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Abstract

We have studied the direct synthesis of nanoparticles formed by dual implantation of large and equal doses of
Cd+S, Zn+Te, Cd+Te or Pb+ Te ions into SiO, substrate. Grazing incidence small angle X-ray scattering (GI-
SAXS), transmittance measurements and Raman spectroscopy were used to investigate implanted composites. The 2D
GISAXS patterns suggest the synthesis of nanoparticles already during ion implantation, performed either at 300 or at
77 K, while annealing at higher T causes an increase of the fraction and the average size of synthesized nanoparticles.
After high-T annealing both optical methods detected nanocrystals of compound semiconductors CdS, ZnTe or CdTe
through the appearance of the respective first optical gaps, E,, in transmittance measurements and characteristic LO
peaks in Raman spectra. It is proposed that at high ion doses a fraction of implanted atoms synthesize already during
implantation into amorphous aggregates of compound semiconductor, which transform into crystalline nanoparticles
after annealing.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

There is an intense interest and strong re-
search activity going on to develop technology
for the efficient and well reproducible synthesis of
nanoparticles (NPs) [1-4]. Control over the par-
ticle size enables strong modifications of elec-
tronic, optical and other properties of NPs,
offering a number of potential applications in
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semiconductor and other industries [1]. The main
interest in wide band-gap semiconductors NPs
comes out from the pronounced effects of quan-
tum confinement — strongly dependent on the
particle size — which make possible the tunability
of the band-gap and of the powerful visible
photoluminescence. Sequential implantation of
equal doses of constituent atoms offers a unique
way to produce compound-semiconductor NPs
[1,3-6]. In this paper the synthesis of NPs of a
number of binary semiconductors by high dose
ion implantation was investigated by means of
grazing incidence small angle X-ray scattering
(GISAXS), transmittance measurements and
Raman spectroscopy.
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2. Experimental details

Samples were produced by implanting equal
doses of metal ions (Cd, Zn or Pb) and chalcogen
ions (S or Te) into amorphous SiO, (fused silica,
Corning 7940). All ions were singly charged and
ion rates were close to 25 pA/cm?. Ion doses were
4x 10" ¢cm~2 of each type of ions in all samples,
except for CdS samples, where doses were 10"
cm~? (Table 1). Samples nos. 1-4 were implanted
at room temperature (RT) and samples (5-10) at
liquid nitrogen temperature (LN2). Half of the
samples (even numbers in Table 1) were subse-
quently annealed at high annealing temperature
(T, = 1073 or 1273 K) in the flow of Ar +4%H, for
1 h (except sample no. 4, which underwent rapid
thermal annealing for 16 min. Ion energies were
selected using SRIM calculations to create similar,

overlapping concentration profiles of metal and
chalcogen ions. Doses, ion energies, temperatures
of implantation, 7;, and temperatures of annealing,
T,, are given in Table 1 for all samples. SRIM-
calculated peak-volume concentrations of each of
implanted atoms were in range 6-8 x 10?! cm™3 at
depth of 60-70 nm (exemptions were samples 1
and 2, for which both implant doses and maxi-
mum-depth positions were approximately twice as
large). For sample #1 the overlapping of depth
profiles of Cd and S atoms was experimentally
confirmed using Rutherford back scattering, with
concentration’s maxima being around 6.3x 10!
cm™, at depth of 130 nm.

GISAXS experiments were carried out with the
X-ray wavelength, 1 = 0.154 nm, at the Austrian
SAXS beamline at Elettra, Sincrotrone Trieste,
Italy [7]. The GISAXS patterns were recorded with

Table 1

List of all samples, including their number, name, ion doses and energies for each ion, implantation temperatures, 7;, and annealing
temperatures, 7,, if any, as well as calculated values of the average diameter, R, and the interparticle distance, L, of nanocrystals, as

obtained from the LMA analysis

Sample no.  Sample name Doses (ions cm™2) Implantation T, K! R (nm) L (nm)
energy (keV) T, K! +AR (nm) +AL (nm)
1 CdSl1 Cd(1E17) Cd(320) RT 1.85 7.95
S(1E17) S(115) - 0.03 0.1
2 CdS2 Cd(1E17) Cd(320) RT 2.07 7.2
S(1E17) S(115) 1073 0.03 0.09
3 ZnTe3 Zn(4E16) Zn(115) RT 241 8.8
Te(4E16) Te(190) - 0.01 0.03
4 ZnTe4 Zn(4E16) Zn(115) RT 2.55 9.12
Te(4E16) Te(190) 1073 0.03 0.05
5 ZnTe5 Zn(4E16) Zn(110) LN2 2.49 9.33
Te(4E16) Te(160) - 0.02 0.05
6 ZnTe6 Zn(4E16) Zn(110) LN2 3.03 13.2
Te(4E16) Te(160) 1273 0.02 0.06
7 CdTe7 Cd(4E16) Cd(155) LN2 22 8.57
Te(4E16) Te(160) - 0.02 0.05
8 CdTe8 Cd(4E16) Cd(155) LN2 3.42 11.3
Te(4E16) Te(160) 1273 0.02 0.06
9 PbTe9 Pb(4E16) Pb(210) LN2 2.05 7.5
Te(4E16) Te(160) - 0.011 0.02
10 PbTel0 Pb(4E16) Pb(210) LN2 3.54 13.2
Te(4E16) Te(160) 1273 - -

AR and AL denote estimated errors in R and L, respectively. RT denotes room temperature and LN2 the temperature of liquid nitrogen

(77 K).
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1024 x 1024 pixels 2D CCD-detector, placed in the
plane perpendicular to the specular plane, at the
distance of 200 cm from the sample. Spectra where
first corrected for background intensity and
detector response, and then for refraction and
absorption effects [8]. Transmittance measure-
ments were done using the Perkin Elmer UV/VIS
spectrometer lambda 25, while Raman spectra
were taken using the triple spectrometer (DILOR
Z-24), excitation line of 2.57 eV from an Ar-ion
laser.

3. Results
3.1. GISAXS results

Fig. 1 shows 2D GISAXS patterns for investi-
gated samples. Left panes of Fig. 1 (odd numbers)
represent patterns from as-implanted samples,
while spectra presented on the right side refer to
samples annealed at high temperatures (even
numbers). The 2D patterns represent maps of the
scattering intensities in reciprocal space, g (wave

q, (nm™)

T
08 04 00 04

Qy (nm_l)

Fig. 1. Two-dimensional GISAXS patterns of double-species ion implanted SiO,. Numbers 1,2, ..., 10 refer to samples from Table 1.
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vector ¢ = (4n/2)sinff, 2 being the scattering
angle). An inserted beam stopper blocks strong
surface signals in/close to the specular plane (re-
flected beam, Yoneda, etc.), permitting better sen-
sitivity for the weak diffuse scattering at larger q.
The incidence angle of the X-ray beam, «;, used
during measurements presented in Fig. 1 was
o; = o + 0.05°, where o, denotes the critical angle
for total external reflection. For this angle of inci-
dence the penetration depth corresponds roughly
to, or close to the maximal volume density of the
implanted atoms. All GISAXS patterns in Fig. 1
comprise a highly intense region close to the center
(remaining part of surface contributions, which are
not relevant for further discussion) and pro-
nounced half rings. GISAXS patterns of non-im-
planted SiO, (not shown) is substantially different,
comprising only the reflected signal in the specular
plain. The presented rings are circular and gener-
ally similar in shape in all directions. In all an-
nealed samples (right) rings were of relatively
stronger intensity and of smaller radius than in
respective non-annealed samples.

Comparative 1D scattering intensity profiles,
I(q), taken along the polar angle =70° from some
of the 2D spectra in Fig. 1, are shown in Fig. 2.
The annealing at high temperature causes a shift of
the intensity maximum toward lower ¢ as well as
somewhat steeper decrease of (g) on the right side
of the peak maximum.

Spectra were analyzed using either simple par-
ticle scattering model (Guinier approximation) or
local mono-disperse approximation (LMA) [9].
Numerical results obtained from LMA for the
average aggregate radius, R, and for the average
distance among NPs, L, are shown in Table 1.
Values achieved from Guinier approximation were
quite similar. GISAXS results suggest that a con-
siderable fraction of NPs has been synthesized al-
ready during implantation.

3.2. Optical characterization

Results of transmittance (TR) measurements on
samples from Fig. 2 are shown in Fig. 3. In all
annealed samples there is a distinct ‘kink’ in the
TR curves at energies corresponding to the first
energy gap, E,, of the respective semiconductor.

Cd+S ions
implanted

Zn+Te ions
implanted

Fig. 2. 1D intensity profiles from the 2D spectra shown in Fig.
1, taken along the detector polar angle ¢ = 70°. Numbers
1,2,...,8 refer to samples from Table 1.

Result suggests that in all three annealed samples
(CdS2, ZnTe6 and CdTe8), some of the implan-
ted ions synthesized into compound semiconduc-
tors. Changes in the TR are better perceived in
the first derivative of TR (Fig. 3(b)). The maxi-
mum of the peak position corresponds to the E, of
the respective semiconductor nanocrystals [10,11].
There is a shift of the peak maxima towards hig-
her energies (‘blue shift’) in comparison to bulk
values for respective E,, reflecting quantum con-
finement of isolated semiconductor nanocrys-
tals formed in an insulating, amorphous matrix.
However, for non-annealed samples, analogous
changes in TR (and its first derivative) are com-
pletely absent.

Examples of Raman data are shown in Fig. 4
for the same set of samples. Presented Raman
spectra are obtained after the subtraction of the
wide background signal originating from the
amorphous SiO,. Distinct lines around 170 cm™!
for sample CdTe8, close to 205 cm~! for ZnTe6
and around 295 cm~! for CdS2 were found,
respectively. These signals can be confidently
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Fig. 3. Optical transmission spectra (a), and their first deriva-
tive (b), of three types of as-implanted samples (dashed lines)
and implanted + annealed samples (full lines): 1=CdSl,
2=CdS2, 5=ZnTe5, 6=7ZnTe6, 7=CdTe7, 8 =CdTe8. Ion
doses and energies are given in Table 1. The transmittance of
Si0; is also shown (dotted line in (a)). The bulk values of gap
energy E, for CdS, CdTe and ZnTe are indicated in (b).
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Fig. 4. Raman spectra of samples 1=CdS1, 2=CdS2,
5=ZnTeS, 6 =ZnTe6, 7=CdTe7, 8§ = CdTe8, using the 2.41 eV
excitation line.

assigned to longitudinal optical (LO) peaks, ex-
pected for crystalline CdTe, ZnTe and CdS semi-

conductors, respectively. Hence, Raman results
confirm the synthesis of implanted constituent ions
into semiconductors after high-temperature
annealing. Again, like with the (non)appearance of
characteristic E, in transmittance results, there is
no positive sign of well-defined inter-atomic
bonds, characteristic for respective crystalline
semiconductors (no LO peaks) in spectra of as-
implanted samples CdS1, ZnTe5 and CdTe7.

4. Discussion

GISAXS has been recently successfully applied
to study nanoparticles embedded in matrices with
low electron density, including NPs obtained by
ion implantation [6,12]. Studied NPs consisted of
either single metal atoms, (Au, Ag, Fe, Pt, Co,...)
[9,13,14] or metal alloy (Cu—Ni) NPs [12] or binary
semiconductors (CdS, ZnTe, ZnS) [4-6,15,16]. In
implanted samples, in principle, nanoparticles can
be observed by GISAXS when atoms, implanted
uniformly into the substrate, become de-mixed and
aggregated into nanoparticles. Spontancous clus-
tering is usually induced and controlled by thermal
treatment. If nanoparticles are spatially correlated,
a characteristic ‘halo’ (ring-like shape) is observed
in 2D GISAXS pattern [9,13-16], which is circular
if NPs are distributed isotropically. Generally, the
appearance of a ‘ring’ in GISAXS pattern is con-
sidered as a sure sign of successful synthesis of
nanoparticles in the nm size-range [13-17]. The
size¢ of NPs, as well as their shape, were in
numerous cases compared with sizes/shape deter-
mined from the cross-sectional TEM analysis, and
satisfactory agreements between the two methods
were, generally, observed [9,13-17], confirming
that the GISAXS signal indeed corresponds to
synthesized nanoparticles and reflects their prop-
erties.

Hence, the presented GISAXS results (Figs. 1
and 2) reveal that some NPs are synthesized in all
studied samples: not only in annealed ones but
also in as-implanted samples, even when the
implantation was done at LN2 temperature
(samples 5-10).

Annealed samples: Both optical methods con-
firmed that after high-7" annealing (at least part) of
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the implanted Cd+S, Zn+Te or Cd+ Te ions
synthesize into nanocrystals of the respective bin-
ary semiconductor — CdS, ZnTe or CdTe. This
finding agrees well with a recent study of Cd+S
implanted samples, in which, after annealing at
1273 K, for a range of ion doses CdS nanocrystals
were detected by several methods [3]. For these
CdS NPs the GISAXS-determined size and size
distribution of NPs [16] agreed very well with sizes/
size distribution determined from TEM [3] as well
as with sizes determined from the blue shift of E,
in TR [3].

As-implanted samples: The intensity of the NPs-
related GISAXS signals, at least for samples im-
planted with Cd +S or Zn + Te (Fig. 2), is similar
for as-implanted and annealed ones. Conse-
quently, the quantity of clustered material should
be comparable in both cases. For these same
samples the LMA analysis gave the percentages of
synthesized implanted ions of about 40% and 60%
before and after annealing, respectively. Complete
lack of characteristic signal in TR (particularly in
its first derivative, Fig. 3(b)), and particularly
complete lack of the LO peak in Raman signals
(Fig. 4), clearly show that nanoclusters in as-im-
planted samples do not consist of crystalline
semiconductor phase. A question arises what is the
chemical nature of NPs observed by GISAXS in
as-implanted samples. One possibility is that GI-
SAXS-observed NPs are single-species, metal
clusters. This hypothesis implies that at some T,
these metal NPs would dissolve while the other
kind of nanoparticles (compound semiconductor
CdS, ZnTe, CdTe) would form. However, in a
recent detailed comparative studies of a series of
samples implanted with the same high dose of Cd
and S ions (10'7 cm~? each), but annealed at dif-
ferent temperatures in the 7, =RT to =1173 K
range, a set of very smoothly changing GISAXS
spectra was obtained [6]. Only small, gradual in-
crease of average particle size was observed with
each T, step. There was not any discontinuity or
other change that would suggest that one sort of
nanoparticles (i.e. Cd clusters) is transforming into
another (CdS NPs). The other possibility is that
the high-dose implantation, at RT or lower tem-
peratures, creates small-size clusters of compound
semiconductor material but in the amorphous

phase. Such amorphous aggregates would be
equally well observable by GISAXS but features
characteristic for the crystalline phase of semi-
conductor would be absent in TR and Raman
spectra. Obtaining amorphous aggregates with
high-dose, low-T implantation would be consistent
with the findings of some other methods of NPs
synthesis, where small amorphous aggregates were
obtained in low-7 non-equilibrium deposition
processes, and the crystallization into NPs was
achieved only after subsequent thermal processing
[18,19]. Very little is known about NPs directly
produced by implantation, since practically all
published data refer to NPs obtained only after
high-7 annealing. Hence, further characterization
of directly synthesized NPs in as-implanted sam-
ples is needed.

5. Conclusions

Direct synthesis of nanoparticles formed by
dual implantation of large and equal doses of
Cd+S, Zn+Te, Cd+Te or Pb+Te ions into
SiO, substrate was studied. Grazing incidence
small angle X-ray scattering (GISAXS), Trans-
mittance measurements and Raman spectroscopy
were used to investigate implanted composites.
The 2D GISAXS patterns suggest the synthesis of
nanoparticles already during ion implantation
either at RT or at LN2 temperature, while
annealing at higher 7, caused an increase of the
fraction and the average size of synthesized
nanoparticles. In all cases an isotropically dis-
tributed 3D ensemble of these nanoparticles in
the amorphous SiO, was established. After high-
T annealing both optical methods detected
nanocrystals of compound semiconductors CdS,
ZnTe, or CdTe through the appearance of the
respective first optical gaps, E,, in transmittance
measurements and characteristic LO peaks in
Raman spectra. The chemical nature of nano-
particles observed by GISAXS in as-implanted
samples remains to be determined. A hypothesis
is put forward that at high ion doses a fraction of
implanted atoms synthesize already during
implantation into amorphous aggregates of
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compound semiconductor, which transform into
crystalline nanoparticles after annealing.
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