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Abstract

Ion implantation is a versatile tool for the formation of compound semiconductor nanocrystal precipitates in a host

medium with the ultimate goal of producing a uniform size distribution of quantum dots for use in optical devices. Ion

implantation was used to form ZnS, CdS, and PbS nanocrystals in both glass and crystalline hosts, and the precipitate

microstructures and size distributions were investigated by TEM techniques. The size distributions were found to be

signi®cantly di�erent for the three compounds, and several unusual microstructures were observed. Ó 1999 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Interest in the properties of sul®de nanocrystals
stems from their potential use in non-linear optical
devices. The opto-electronic properties of nano-
crystalline semiconductor materials are signi®-
cantly di�erent as compared to their bulk
analogues. Thus far, the potential device applica-
tions of these materials have been limited by the
inability to create a large volume-®lling fraction of
nanocrystals in an appropriate optical host. In
addition, a narrow particle size distribution is of-

ten desirable for non-linear device applications.
Ion implantation is currently being investigated as
a means of synthesizing embedded single-element
and compound nanocrystals, and the use of this
technique to form nanocrystals of CdS, ZnS, and
PbS in both amorphous and crystalline hosts has
been previously reported [1±3]. The size distribu-
tions of nanocrystals formed by this approach,
however, are such that no ®ne structure originat-
ing from quantized transitions has been observed
in the optical absorption or photoluminescence
spectra. The goal of the present study is to use
TEM techniques to systematically investigate the
main factors a�ecting the size distribution and
microstructures of sul®de nanocrystal precipitates
produced by ion-implantation-synthesis techniques
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and to ®nd avenues by which narrow precipitate
size distributions and simple microstructures may
be realized.

2. Experimental

Ion implantation of the component elements
followed by thermal annealing was used to form
ZnS, CdS, and PbS nanocrystal precipitates in
high-purity fused silica and (001)-oriented a-
Al2O3 hosts. Ion energies were selected using the
TRIM-96 code so as to give overlapping concen-
tration pro®les, and equal doses were used to give
the proper stoichiometry. In some cases, multi-
energy implants were carried out in order to obtain
a spatially uniform concentration pro®le of each
constituent. A reference list of the implant and
annealing conditions used for the specimens in-
vestigated here is given in Table 1. Rutherford
Backscattering Spectrometry (RBS) using 2.3 MeV
He� ions and a detector angle of 160° was used to
measure the concentration pro®les of the as-im-
planted and annealed samples.

Cross-sectional specimens were prepared for
TEM analysis by gluing the implanted face to a Si
wafer and hand-polishing to a thickness of �1 lm,
as estimated by the color of the Si in transmitted
light [4]. The specimens were then attached to a
copper grid and ion milled for 15±45 min at liquid
nitrogen temperature using 4 keV Ar� ions and a
beam current of 1 mA. This technique generally
provides large thin areas containing the implanted

Fig. 1. Sul®de nanocrystals in a-Al2O3. The arrows point to the sample surface.

Fig. 2. Representative cation depth-concentration pro®les after

annealing, as obtained by RBS. Sample descriptions are given

in Table 1.
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nanocrystals. Standard TEM analysis was per-
formed using a Philips EM400 electron microscope
operated at 100 keV, and high-resolution images
and Energy Dispersive X-ray Spectrometry (EDS)
spectra were obtained using a Philips CM200 FEG
STEM.

3. Results and discussion

In a-Al2O3, the sul®de nanocrystals exhibit
strong faceting and tend to be elongated parallel to

the surface (Fig. 1). Electron- and X-ray di�rac-
tion techniques were used to determine the crystal
structure and orientation of the sul®de precipi-
tates. When formed in alumina, the ZnS and CdS
precipitates have the wurtzite structure with the
major axes aligned �0 0 1�Al2O3

|| �0 0 1�Zns. The PbS
precipitates have the cubic rocksalt structure (e.g.,
as galena) and are aligned with two principle ori-
entations: �0 0 1�Al2O3

|| �0 0 1�PbS and �0 0 1�Al2O3
||

�1 1 1�PbS. In the case of the ZnS and PbS precipi-
tates, individual nanocrystals appear to have co-
alesced into a single layer continuous for several

Fig. 3. Cross-sectional TEM images of ZnS nanoparticles in fused silica. The depth scale is in nanometers. Sample numbers are given

in the lower left corner of each image, and the implant dose (or concentration in the case of the multi-energy implants) and annealing

conditions (temperature/time/atmosphere) are given at the top.
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hundred nanometers (Fig. 1). This layer is
``kinked'' in those locations where some of the
large nanocrystals that joined the layer were lo-
cated at di�erent depths. These results suggest that
a single 2-dimensionally continuous sul®de layer
could, in principle, be formed in alumina by im-
planting a higher ion dose.

The depth±concentration pro®les for implanted
Zn, Cd, or Pb obtained by RBS (Fig. 2), agree well
with the observed depth-dependent distribution of
precipitates (Fig. 1). The concentration pro®les in
Fig. 2 are ``sharper'' than those obtained prior to
annealing, but the amount of implanted material
(given by the area under the curves) remained
nearly constant. The RBS pro®les obtained for
sulfur were similar to those in Fig. 2, but the
scatter in the data was considerably larger due to
its low atomic mass.

All three sul®des were also formed after im-
plantation and annealing of a fused silica host, as
determined by X-ray and electron di�raction. The
ZnS and CdS precipitates formed in fused silica
are randomly oriented and have the wurtzite

structure, although in the case of ZnS, a minor
zincblende component was also detected. The PbS
nanocrystals have the cubic rocksalt structure. No
additional phases were detected by X-ray di�rac-
tion. Concentration pro®les for Pb, Cd, and Zn in
SiO2 after annealing were obtained from the RBS
spectra (Fig. 2). Implanted Pb and Cd remain in
the near-surface region, similar to the case for all
three elements in a-Al2O3. The Zn pro®les were
unusual, however, in that the zinc concentration
appeared to increase near the calculated end-of-
range of the implanted ions, and a small amount of
zinc appears to have di�used deeper into the
specimen (Fig. 2).

The ZnS precipitates formed in fused silica have
a strongly bimodal size distribution (Fig. 3). A
band of large precipitates is located near the cal-
culated end-of-range of the implanted ions. These
large nanocrystals were observed in both the
multi-energy and single-energy implants and oc-
curred even in samples annealed for only 6 min
(Fig. 3). This band of large precipitates was not
present, however, prior to annealing the specimen.

Fig. 4. Cross-sectional micrographs (top) and corresponding high-resolution TEM micrographs (bottom) for the three SiO2±CdS

multi-energy specimens. The surface is marked by the dotted line.
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In addition to the ZnS nanocrystals, precipi-
tates with a spherulitic ``snow¯ake'' shape were
observed to extend from the end-of-range into the
deeper parts of the fused silica host except at the
lowest ion doses (Fig. 3). Selected-area and con-
vergent-beam electron di�raction and high-reso-
lution imaging indicated that these structures are
actually polycrystalline aggregates of c-Zn2SiO4, a
rarely reported phase known to occur upon the
devitri®cation of SiO2:ZnO glass compositions [5].
The formation of these various microstructural
features was not noticeably a�ected when annealed
in a neutral (Ar only) as compared to a reducing
(Ar+4% H2) environment.

The microstructure and size distributions in the
case of the CdS nanocrystals produced in fused
silica (Fig. 4) were di�erent than for the case of
ZnS. The size distribution was monomodal and
the spread of precipitate sizes, as measured by the
standard deviation, was lower (Table 1). Optical
absorption spectra for these specimens are given in
Ref. [6]. The results in Table 1 show that the mean
size can be changed from �9 to �5 nm by reducing
the concentration of implanted ions from 5 ´1021

to 8´1020 ions/cm3. An interesting feature of the
largest CdS precipitates is the presence of a central
light-contrast structure. The contrast in the central
area could not be reversed by tilting the specimen
(i.e., it was always light). These initial observations
suggest that this internal feature is, in fact, a void ±
a conclusion supported by initial Electron Energy
Loss Spectrometry (EELS) results.

The size distribution of the PbS nanocrystals
formed in fused silica was markedly di�erent from
the other sul®des (Fig. 5). At high ion doses, the
nanocrystals showed a bimodal size distribution;
however in this case, the largest nanocrystals were
formed at the center of the implant pro®le. This
®nding is consistent with the RBS results which
showed that the Pb-concentration pro®le sharp-
ened during thermal annealing. The actual im-
planted concentration is higher for the SiO2±PbS
specimens at an equivalent ion dose because of the
short range of the Pb ions at the implant energies
used. The Bohr exciton radius for PbS is �180 nm,
so at a low ion dose (specimen SiO2±PbS-1), vir-
tually all of the nanoparticles should show quan-
tum con®nement e�ects.

For all three sul®des, reducing the ion dose has
the e�ect of narrowing the size distribution (as
measured by the standard deviation) and also re-
sults in smaller nanocrystals (Table 1, Fig. 3±5). A
narrower range of sizes is obtained in the fused
silica host than in crystalline a-Al2O3. Multiple
energy overlaps can assist these parameters by
providing a relatively constant concentration of
the implanted species. For example, the multi-en-
ergy, low-dose ZnS implants into SiO2 give a rel-
atively narrow size distribution, and the formation
of large nanocrystals at the end-of-range is almost
entirely suppressed.

Fig. 5. Cross-sectional bright-®eld micrographs showing the

distribution of PbS nanocrystals in fused silica. The depth scale

is in nanometers.
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4. Conclusions

The microstructure and size distributions of
sul®de nanocrystal precipitates produced in fused
silica and a-Al2O3 by ion-implantation techniques
were investigated using cross-sectional TEM.
Several unusual and unexpected features were
observed, including strongly bimodal size distri-
butions, the formation of a new phase (e.g., c-
Zn2SiO4) in the samples implanted with Zn+S, and
central voids in the larger CdS nanocrystals. Work
is ongoing to explain the origin of these features.
All of these microstructures were suppressed in
low-dose specimens, and the size distributions
were considerably narrower. The size distribution
is further reduced by using fused silica instead of a
crystalline host material.
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