ¢=0.7 nm, and E;—E,
o IR absorption =7.8 meV. The calculated curves@fE), |,(E) andl,(E)
"""" Theory (18-2S) using the above parameters ard=2.3m, (hence k
=0.16 eV/nm) for CuCl are shown in Fig. 5. The value of
E,—E, is comparable to the observed one{0 meV), in-
dicating the adequacy of the estimation. It should be noted

that the mean sizea=1.0 nm) estimated above is consid-
erably smaller than the “mean radius’a{=2.7 nm) esti-
mated by the peak position of the one-photon absorption
spectrum or the luminescence spectrum under band-to-band
4 6 excitation. From the above considerations, we conclude that
EFFECTIVE RADIUS a* (nm) a* should be regarded as the “one-photon optical” mean
radius, which is expressed by the modelofE), i.e., the
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FIG. 4. Energy separation between the edge position and the
Z4(1S) peak in the two-photon excitation specifidled circles. peak position of the size-distribution function Welghted by

Peak positions of the infrared absorption spe¢tpen squares, the square of the nanocrystal volume, but not as the mean
following Yamanaka, Edamatsu, and ItéRef. 6] and the theoret- value @) of the raw size distribution. Although the actual
ical 1S-2S separation of confined excitons in spherical nanocrystalssize distribution may be different from an ideal Gaussian
[solid curve, following KayanuméRef. 20] are also shown. distribution, this effect should be taken into account when-
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IV. CONCLUSION

In conclusion, we have studied the two-photon excitation
spectra of confined excitons in CuCl nanocrystals embedded
in NaCl matrices. We have found the pronounced two-
photon absorption whose edge position is located above the
lowest exciton absorption band. The edge position corre-
sponds to the energy position of the Coulombig &ate of a
confined exciton and the energy separation betwe®arid
2P states is dependent on the nanocrystal size. This finding
indicates that the higher Coulombic states of the confined
exciton differ significantly from those in the exciton confine-
ment regime because of the large spatial extension of wave
functions. Also, we have discussed the difference in peak
positions between one- and two-photon absorption spectra in
the presence of the broad inhomogeneous width due to the
size distribution of the nanocrystal.

I;, I, (arb. units)

FIG. 5. Size-distribution functiorg(E) (dotted curvg one-
photon excitation spectrurh,(E) (solid curve, and two-photon

excitation spectruml,(E) (dashed curve calculated for a
=1.0 nm,o=0.7 nm, anck=0.16 eV/nni. ACKNOWLEDGMENTS
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