HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERS VOLUME 84, NUMBER 13 29 MARCH 2004

Space-resolved photoluminescence of ZnS:Cu,Al nanocrystals fabricated
by sequential ion implantation

Atsushi Ishizumi
Graduate School of Materials Science, Nara Institute of Science and Technology, Ikoma,
Nara 630-0192, Japan

C. W. White
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

Yoshihiko Kanemitsu®
Graduate School of Materials Science, Nara Institute of Science and Technology, lkoma,
Nara 630-0192, Japan

(Received 1 December 2003; accepted 5 February)2004

We report on photoluminescend@L) properties of Cu- and Al-doped ZnS nanocrystals fabricated

by sequential implantation of Zn S*, Cu", and Al" ions into ALO; matrices. The spatially
resolved PL spectrum has been studied by a scanning near-field optical micr@Sbtapi). In the

SNOM image, bright spots are observed on the sample surface. The PL spectrum at each bright spot
is broad and is not sensitive to the monitored positions. The broad SNOM-PL spectrum at each spot
is very similar to the macroscopic PL spectrum measured by conventional optics. The
donor-acceptor pair luminescence process in nanocrystals is discuss@®04cAmerican Institute

of Physics. [DOI: 10.1063/1.1689738

Much interest has been focused on the fabrication angyere fabricated by ion implantation of Zn (1.0
optical properties of semiconductor nanocrystals doped with< 101" cm 2 at 420 ke\f, S" (1.0x 10 cm ? at 225
luminescence centers, such as transition-metal and rare-eagbv), Cu" (2.0x 10'° or 1.0x 10'® cm™? at 400 keV, and
ions? since it is reported that M doped ZnS nanocrystals Al * (2.0x 10" or 1.0x10 cm 2 at 170 keV into the
show high photoluminescen¢Bl) efficiency and a short PL - Al,O, substrate, and then the samples were annealed at
lifetime.2 The doped nanocrystals have usually been fabri1000°C for 60 min in a flowing 96% Af4% H, atmo-
cated by chemical synthesis methddsdowever, in the case sphere. Two samples with different impurity concentrations
of the doped nanocrystals fabricated by the chemical methibut equal doses of Cu and Al ionwere prepared: the low-
ods, it is suggested that doped ions are at the surface efoped sample (2010 cm™2) and the high-doped sample
nanocrystalé. The luminescence properties depend on thg1.0x 10 cm™2). X-ray diffraction examination indicated
surrounding chemical environmehtOn the other hand, it that the ZnS nanocrystals are prepared as a mixture of hex-
has been demonstrated that ion implantation is one of thagonal and cubic ZnS crystdls.
most versatile methods for the fabrication of compound The far-field macro-PL spectra were measured under a
semiconductor nanocrystals embedded in transpare®10 nm light excitation, using a cooled charge-coupled de-
matrices>® In particular, impurity-doped semiconductor vice (CCD) detector and a 32 cm monochromator. The spa-
nanocrystals can be simply fabricated by sequential ion imtially resolved PL spectra were measured by a SNOM system
plantation of the elements forming compound semiconduc(JASCO, NFS-33D For the SNOM-PL measurements, the
tors and impuritieg. sample was illuminated with 325 nm He—Cd laser light

In this work, we have fabricated ZnS nanocrystals dopedhrough an aperture of fiber probe with a pure-Stre. The
with Cu and Al (ZnS:Cu,Al nanocrystajsby ion implanta- PL signals from the sample were collected by the same ap-
tion followed by thermal annealing, and have studied theirerture(a so-called illumination and collection mgdend de-

PL properties. Spatially resolved PL spectra of individualtected by a cooled CCD detector through a 25 cm monochro-
ZnS:Cu,Al nanocrystals were measured by means of a scamator. The spectral sensitivity of the measuring system was
ning near-field optical microscopéSNOM). The donor- also calibrated using a tungsten standard lamp.
acceptorDA) pair luminescence related to Cu and Al impu- Figure 1 shows macro-PL, PL excitation, and absorption
rities is clearly observed in the nanocrystal samples. Thepectra of@) the low-doped andb) the high-doped samples
spectral shape of the SNOM PL is very similar to that of theat 14 K. In the low-doped sample, four peaks are clearly
far-field PL measured by conventional optics. The origin ofobserved in the absorption spectrum, and their peak energies
the broad PL spectrum of single ZnS:Cu,Al nanocrystals iire indicated by the arrows in Fig(a. It is found that the
discussed. energies of the four peaks almost coincide with the exciton

The c-axis oriented single crystalAl,O; was used as a energy(3.81 eV} in the cubic ZnS bulk crystal and the A, B,

host material. Cu- and Al-doped ZnS nanocrystal samplegnd C exciton energig8.88, 3.90, and 3.98 e\Vin the hex-
agonal ZnS bulk crystal, respectivélfhis result shows that
dAuthor to whom correspondence should be addressed; present addreég:e ZnS nanocryStal samplg IS a mIXtu.re C.'f CUbIC. and he_x-
Institute for Chemical Research, Kyoto University, Uji, Kyoto 611-0011, agonal ZnS crystals, and this observation is consistent with

Japan; electronic mail: kanemitu@scl.kyoto-u.ac.jp x-ray diffraction examinatiofi. The broad PL band is ob-
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FIG. 1. PL, PL excitation, and optical absorption spectra@fthe low-  temperature and at 20 K.
doped sample antb) the high-doped sample at 14 K.

- . . _integrated PL intensity of the high-doped sample at room
served around 2.40 eV, similar to the intense green lumine edr ! Sty '9 ped samp '

cence of ZnS:Cu,Al bulk crystal€: In undoped znS nano- %emperature. Several bright spots are observed on the sample

crystal samples, the broad green PL is not obserVedsurface and these correspond to the light-emitting ZnS:Cu,Al

Therefore, it is believed that the broad PL spectrum in Zn_nanocrystals. The spectra of SNOM PL at several bright

) ) . " . points are shown in Fig.(B). It is found that the peak energy
S'C.U’Al nanocrystals 's ascribed to the DA pai—Cu pain and spectral width of the SNOM PL at each position almost
luminescence in ZnS.

In the high-doped sample, the broad PL band is observegoincide. Furthermore, the observed SNOM-PL spectrum is

around 2.40 eV, as shown in Fig(bl. In the PL excitation very similar to the macro-PL one. These results are com-
and absorption,spectra the hump around 3.4 eV was 0B)_Ietely different from the PL properties of shallow impurities

served, in addition to the band-to-band transition of ZnS" CdS nanocrystals fabricated by ion implantatidin CdS

nanocrystals around 4 eV. A similar hump is observed in th(panocrystals, sharp PL Ilne_s are observed in th? SNOM-PL
PL excitation spectrum of ZnS:Cu,Al bulk crystals and this isSPECt'um, and the shallow impurity PL spectrum is very sen-
assigned to the transition of an electron from the Cu acceptortVe tTf monitored position under the same experimental
to the conduction bantt. The PL intensity of the high-doped ¢ondition-” The broad PL band in the macro-PL spectrum
sample[Fig. 1(b)] is much larger than that of the low-doped consists of 2n assembly of sharp PL lines of individual
sample[Fig. 1(a)]. The doped impurities control the optical nanocrystals® On the other hand, in ZnS:Cu,Al nanocrys-
absorption and luminescence properties of ZnS:Cu,Al nand@!S; the sharp PL lines cannot be observed in the SNOM-PL
crystals. The average size of ZnS nanocrystals in the highsPectrum and the PL spectrum of a single ZnS:Cu,Al nano-
doped sample is estimated to be 10 nm, from the blueshift ofryStal is very broad. Rather, the SNOM-PL spectrum is very
the peak energy of the PL excitation spectrum. similar to the macro-PL spectrum. In order to clarify the

Figure 2a) shows the spatial profiles of the spectrally Origin of the broad PL spectrum from single nanocrystals, we
have studied PL spectra as a function of the excitation laser

intensity and the measurement temperature.
(b) The inset of Fig. 3 shows the SNOM-PL spectra of the
high-doped ZnS:Cu,Al nanocrystal sample at room tempera-
ture and at 20 K. Even at 20 K, the observed spectrum was
the broad Gaussian shape. The spectral width of the
SNOM-PL band at room temperature is larger than that at 20
K. In addition, the spectral width of the macro-PL bajhall
width at half maximumis plotted as a function of the mea-
surement temperature in Fig. 3. The spectral width of the
green PL increases with an increase of temperature. Both
macro-PL and SNOM-PL are sensitive to the measurement
temperature. In addition, the spectral widths of the
SNOM-PL at room temperature and at 20 K are almost the
same as that of the macro-PL. These observations imply that
6 28  the macro-PL spectrum is mainly determined by the lumines-
cence processes in single nanocrystals, rather than the broad
FIG. 2. (Colo () Two-dimensional SNOM-PL image of the high-doped size distribution of the nanocrystals in the sample. Since the

sample at room temperatur@) SNOM-PL spectra at different bright spots level of the Cu acceptor is known to have a binding energy

and the macro-PL spectrum at room temperature. of about 1.20 eV the spectrum of a single DA pair lumi-
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and the donor Bohr radiuap; Pxexd—2R/ap]. In our
samples, the average diameter of the high-doped sample
(about 10 nmis larger than the extent of the wave function
of the electron trapped at donadiks.2 nm. When there exist
many Al and Cu impurities in a single nanocrystal, the PL
spectrum consists of an assembly of the PL bands due to the
recombination of various DA pairs. Then, the PL spectrum of
single nanocrystals is sensitive to the excitation intensity,
similar to the case of bulk ZnS:Cu,Al crystals. In our sample,
the macro-PL spectrum is mainly determined by the spectral
broadening mechanism in a single nanocrystaé strong
electron-phonon interaction and the distribution of the DA

pair distance in a single nanocrystaiather than the broad
size distribution of the nanocrystals in the sample.

In conclusion, we have studied the optical properties of
FIG. 4. Excitation intensity dependence of the peak energy in the SNOM-PICy- and Al-doped ZnS nanocrystals formed by sequential

(closed circles and the macro-PL spectr@open circley of ZnS:Cu,Al Zn*t S cu’. and Al" ion implantation into AJO5; matri-
nanocrystals at 20 K. Similar excitation intensity dependence is observed in__’ ’ ’ 3

the SNOM-PL and the macro-PL spectra. The inset shows the SNOM-PIQeS'_The DA pair Iumlne_scence related to Cu and Al impuri-
ties is clearly observed in Cu- and Al-doped ZnS nanocrys-
tals. The PL spectrum in a single ZnS:Cu,Al nanocrystal is

oadened by the strong electron-phonon coupling and the

nescence is broadened by the strong interaction betweéé{? distribution b q d
phonons and the electrons trapped at the deep Cu accepto tance distribution between donors and acceptors. Our

The inset of Fig. 4 shows the SNOM-PL spectra ur]delsp'ectroscopic data show that sequential ion implantation is a
different laser intensity excitation at 20 K. The peak energy-Nidue method for synthesizing nanoparticles doped with op-

of the SNOM-PL spectrum shifts to higher energy with antICaIIy active impurities.
increase of.the excitation laser intensity. In Fig. 4, the PL  pat of this work at Nara was supported by a Grant-in-
peak energies of the SNOM-PL and macro-PL spectra argiq for Scientific ResearctKAKENHI, 14340093 from the
plotted as a function of the excitation intensity at 20 K. Simi- 3apan Society for the Promotion of Science. Oak Ridge Na-
lar eXC|tat|_on intensity dependence of the PL peak energy i§gnal Laboratory is managed by UT-Battelle, LLC for the
observed in the SNOM-PL and macro-PL spectra. These ok 5. pepartment of Energy under Contract No. DE-ACO5-
servations in Figs. 3 and 4 show that the broad PL is due tgooRr22725.
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spectra at different excitation intensities.



