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We have fabricated Mn-doped CdS (CdS:Mn) nanocrystals embedded in Al,O; matrices by
sequential ion implantation and studied their photoluminescence (PL) properties by a scanning
near-field optical microscope (SNOM). In the PL spectra of CdS:Mn nanocrystals measured by the
SNOM, several sharp PL lines and a broad PL band were observed. The sharp PL lines are related
to bound excitons at shallow impurities in CdS nanocrystals. The Mn-related PL spectrum is very
broad even in single nanocrystals at low temperatures, and both the peak energy and the spectral
width of the PL band depend on the excitation laser intensity. The PL properties of single CdS:Mn
nanocrystals are discussed. © 2005 American Institute of Physics. [DOIL: 10.1063/1.2058228]

In the past decade, there have been many studies of the
fabrication and optical properties of semiconductor nano-
crystals doped with luminescence centers, because they ex-
hibit efficient luminescence even at room temperature.1
Chemical synthesis methods are usually used for the fabrica-
tion of nanocrystals doped with luminescence centers.”™
However, it is pointed out that almost doped ions are located
near the nanocrystal surface,”® and the luminescence proper-
ties of impurity-doped nanocrystals depend on the surface
structure and the surrounding chemical environment.” The
development of new routes of the fabrication of impurity-
doped semiconductor nanocrystals is important and needed
in the research field of semiconductor nanocrystals.

Very recently, it has been demonstrated that ion implan-
tation is one of the most versatile methods for the fabrication
of compound semiconductor nanocrystals embedded in
transparent matrices.”” In this method, impurity-doped semi-
conductor nanocrystals can be simply fabricated by sequen-
tial ion implantation of the elements forming compound
semiconductors and impurities. For example, Mn-doped CdS
(Ref. 10) and Cu- and Al-codoped ZnS nanocrystals'' have
been fabricated by sequential ion implantation followed by
thermal annealing. Efficient photoluminescence (PL) is ob-
served in these impurity-doped nanocrystal samples. The de-
tailed studies of the impurity-related PL are important for the
understanding of the nature of impurity states in nanocrystals
and new functionalities of impurity-doped nanocrystals.
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In this work, we have studied impurity-related PL prop-
erties of Mn-doped CdS (CdS:Mn) nanocrystals at low tem-
peratures by means of a scanning near-field optical micro-
scope (SNOM). In the spatially resolved PL spectra of
CdS:Mn nanocrystals, both sharp PL lines and a broad PL
band were observed. The sharp PL lines are assigned to
bound excitons at shallow impurities. The broad PL band is
caused by the intra-3d transition of Mn?* ions in single CdS
nanocrystals. The PL properties of single CdS:Mn nanocrys-
tals are discussed.

CdS:Mn nanocrystals were fabricated by ion implanta-
tion of Cd* (4.5X 10'® cm™ at 430 keV), S* (4.5 X 10'® cm™
at 157 keV), and Mn* (2.0 X 10'* cm™ at 250 keV) into the
c-axis-oriented single crystal a-Al,O5 substrate, and then the
samples were annealed at 1000 °C for 60 min in flowing
96% Ar+4% H, atmosphere. The average size of hexagonal
CdS:Mn nanocrystals is evaluated to be ~17 nm."’

The spatially resolved PL spectra were measured by
means of a SNOM operated at low temperatures. For the
measurements of the near-field PL, the sample was illumi-
nated with 405 nm light (laser diode) through an aperture of
a fiber probe. The PL signals from the sample were collected
by the same aperture (a so-called illumination and collection
mode).'” The diameter of the fiber aperture was about
200 nm. The spectra of the near-field PL were measured by a
cooled charge-coupled device detector through a 32 cm
monochromator. In addition, the conventional far-field PL
spectra were measured under 325 nm He—Cd laser light ex-
citation, and were detected by a photomultiplier tube through
a 25 cm monochromator. A gated photon counting method
(chopping frequency: 330 Hz, gate width: 1.4 ms) was used
for the measurement of the Mn-related PL with a long life-
time and the elimination of the surface-defect PL of CdS
nanocrystals. We measured the far-field PL spectra at 405
and 325 nm excitation wavelengths. There is no significant
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(a) 2.52 eV

(b) 2.50 eV

FIG. 1. (Color online) Spatial PL images at the energies of (a) 2.52, (b)
2.50, (c) 2.44, and (d) 2.30 eV at 10 K.

difference in the PL spectra at these excitation wavelengths.
The spectral sensitivity of the measuring system was cali-
brated using a tungsten standard lamp.

Figure 1 shows near-field images monitored at different
PL energies at 10 K: (a) 2.52 (b) 2.50, (c) 2.44, and (d)
2.30eV. The 1 um X1 wm images of Fig. 1 consist of 30
X 30 points with ~33 nm separations between the points due
to the scanning steps. The PL spectra were measured at all
the points. The bright spots in the images correspond to the
PL signals of single CdS:Mn nanocrystals. The diameter of
the bright spots is estimated to be about 200 nm from the full
width at half-maximum (FWHM) of the cross sectional in-
tensity profile of the PL signal. The luminescent spot size is
determined mainly by the aperture size of the fiber probe
used in this work.

Figure 2 shows near-field PL spectra at the bright spots.
The near-field PL spectra of Figs. 2(a)-2(d) were measured
at the luminescent positions in Figs. 1(a)-1(d), respectively.
In Figs. 2(a)-2(c), sharp PL lines are observed at 2.52, 2.50,
and 2.44 eV, respectively. From the images, we can see that
the peak energy of the sharp PL line is very sensitive to the
monitored position. The sharp PL lines were also observed in
the near-field PL spectra of nondoped CdS nanocrystals em-
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FIG. 2. (a)—(d) Near-field PL spectra at bright spots shown in Figs.
1(a)-1(d), respectively, under 405 nm excitation at 10 K.
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FIG. 3. (Color online) (a) Near-field PL spectra at different excitation in-
tensities under 405 nm excitation at 10 K. (b) Excitation intensity depen-
dence of the peak energy and the spectral width of the Mn-related PL band
in single CdS:Mn nanocrystals.

bedded in Al,O; matrices. It is concluded that these PL lines
are related to shallow impurities of CdS nanocrystals.13

In Fig. 2(d), a broad PL band is also observed around
2.30 eV, in addition to the sharp PL lines. This broad PL
band was not observed in the near-field PL spectra of non-
doped CdS nanocrystals in this energy range. Therefore, we
can assign that the broad band does not come from an as-
sembly of sharp PL lines due to shallow impurities, but from
Mn?*-related PL band of individual nanocrystals. The valid-
ity of this assignment is also supported from the longer de-
cay time of millisecond order of the broad PL band, as will
be described later. In the PL spectra of Figs. 2(a)-2(c), we
cannot observe the Mn-related broad PL band. It is con-
cluded that there exist nondoped and Mn-doped CdS nano-
crystals in our samples.

At the luminescent position in Fig. 1(d), the excitation
intensity dependence of the near-field P was measured at
10 K. Figure 3(a) shows near-field PL spectra as a function
of the excitation laser intensity. Here, the excitation intensity
I, is estimated to be ~1 W/cm? from the laser intensity
coupled to the fiber probe and the size of the aperture. The
peak energy and the linewidth of the sharp PL lines do not
change. This implies that the laser-induced thermal effects
(teml?erature rise) and many-particle effects of electron-hole
pairs 4 can be negligible under our experimental condition.
On the other hand, the peak energy and spectral width of the
broad Mn-related PL band depend strongly on the excitation
laser intensity. The peak energy and spectral width of the
broad PL band are plotted as a function of the excitation
intensity in Fig. 3(b). With a decrease of the excitation in-
tensity, the PL peak energy shifts to the lower energy and the
PL spectral width (FWHM) decreases. In the near-field PL
spectrum shown in Fig. 2(d), the Mn-related PL spectrum
appears around 2.30 eV, because the near-field images and
spectra in Figs. 1 and 2 were measured under ~30/, excita-
tion intensity. These intensity dependences were not clearly
observed in the far-field PL spectra. The near-field PL mea-
surements are useful for the study of the broad impurity PL.

Figure 4(a) shows a near-field PL spectrum under the
lowest excitation intensity (/) in this experiment. In addi-
tion, Figs. 4(b) and 4(c) show time-integrated far-field PL
and time-gated far-field PL (chopping frequency: 330 Hz,
gate width: 1.4 ms) spectra, respectively. The time-gated far-
field PL shows that the lifetime of the Mn?*-related PL band
is on the order of ms. In Fig. 4(b), the broad PL band around
2.45 eV is related to bound excitons at shallow impurities in
CdS nanocrystals; this consists of assembly of sharp PL lines
of individual CdS:Mn nanocrystals. Under the weak excita-
tion, the peak energy of the Mn-related PL in the near-field
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FIG. 4. (a) The near-field PL spectrum under weak 405 nm excitation at
10 K. (b) The spectrum of the far-field PL under 325 nm excitation at 14 K.
(c) The spectrum of the delay component of the far-field PL measured by a
gated photon counting method (chopping frequency: 330 Hz, gate width:
1.4 ms) under 325 nm excitation at 14 K.

PL spectrum almost coincides with that in the far-field PL
spectrum. However, the spectral width (FWHM) of the near-
field PL spectrum (about 80 meV) is much narrower than
that of the far-field PL spectrum (about 160 meV). The
Mn?*-related PL spectrum in our samples is broadened by
the inhomogeneous distribution of the transition energy of
Mn?* ions, in addition to the homogeneous broadening by
the strong electron-phonon coupling (a phonon side band of
the *T,-°A, transition of Mn?* ions)."

Here, we discuss the intensity dependence of the Mn-
related PL spectrum in single CdS nanocrystals. The
intensity-dependent PL spectrum suggests that a single
CdS:Mn nanocrystal contains many Mn?* ions in our sample
and there is an inhomogeneous distribution of the Mn?* tran-
sition energy in single nanocrystals. It is well known that the
energy of intra-3d transition of Mn?* ions depends strongly
on the crystal field around the Mn?* ions.'® The surrounding-
environment-sensitive *7'-°A, transition energy in Mn* ions
causes the broad and intensity-dependent PL spectrum. Un-
der high intensity excitation, many Mn?* ions are excited in
single nanocrystals and the broadening of the spectral width
occurs. Under weak laser excitation, the Mn%* ions with the
lower transition energy mainly contribute to the PL pro-
cesses, because of energy transfer between Mn>* ions."” The
excitation intensity dependence of the Mn-related PL band
can be first observed by using a SNOM technique, because
the spectral widths of the Mn?*-related and shallow-impurity

Appl. Phys. Lett. 87, 133104 (2005)

PL bands in the near-field PL are much narrower than those
in the far-field PL. The spatially resolved PL. measurements
are useful for the understanding of the impurity states in
semiconductor nanocrystals.

In conclusion, we have studied the PL properties of
single CdS:Mn nanocrystals fabricated by sequential ion im-
plantation using a SNOM technique. The spatially resolved
PL spectra show that there exist Mn-doped and undoped CdS
nanocrystals in the samples. The blueshift of the PL peak and
the spectral broadening of the PL band occur with an in-
crease of the excitation laser intensity. It is pointed out that
the intensity dependence of the PL spectrum is caused by
energy transfer between Mn?* ions within individual nano-
crystals. The spatially resolved PL spectroscopy is one of the
most useful methods for characterization of impurity-doped
nanocrystals embedded in transparent matrices.
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