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Ion implantation was used to form compound semiconductor nanocrystal precipitates of
ZnS, CdS, and PbS in both glass and crystalline matrices. The precipitate microstructures
and size distributions were investigated by cross-sectional transmission electron
microscopy techniques. Several unusual features were observed, including strongly
depth-dependent size variations of the ZnS precipitates and central void features in the
CdS nanocrystals. The morphology and crystal structure of the nanocrystal precipitates
could be controlled by selection of the host material. The size distribution and
microstructural complexity were significantly reduced by implanting a low concentration
of ions into a noncrystalline host, and by using multi-energy implants to give a flat
concentration profile of the implanted elements.

I. INTRODUCTION

The electronic and optical properties of semiconduc-
tors in the form of nanometer-scale precipitates are
strongly particle size dependent. The band gap can, in
fact, be tuned by controlling the size of the semiconduc-
tor nanocrystals.1,2 This tunability is due to a localization
of carrier wave functions (i.e., quantum confinement).
Quantum confinement occurs when the diameter of the
nanocrystal is less than the exciton Bohr radius. This
localization causes an increase in the effective band gap
that can be measured by a shift of the optical absorption
edge to higher energies. The absorption spectrum can,
therefore, be tailored by controlling the particle size.1 In
the transition-metal chalcogenides (e.g., CdS, PbS,
CdSe), the observed shifts in the optical absorption spec-
trum may represent a large portion of the band gap.
Strong size-dependent photoluminescence may also be
observed in the visible and near-infrared portions of the
spectrum (e.g., see Ref. 3) and the origin of this lumi-
nescence may be strongly affected by surface states.4

A number of studies of the optoelectronic properties of
sulfide nanocrystals have recently been conducted,5–10

and several synthesis techniques were developed.7,9–14

For optical device applications (e.g., optical switches,
all-optical memory, solar cells), the synthesis technique
should produce a large volume-filling fraction of

nanocrystals in a transparent and durable host. Addition-
ally, a narrow particle size distribution is generally de-
sirable to resolve the fine structure arising from
quantum-confinement effects. A flexible synthesis tech-
nique should be easily applicable to a variety of optical
host materials, should provide experimental control over
the volume fraction of nanocrystals, and should, if nec-
essary, provide a suitably narrow size distribution of pre-
cipitates. The narrowest size distributions have thus far
been obtained by wet chemical synthesis techniques
(e.g., see Refs. 15 and 16); however, to date this tech-
nique has not produced nanocrystals embedded in a solid
matrix suitable for the device applications noted above.

Ion-implantation has been established as a practical
technique for fabricating sulfide nanocrystals.17–19 The
elements forming the compound are implanted sequen-
tially into a selected matrix, thereby producing a super-
saturated solid solution in the implanted region. Thermal
processing at elevated temperatures then results in the
nucleation and growth of the compound nanocrystal pre-
cipitates. Ion implantation is flexible in that nanocrystals
can be synthesized in almost any host material in which
the implanted constituents are relatively insoluble or
have a high free energy of formation, and the average
size and microstructure of the precipitates can be con-
trolled by varying the implantation and annealing param-
eters.20,21 The main disadvantage of ion implantation is
that a relatively wide size distribution of nanocrystals is
usually produced—a problem that currently limits the
utilization of this technique for device applications.
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In this work, transmission electron microscopy (TEM)
is used to carry out a systematic study of the microstruc-
ture and size distribution of compound semiconductor
nanocrystals as a function of dose, implant temperature,
implant order, annealing conditions (temperature and
atmosphere), and host composition. The two primary ob-
jectives of this work are to characterize the often unusual
microstructures of sulfide nanocrystals formed in various
host materials and to suggest avenues by which narrower
size distributions and simpler microstructures may be
obtained.

II. EXPERIMENTAL

High-purity fused SiO2 glass (Corning 7940),c-axis-
oriented single-crystala–Al2O3, and [001]-oriented Si
wafers were used as host materials. TRIM-9622 calcula-
tions were used to determine the appropriate ion energies
to produce overlapping concentration profiles of the im-
planted ions. The samples were clipped onto a steel back-
ing plate and, unless specified otherwise, were implanted
at room temperature using a beam current density of
approximately 4mA/cm2. The maximum temperature
increase during implantation of these samples was
estimated with basic heat flow equations to be approxi-
mately 200 °C. Other samples were heat sunk and cooled
to liquid nitrogen temperature during implantation. Sev-
eral specimens were also implanted using a range of ion
energies to give a near-uniform concentration (flat pro-
file) of the implanted species. The crystallinea–Al2O3

and Si host materials were implanted at elevated tem-
perature to prevent beam-induced amorphization. In most
cases, the cation (Zn, Cd, or Pb) was implanted first. The
samples were annealed in a flowing 96% Ar + 4% H2

atmosphere. Some anneals were repeated with argon
only, and some samples were not annealed. A complete
list of the implant and annealing conditions for the
samples in the present study is given in Table I.

Sample characterization was done by Rutherford back-
scattering spectroscopy with 2.3 MeV He2+ ions and a
detector angle of 160°. X-ray diffraction measurements
with a four-circle Huber diffractometer and Cu Ka x-rays
were used to identify the precipitated compounds. Cross-
sectional TEM samples were prepared by gluing the im-
planted specimen to a silicon wafer and hand-polishing
to a thickness of about 1mm. This thickness estimate is
based on the color of the silicon wafer in transmitted
light.23 The specimens were then ion-milled for 15 to
45 min at liquid nitrogen temperature with 4-keV Ar+

ions with a beam current of 1 mA and an incident angle
of 12°. This technique generally provides extensive thin
areas containing the implanted elements. The specimens
were examined in a Philips EM400 TEM operated at
100 kV and in a Philips CM200 FEG STEM operated at
200 kV. The chemical composition of the implanted re-
gion was obtained by energy dispersive x-ray spectrom-
etry (EDS) with a thin-window detector and EmiSPEC
data acquisition and analysis software. Parallel elec-
tron energy loss spectrometry (PEELS) was performed
on a Philips CM30 TEM equipped with a Gatan imag-
ing filter.

TABLE I. Implant and annealing conditions for the specimens shown in Figs. 1–10. The average diameter and standard deviation (a measure of
the size distribution) of the sulfide nanocrystals are given in the final two columns. These values were not obtained for Al2O3–PbS and Al2O3–ZnS
because many of the nanocrystals coalesced to form a semicontinuous layer. For the multienergy-implanted specimens, ion energies were chosen
to give a relatively flat concentration profile over a range of at least 100 nm

Specimen

Implant conditions Annealing conditions Measurements

Cation
energy (keV)

Anion
energy (keV)

Dose
ions/cm2

Temperature
(°C) Atmosphere

Time
(min)

Temperature
(K)

Average
size (nm)

Standard
deviation

SiO2–ZnS–1 multi 1.7 × 1016 25 Ar + 4%H2 60 1000 2.4 0.4
SiO2–ZnS–2 multi 1.4 × 1017 25 Ar + 4%H2 60 1000 7.5 5.3
SiO2–ZnS–3 multi 1.4 × 1017 25 Ar + 4%H2 60 1000 7.8 6.1
SiO2–ZnS–4 320 180 1.0 × 1017 25 not annealed 5.6 2.3
SiO2–ZnS–5 320 180 1.0 × 1017 25 Ar + 4%H2 6 1000 6.5 3.9
SiO2–ZnS–6 320 180 1.0 × 1017 25 Ar 60 1000 8.2 6.0
SiO2–CdS–1 multi 1.0 × 1016 25 Ar + 4%H2 60 1000 4.9 1.3
SiO2–CdS–2 multi 2.8 × 1016 25 Ar + 4%H2 60 1000 6.5 2.2
SiO2–CdS–3 multi 7.5 × 1016 25 Ar + 4%H2 60 1000 9.8 3.6
SiO2–PbS–1 320 82 2.5 × 1016 25 Ar + 4%H2 60 1000 6.8 3.4
SiO2–PbS–2 320 82 7.5 × 1016 25 Ar + 4%H2 60 1000 8.5 9.5
SiO2–CdSe 450 330 1.0 × 1017 25 Ar + 4%H2 60 1000 10.5 8.4
Al2O3–ZnS 280 150 6.0 × 1016 700 Ar + 4%H2 60 1000 not obtained
Al2O3–CdS 450 164 4.3 × 1016 900 Ar + 4%H2 60 1000 17.7 12.4
Al2O3–PbS 850 180 5.0 × 1016 850 Ar + 4%H2 60 1000 not obtained
Si–ZnS 280 160 5.0 × 1016 823 Ar + 4%H2 60 1000 14.0 7.9
Si–CdS 410 150 3.0 × 1016 823 Ar + 4%H2 60 1000 13.7 8.5
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III. RESULTS

A. Sulfide nanocrystals in SiO 2 glass

1. ZnS nanocrystals

The TEM results for the multienergy, flat profile im-
plants (specimens SiO2–ZnS–1 and SiO2–ZnS–2) are
shown in Fig. 1 (a) and (b). For the lowest-concentration
specimen (1.7 × 1016 ions/cm2, corresponding to a maxi-
mum implanted concentration of 0.5 × 1021 ions/cm3 in
the flat profile region as determined by Rutherford back-
scattering spectrometry (RBS) measurements: sample

SiO2–ZnS–1), cross-sectional TEM and electron diffrac-
tion revealed the presence of a layer of randomly ori-
ented, spherical, wurtzite-structure nanocrystals
extending from the surface to a depth of 300 nm in the
fused silica. The precipitates are approximately 2.5 nm in
diameter on average (Table I). A few isolated, relatively
large (about 6 nm in diameter) nanocrystals occur near
the calculated maximum depth of the ion damage [about
300 nm: see Fig. 1(a)]. With the exception of these iso-
lated larger precipitates, the size dispersion is relatively
narrow in this specimen (standard deviation4 0.4 nm).

FIG. 1. ZnS precipitates in silica glass. All specimens were implanted at room temperature (not heat sunk). The implanted concentration [(a), (b),
and (c) flat profile implants] or dose [(d), (e), and (f) single-energy implants] and the annealing conditions (temperature/time/atmosphere) are
indicated at the top of each micrograph. The specimen number (corresponding to Table I) is indicated in the bottom left. (c) A representative
electron-diffraction pattern is given and is indexed to the wurtzite phase of ZnS.
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At a higher implant dose (1.4 × 1017 ions/cm2, or
6.5 × 1021 ions/cm3; multienergy sample SiO2–ZnS–2),
the size distribution is distinctly bimodal [Fig. 1(b)]. A
layer of large ZnS nanocrystals formed near the calcu-
lated end-of-range of the highest-energy implanted ions.
The average diameter of these larger precipitates is about
30 nm. RBS results showed a corresponding increase in
the implanted zinc concentration at a depth correspond-
ing to the location of the larger precipitates. In contrast,
the ZnS precipitates nearer the surface are only 6 nm in
diameter on average. Electron diffraction confirmed the
wurtzite structure for the annealed SiO2–ZnS specimens
(Fig. 1), but a minor zincblende component was detected
by x-ray diffraction. At depths between 300 and 1000 nm
(beyond the implanted region), structures with a spheru-
litic “snowflake” shape are dispersed in the glassy ma-
trix. These structures were observed in every thermally
processed SiO2–ZnS specimen in these experiments.
Electron-diffraction patterns from these features were
consistent with theg phase of Zn2SiO4.

The effect of the implant order on the bimodal size dis-
tribution was investigated by fabricating an additional flat-
profile sample, but this time with the sulfur implanted
before the zinc. As with the previous specimens, a bimodal
distribution of precipitates formed [Fig. 1(c)], but the layer
of larger precipitates occurred at a shallower depth and the
spherulites ofg–Zn2SiO4 beyond this layer were more nu-
merous than in the specimens implanted with zinc first.

The development of the bimodal size distribution was
investigated by examining additional samples before and
after a short duration anneal. A specimen was prepared
with only a single ion energy for each implanted species
(320 keV Zn + 180 keV S, dose4 1 × 1017 ions/cm2).
The sample was not heat sunk during implantation. After
implantation, the sample was broken into three pieces.
One piece was not annealed [Fig. 1(d)], another was an-
nealed for 6 min at 1000 °C in Ar + 4%H2 [Fig. 1(e)],
and the third was annealed for 1 h in an Ar atmosphere
[Fig. 1(f)]. Figure 1(d) shows that ZnS precipitates actu-
ally formed during the implantation (confirmed by elec-
tron diffraction) and that the size distribution is
unimodal. After annealing for only 6 min, a layer of
larger precipitates develops at a depth of about 300 nm.
After annealing for 1 h in an Ar-only atmosphere, the
layer is well developed and the precipitates in the layer
are as large as 100 nm in diameter. In general, the size
distribution of ZnS nanocrystals in the specimens im-
planted with a single ion energy was slightly larger than
for the flat-profile specimens (Table I).

To further investigate this unusual microstructure, ad-
ditional samples were implanted with zinc only or with
sulfur only (single ion energy) and were then annealed at
temperatures of 800 to 1000 °C. In the Zn-implanted
specimens annealed at 800 °C, the resulting size distri-
bution of Zn precipitates is clearly bimodal, with two

layers of larger Zn colloids at depths of about 110 and
210–250 nm, respectively (Fig. 2). These layers corre-
spond closely to the region of maximum implanted Zn
concentration and the maximum depth of the ion-
irradiation damage, as calculated by TRIM-96. The larg-

FIG. 2. Cross-sectional (a) and high-resolution (b) micrographs of silica
glass implanted with Zn only and annealed at 800 °C for 1 h. The overall
microstructure is similar to that for the SiO2–ZnS specimens, with small
particles nearer the surface and a layer of large precipitates and the cal-
culated boundary between the ion-beam-damaged SiO2 at the nonirradi-
ated SiO2 at deeper levels. Spherulites of Zn2SiO4 encapsulating large
metallic Zn precipitates are located at a depth of∼300 nm.
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est Zn colloids are invariably embedded within an
aggregate of light-contrast polycrystalline material (see
Fig. 2). After annealing at 1000 °C, however, Zn-
implanted SiO2 specimens contained polycrystalline
spherules, morphologically similar to those located at
depths greater than 300 nm in the Zn + S-implanted
samples described above, but no Zn precipitates. Con-
vergent beam electron diffraction techniques were used
to identify the spherules as aggregates ofg-Zn2SiO4. In
contrast, a layer of bubbles was observed in the speci-
mens implanted with sulfur only. The bubbles were lo-
cated at a depth of about 150 nm, and they disappeared
after a short duration exposure in the electron beam. No
crystalline particles were observed, and no unusual mi-
crostructures were present at the depth where the larger
precipitates formed in the Zn-implanted specimen.

An additional experiment was performed to determine
whether the ZnS particle size distribution could be nar-
rowed by nonthermal nucleation and growth of the par-
ticles. A specimen of SiO2 was implanted to a dose of
1 × 1017 ions/cm2 of Zn and S. In this case, the specimen
was heat sunk to minimize specimen heating during im-
plantation and thereby prevent the nucleation of particles.
A cross-sectional TEM specimen was prepared and the
implanted layer was irradiated with a moderately defo-
cused electron beam directly in the TEM (beam current4
1 nA, current density4 1 A/cm2). In the as-implanted
state, ZnS nanocrystalline precipitates are not present in
the implanted layer (Fig. 3a). However, after a few min-
utes of electron irradiation in the TEM, areas of dark
contrast were observed in the TEM micrographs. After
approximately 10 min of irradiation, no further micro-
structural evolution occurred and the sample then con-
sisted of randomly oriented ZnS nanocrystals [Fig. 3(c)].
The size distribution of the particles is narrow [average
diameter4 3.1 nm, standard deviation4 0.45 nm;
Fig. 3(d)], suggesting that this technique may be useful in
forming monodispersed particles of ZnS. Electron ener-
gies as low as 60 or 100 keV were also sufficient to
nucleate ZnS precipitates from the same specimen.

2. CdS nanocrystals

TEM images for the three SiO2–CdS flat-profile speci-
mens are shown in Fig. 4. Electron- and x-ray diffraction
results showed that wurtzite-structure CdS nanocrystals
formed in silica glass, and the precipitate composition
was confirmed by EDS analysis. The average size and
size distribution of the precipitates decrease with de-
creasing dose (Table I, Fig. 4). At the lowest implanted
dose (1.0 × 1016 ions/cm2, or 0.8 × 1021 ions/cm3 in the
flat profile region) the nanocrystals appear as rather
poorly defined dark regions with an average diameter of
less than 5 nm. The average size increases to approxi-
mately 6.5 and 9.8 nm in diameter for implant doses of
2.8 × 1016 and 7.5 × 1016 ions/cm2, respectively (corre-
sponding to concentrations of 2.0 × 1021 ions/cm3 and
5.3 × 1021 ions/cm3). The standard deviations are pro-
portionally higher as the concentration increases. The
size distribution is unimodal, in contrast to the bimodal
distribution observed for the annealed ZnS precipitates.
In the three flat-profile specimens, the average size of the
precipitates is constant between depths of about 50 and
160 nm. RBS measurements showed that the implanted
concentration of Cd and S were nearly uniform in this
depth range.

Many of the CdS precipitates in specimen SiO2–
CdS–3 (the highest dose implant) typically appear to be
ring shaped with an area of light contrast in the central
region [Fig. 4(c)]. This feature is especially striking in
the largest precipitates. The lattice fringes continue uni-
formly through the center of the crystallites (Fig. 5). Tilt-
ing the specimen did not reverse the contrast across these
features; i.e., the central region always showed the light-
est contrast.

Energy-filtered imaging was used to investigate the
nature of these light-contrast features. The sample was
ion-milled so that the largest nanocrystals were present in
areas suitably thin for electron energy loss spectrometry
(EELS), where plural scattering is negligible. Zero-loss
and low-loss images were acquired from a region of the

FIG. 3. (a–d) Electron-irradiation-induced precipitation of monodispersed zincblende-structure ZnS nanocrystals in silica glass. The specimen
was heat sunk during ion implantation to prevent the growth of particles. The electron beam current was 1 nA (current density≅ 1 A/cm2).
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specimen containing the ring-shaped nanoparticles by us-
ing a post-column Gatan imaging filter (GIF). The zero-
loss image was formed by allowing only a narrow energy
band of electrons centered about the zero-energy-loss
position to form the image, so that the inelastically scat-
tered plasmon-loss and core-loss electrons are excluded.
The low-loss image is acquired with the slit removed, so
that both zero-loss and inelastically scattered electrons
are used to form the image. Such images are shown in
Fig. 6. A measure of the local mass thickness is given by
the relation

t/l = ln~IL /I0! , (1)

wheret is the thickness of the specimen,l is the mean
free path for inelastic scattering, andI0 and IL are the
intensities in the zero-loss and low-loss images, respec-
tively. Typically, the mean free path is smaller for ma-
terials of higher atomic number, andt/l is, therefore,
correspondingly higher for a constant specimen thick-
ness. At-over-l map is shown in Fig. 6, as well as a
profile of t/l across the ring-shaped particle. The mass
thickness is clearly higher when the beam passes through
the side walls of the particle, but the mass thickness in
the center of the particle is similar to the surrounding
matrix. Given that at the center of the particle the beam
probably passes through the∼5-nm-thick top and bottom
surfaces of the higher-density particles, it follows that the
core of the particles must be of a much smaller mass
thickness than the edges. This can be accounted for only
by the presence of significantly lower-density material in
the central portion of the particles. The central regions
are, therefore, probably either voids or bubbles. This
identification is also consistent with the invariably light
diffraction contrast from the precipitate cores.

3. PbS nanocrystals

Randomly-oriented PbS nanocrystals were formed by
sequential ion implantation of Pb and S into SiO2. TEM
observations show a band of PbS precipitates from a
depth of 10 to 180 nm, with the largest particles centered
at a depth of∼90 nm (Fig. 7). The precipitates have the
cubic rock salt structure and, for an implanted dose of
2.5 × 1016 ions/cm2 (SiO2–PbS–1), the largest nanocrys-
tals are located at the calculated peak of the implanted
concentration profile. For a dose of 7.5 × 1016 ions/cm2,
the precipitates at the center of the profile have a diam-
eter approaching 100 nm. In the high-dose specimen, the
size distribution is roughly bimodal, and the largest

FIG. 5. High-resolution image of CdS precipitates. Note the light-
contrast feature in the center of the particles.

FIG. 4. (a) CdS precipitates in silica glass. All three flat-profile specimens were annealed for 1 h in flowing Ar + 4%H2 (Table I). (b) A
representative electron-diffraction pattern is given and is indexed to the wurtzite phase of CdS. (c) Arrows point to clear examples of ring-shaped
nanoparticles. The implanted concentration in the flat profile region as measured by RBS is given at the top of each image. See Table I for the
corresponding dose in units of ions/cm2.
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nanocrystals form at the calculated peak of the concen-
tration profile. No central contrast features were ob-
served in the larger nanocrystals, and no separate phases
were identified.

4. CdSe nanocrystals

Solutions of well-formed CdSe nanocrystals and even
three-dimensional superlattices of CdSe precipitates24

have previously been synthesized by chemical tech-
niques, and their microstructure and size distributions
were extensively characterized.25 CdSe nanocrystals can
also be formed by ion implantation. In this work, we
compare the microstructure of selenide nanocrystals to
that of the analogous sulfide composition (i.e., CdS). The
Cd and Se implant and annealing parameters are given in
Table I, and the resulting microstructure is shown in
Fig. 8. X-ray and electron diffraction confirmed that the
precipitates are, indeed, hexagonal CdSe. Similar to the
case of ZnS, the particle size distribution is distinctly
bimodal. CdSe precipitates occurring in the first 150 nm
from the surface average 6 nm in diameter. Ring-shaped

particles were also observed [Fig. 8(d)], although they
were less common than in the case of CdS. The large
precipitates are not, however, confined to a single layer
as for ZnS, but instead they extend to depths up to ap-
proximately triple the calculated end-of-range of the im-
planted ions. High-resolution imaging of these large
particles gives lattice spacings and symmetry that are
consistent with hexagonal CdSe [Fig. 8(b)]. These struc-
tures were not identified in a previous study (Ref. 18)
because the cross-sectional image was cut off at a depth
of 150 nm.

B. Sulfide nanocrystals in Al 2O3

Ion implantation was used to form ZnS, CdS, and PbS
precipitates by implanting the constituent elements into
c-axis-orienteda–Al2O3 hosts followed by thermal proc-

FIG. 6. EELS images of several CdS precipitates from sample SiO2–
CdS–3. Separate (a) zero-loss and (b) low-loss images were collected
and were combined to produce (c) a mass thickness image (see text).
The intensity in this image is related to the relative mass thickness of
the sample. A mass profile across one of the CdS nanocrystals is
shown in (d).

FIG. 7. (a,b) PbS precipitates in silica glass. Both specimens were
annealed for 1 h in flowing Ar + 4%H2 (Table I).
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essing. The implantation and annealing conditions were
generally the same as for the SiO2 glass substrates
(Table I), except that the implantations were performed
at elevated temperature to prevent beam-induced amor-
phization of the alumina. In all cases, the sulfide
nanocrystals created by ion implantation intoa–Al2O3

were faceted and crystallographically aligned with the
Al2O3 lattice.

A u-2u x-ray scan in Fig. 9(a) (bottom) shows ZnS
peaks, which can be indexed by using either the hexago-
nal wurtzite or the cubic zincblende structure. X-ray
scans along additional crystallographic directions
showed that there is actually a mixture of both phases
with either the [0001]wurtzite or the [111]zincblendeaxis of
the ZnS precipitates aligned parallel to the [0001] axis of
the Al2O3 host. The size distribution of the ZnS
nanocrystals is broad and in several regions the particles
appear to have coagulated to form a semicontinuous
layer [Fig. 9(a)].

CdS nanocrystals were also produced in ana–Al2O3

matrix [Fig. 9(b)]. All the peaks observed for CdS are
indexable to the wurtzite structure, although the
zincblende or rock salt phases could also be present in
minor quantities. The implanted dose was lower than for
the case of ZnS, and the precipitates did not coagulate
into a semicontinuous layer, although the structure and
orientation of the particles is the same as for the ZnS
precipitates. The CdS nanocrystals are over 40 nm across

on average, and the size distribution is broad (Table I).
By using defocused imaging conditions, central light-
contrast features became visible in some of the CdS
nanoparticles (not shown).

PbS nanocrystals formed by ion implantation into
a–Al2O3 have the cubic rock salt structure and exhibit a
strong tendency to form a nearly continuous layer paral-
lel to the specimen surface [Fig. 9(c)]. The individual
PbS precipitates that did not form a continuous layer are
also generally elongated parallel to the specimen surface.
Most of the precipitates are oriented with theirc-axis
parallel to that of the host Al2O3, but a minor component
of the PbS is aligned with its [111] axis parallel to the
[0001] axis of thea-alumina.

C. Sulfide nanocrystals in Si

Sulfide nanoparticles formed by ion implantation into
a silicon host are morphologically distinct from those
formed in SiO2 glass or in crystalline Al2O3. In the case
of ZnS, the nanoparticles are faceted, have the cubic
zincblende structure, and are aligned cube-on-cube with
the silicon host [Fig. 10(a)]. Most of the largest ZnS pre-
cipitates are located at a depth of 300–400 nm—just be-
hind the region of maximum irradiation damage. In
previous work, we showed that ion irradiation at low
temperature could be used to amorphize the silicon while
leaving the ZnS precipitates in a crystalline and coher-

FIG. 8. CdSe precipitates in silica glass. (a) Cross-sectional view, (b) high-resolution image of one of the large particles from a depth of 200 nm,
(c) distribution of precipitates at a depth of∼200 nm, (d) high-resolution image showing the distribution of particles at a depth of∼75 nm,
(e) electron-diffraction pattern from the region imaged in (d). This diffraction pattern is indexed to hexagonal CdSe. In (a) and (c) darker regions
are produced by overlapping particles, and in (d) arrows point to examples of particles with a central light-contrast feature.
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ently aligned state.26 If the radiation resistance of the
precipitate and host compositions are different, unique
microstructures of this type can easily be formed.

The CdS precipitates in silicon are also well-faceted
and aligned cube-on-cube with the silicon host. The
(111) facets (with respect to the host silicon) are particu-
larly well developed, and the precipitates appear
diamond-shaped in the [011] zone-axis image
[Fig. 10(b)]. The shape of the nanocrystals is not neces-
sarily the equilibrium shape for CdS but instead reflects
the opening of the silicon lattice to accommodate the
precipitate. Images taken at higher magnifications
showed bent or curved moire´ fringes, suggesting a sig-
nificant amount of strain within the CdS nanocrystals.
Despite the lower ion dose, relatively more particles ap-
pear to have crystallized than for the case of ZnS.

In contrast to the cases for ZnS and CdS, PbS precipi-
tates did not form after implantation of Pb and S followed
by thermal processing. Instead, the only peaks observed
in a u–2u scan (apart from those of the host Si) were
indexable to metallic Pb. Similarly well-aligned Pb pre-
cipitates were previously reported to form after Pb im-
plantation into crystalline Si at 650 °C.27

IV. DISCUSSION

For potential applications in optoelectronic devices,
the desired attributes of nanoparticle/host systems are
that the host should be transparent and durable, the host
material should contain a high volume-filling fraction of
nanoparticles, and the nanocrystals should have narrow
size distributions and simple microstructures. As shown
in Figs. 1 to 10, the first two requirements can be met by
the ion-implantation technique, however, the third re-
quirement is generally not satisfied. To investigate pos-
sible means by which narrow size distributions and
simple microstructures can be obtained, the origin of
some of these unusual microstructures is investigated.

A. Formation of undesirable phases

In general, the sulfides can be readily formed by ion
implantation techniques. In fact, in these experiments,
the only compound that did not form was PbS in a silicon
host, where undesired metallic Pb particles formed rather
than the PbS compound. The crystal structures of metal-
lic Pb and PbS (space groupFm3mfor both compounds)
are relatively close to that of silicon (space groupFd3m).

FIG. 9. (a–c) Sulfide precipitates ina–Al2O3. The implantation and annealing conditions are given in Table I. The x-ray diffraction results for
each specimen are shown below the corresponding TEM micrograph. The peak positions for the wurtzite structure are marked by a circle, those
for the zincblende structure are marked by a square, and those for the rock salt structure are marked by an x. Arrows point to the specimen surface.
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The lattice parameter of metallic Pb is smaller than that
of Si by 9%, but that of PbS is larger by an equivalent
9%. The absolute difference between the lattice param-
eters of metallic Pb and Si (0.48 Å) is, however, smaller
than that between PbS and Si (0.51 Å). Thus, there is no
structural or crystallographic driving force to form PbS
instead of Pb. On the other hand, zincblende ZnS and
CdS have essentially the same cubic crystal structure and
nearly the same lattice parameter as crystalline silicon, in
contrast to metallic cadmium or zinc which are hexago-
nal (space group P63/mmc). Crystal structure and lattice
matching are therefore key considerations in the forma-
tion of the desired nanocrystalline precipitates in crystal-
line hosts.

In the case of the Zn + S–implanted SiO2 specimens,
a Zn2SiO4 phase formed by reaction of the implanted
zinc with the host SiO2. This phase was also produced in
SiO2 specimens implanted with zinc only and annealed at
high temperature (Fig. 2). In both cases, convergent
beam or selected area electron-diffraction techniques
were used to make this identification. Theg–Zn2SiO4

phase did not form before annealing the specimens and,
in fact, g–Zn2SiO4 is a rarely reported phase that was
previously found to be a devitrification product in
SiO2:ZnO glass.28 This phase apparently forms over a
narrower compositional range than the more commona
andb polymorphs of Zn2SiO4. Williamson and Glasser28

reported that samples that were quenched in air from

1000 °C to room temperature showed numerous spheru-
lites of g–Zn2SiO4, and the cooling rate was found to be
an important determinant for formation of this phase.
Thus, a slower cooling rate or a lower annealing tem-
perature could restrict the formation of the zinc silicate
phase. Additionally, the electron-irradiation technique
reported above could be used to grow ZnS precipitates
without the cogenetic formation of zinc silicate.

B. Bimodal size distributions

Strongly bimodal size distributions were observed in
all the annealed SiO2–ZnS specimens except for SiO2–
ZnS–1 (low ion dose). In the specimens implanted with a
single ion energy, the layer of large precipitates is located
at a depth of about 300 nm. Figure 11 shows the results
of a TRIM calculation (full damage cascades) for the
implant conditions corresponding to specimens SiO2–
ZnS–4,5, and 6 (i.e., 320 keV Zn+ + 180 keV S+). A
value of 10 eV was used for the atomic displacement
energy of SiO2.29 The distribution of irradiation-
produced vacancies is shown for each ion in Fig. 11, as
well as the calculated median range of the implanted ions
(i.e., the depth for the maximum implanted concentra-
tion). The layer of large precipitates is located well be-
yond the median ion range and the depth for the peak
ballistic damage. Based on the TRIM calculations, the
actual number of atomic displacements in the SiO2 glass
at a depth of 300 nm is about 1.5 displacements per atom

FIG. 10. (a,b) Sulfide precipitates in silicon. For each specimen, a cross-sectional micrograph is shown on the left, and the corresponding x-ray
diffraction results are given on the right.
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(dpa). This value rapidly decreases to less than 0.1 dpa at
a depth of about 330 nm. Crystalline quartz normally
amorphizes at 0.2 dpa in the temperature range relevant
to these experiments.30 Assuming that this dpa level is
the same as that required to transform the SiO2 structure
from that of normal SiO2 glass to ion-beam-amorphized
SiO2 (the two structures are clearly different31), then the
location of the layer of larger precipitates corresponds
closely to the calculated boundary between the radiation-
damaged SiO2 and the undamaged glass at deeper levels.

Bonafos et al.19 previously reported the self-
organization of ZnS nanocrystals produced by ion im-
plantation in fused silica; however, two bands of larger
precipitates were observed that corresponded closely to
the regions of maximum ion damage for the Zn and S
implants. In contrast, in these experiments, the band of
large precipitates was observed near the maximumdepth
of the irradiation damage in the SiO2 host. Bonafoset al.19

did not attempt to overlap the Zn and S concentrations
(both ions were implanted at the same energy), and they
tentatively attributed the formation of this banded struc-
ture to a quasi-Ostwald ripening self-organization effect,
as predicted by computer simulations.32,33

The results shown in Fig. 2 demonstrate that the size
layering effect observed in the SiO2–ZnS specimens is
attributable to the behavior of the implanted zinc and not
to that of the sulfur. In addition to reacting with the host
SiO2, the Zn apparently has a strong tendency to move to
the maximum depth of the ion-irradiation damage in the
host silica glass. The reason for this behavior is not
known, but one possibility is that the diffusion of Zn may
be slower in the nonirradiated glass than in the radiation-

damaged material. The concept of enhanced diffusion
effects in radiation-damaged SiO2 glass is consistent with
the previous observation of the depth distribution of Ag
and Cu in implanted soda lime glass.34 When the glass
was preimplanted with 200 keV Ar ions, the distribution
of Ag and Cu extended considerably further into the
specimen. Analysis of Fig. 7 in Ref. 34 indicates that, in
fact, the implanted copper may have diffused to near the
calculated end-of-range of the Ar ions (based on TRIM-
96 calculations). The ultimate distribution of some im-
planted elements (e.g., Zn in this work) is therefore
strongly affected by radiation-induced structural modifi-
cations in the host glass.

Several other variables appear to influence the size
layering effect in the SiO2–ZnS and SiO2–Zn specimens
shown in Figs. 1 and 2. When sulfur is implanted first, the
zinc concentration profile does not extend as far into the
specimen (e.g., compare samples SiO2–ZnS–2 and SiO2–
ZnS–3 in Fig. 1). This suggests that the initial implantation
of sulfur in some way restricts the thermal diffusion of both
species to the interface between the ion-irradiated glass and
the undamaged glass at deeper levels. In the specimen im-
planted with Zn only, a layer of large precipitates occurred
at a depth of about 250 nm, but an additional layer of
larger particles formed at a depth of about 110 nm
(Fig. 2). In addition to the effects of radiation damage
described above, chemical effects (e.g., the reaction of
zinc and sulfur to form ZnS, as well as the formation of
Zn2SiO4 by reaction with the host) play an important role
in the ultimate distribution of the nanocrystals.

In the case of ZnS in silica glass, we were not able to
eliminate the bimodal size distribution by changing the
annealing time (6 to 60 min) or the annealing atmosphere
(neutral or reducing). In further experiments, we have
recently found that the size banding effect does not occur
after thermal processing at 600 °C. Other low-
temperature means of forming ZnS particles are therefore
clearly needed. Accordingly, the initial electron-
irradiation results presented in Sec. III. 2 are significant,
and further irradiation-induced nucleation experiments
are currently under way.

C. Central voids in CdS nanocrystals

Two potential mechanisms are considered that could
account for the large central voids observed in the CdS
precipitates. First, void formation may occur in a crys-
talline lattice owing to vacancy aggregation during irra-
diation (e.g., see Refs. 35–37). This process usually leads
to a layer of small (∼3 nm) voids in the near-surface
region of irradiated alumina,38 consistent with the near-
surface voids visible in the ion-implanted alumina speci-
mens in these experiments (Fig. 9). A similar effect has
not been reported in ion-irradiated SiO2 glass39 (e.g., see
Fig. 1). Alternatively, the implantation of a gaseous spe-
cies (e.g., H or He) followed by thermal processing can

FIG. 11. Results of TRIM-96 calculations showing the distribution of
ion irradiation damage, measured as the average number of vacancies
per ion produced by zinc (thin line) and sulfur (dashed line) implan-
tation into the SiO2 host. Thick line represents the sum of the
vacancies produced by both the implanted Zn and S. Ion energies
corresponded to those used for the single-energy implants [see
Table I and Fig. 1(d)–(f)]. The depth corresponding to the maximum
concentration of the implanted ions is denoted by arrows, and the
location of the layer of large precipitates [determined from Figs. 1(e)
and 1(f)] is marked by circles.
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produce relatively large, faceted voids in crystalline sili-
con.40–43These voids have been suggested to form as a
result of accumulation of the implanted gas at irradiation-
produced defects in the host material. Such cavities can
grow to be relatively large (>10 nm in diameter).41

To further examine these two mechanisms, two addi-
tional SiO2–CdS specimens were prepared. One sample
was implanted at room temperature, but in this case, the
sample was heat sunk during implantation to reduce ion-
beam heating. The other specimen was implanted at
500 °C. The implanted ion dose was 7.5 × 1016 ions/cm2

for each constituent, and the specimens were annealed at
1000 °C for 1 h in Ar + 4%H2.

If the voids form by vacancy coalescence, then the
implantation temperature may play a role. More vacan-
cies are expected to survive during irradiation at low
temperatures; however, vacancy clustering depends on
the temperature at which the vacancies become mobile.
Conversely, the implanted sulfur could behave like an
implanted gas either during implantation or during ther-
mal processing, thereby creating voids in a process
analogous to that described for crystalline silicon.41 The
temperature of the non-heat-sunk specimens during im-
plantation was estimated by the method described in Ref.
44 to be at least 200 °C. The vapor pressure of sulfur is
orders of magnitude higher than that of the transition
metals at temperatures above 200 °C.

Hollow nanocrystals of CdS did not occur in the heat
sunk specimen (Fig. 12), even though the thermal proc-
essing was the same as for the other samples (this ex-
periment also rules out the possibility of the voids
forming during TEM specimen preparation). Many of the
CdS nanocrystals were strongly twinned [Fig. 12(b)]. On
the other hand, numerous hollow particles occurred in the
specimen implanted at 500 °C. Thus, there is a strong
temperature effect in the formation of the voids: at low
implant temperature voids are not produced, but at a high
implant temperature they are numerous.

Vacancy clustering, in our opinion, is not likely to be
the sole source of the central voids. The voids are large
compared with vacancy voids produced by irradiation of
crystalline host materials (e.g., Al2O3)

38. Additionally,
vacancy clustering does not explain why voids are gen-
erally not found in single-component nanocrystals pro-
duced by ion implantation (e.g., see Refs. 45–47).
Vacancy clustering probably does play a minor role (e.g.,
to produce void embryos within the precipitates to which
an implanted gas may diffuse and aggregate to produce
the larger voids observable in Fig. 5). Particle size (or
implant concentration) also appears to be important, be-
cause only the larger nanocrystals, located near the maxi-
mum implanted concentration in the highest-dose
sample, appear to contain voids.

D. Controlling size distributions

The size distributions observed for compound
nanocrystals produced by ion implantation are generally
large, but of the various experimental parameters inves-
tigated here, four stand out as important means of reduc-
ing the size dispersion: the use of an amorphous as
opposed to a crystalline host, the total implanted ion
concentration, the use of multienergy implants to form a
relatively flat concentration profile of the implanted spe-
cies, and the use of nonthermal techniques to nucleate
and grow the nanocrystal precipitates.

Reducing the ion dose has the effect of narrowing the
size distribution and results in smaller nanocrystals
(Table I, Fig. 13) for the experimental conditions inves-
tigated here. This observation is essentially a result of the
presence of small particles in the tails of the implant
distribution that occurred even for the highest-dose
samples. Longer annealing times could potentially re-
duce the concentration of these smaller particles due to
Ostwald ripening and growth of the larger precipitates.
Multiple energy implants can assist this process by pro-
viding a constant concentration of the implanted species.

FIG. 12. (a,b) CdS precipitates in silica glass. The specimen was heat sunk during implantation. Hollow particles are not present.
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For example, the multienergy, low-dose ZnS implants
into SiO2 glass give a relatively narrow size distribution,
and the formation of the large nanocrystals at the end of
range is almost entirely suppressed. These general rules
appear to apply equally well for CdS nanocrystals in
SiO2: the narrowest size distribution was achieved for the
low-dose, multienergy specimen. For additional single-
energy implants used to form CdS, the concentration gra-
dient near the surface resulted in a widening of the size
distribution, and at high doses the size distribution also
increased (although not as much as for the case of ZnS)
and relatively large voids were observed. Similarly, for
PbS, decreasing the dose narrowed the size distribution.
Multienergy low-dose implants were not done for PbS in
SiO2but we anticipate that the resulting size distribution
would be narrower than that obtained for the single-
energy implant reported here.

Implanting into a crystalline substrate instead of silica
glass has the effect of producing larger nanocrystals at a
similar ion dose. The nanocrystals are faceted and three-
dimensionally aligned with the matrix. The structure and
orientation of the nanocrystals can be controlled by the
selection of the host material (e.g., compare Figs. 9 and
10). However, even at the lowest dose investigated (4 ×
1016 ions/cm2 for PbS in Al2O3), the size distribution was
quite large. Apparently, nucleation is suppressed in these
crystalline substrates so that fewer, but larger, nanocrys-
tals are formed. Thus, if the size distribution is critical, then
a noncrystalline host material provides better results.

V. CONCLUSIONS

The microstructure and size distributions of sulfide
nanocrystals produced by ion-implantation techniques
were investigated by cross-sectional TEM techniques.

Several unusual or unexpected features were observed,
including:

(1) Strongly bimodal size distributions, particularly
for ZnS nanocrystals in silica glass. A layer of large ZnS
precipitates forms at the maximum depth of the irradia-
tion damage.

(2) The formation of a new phase,g-Zn2SiO4, in SiO2

glass implanted with Zn + S and with Zn only. This phase
occurred as polycrystalline spherulitic aggregates.

(3) Central light-contrast features in the CdS
nanocrystals. EELS analysis confirmed that these fea-
tures were voids or bubbles.

(4) The formation of continuous layers of the sulfides
in Al2O3. This layering effect did not occur in the silicon
host. The structure and orientation of the precipitates
could be controlled by the choice of crystalline host
material.

These experiments demonstrate means by which nar-
rower size distributions can be obtained for sulfide
nanocrystals formed by ion implantation. The most im-
portant parameters were found to be the implant dose, the
structure of the host (i.e., crystalline or amorphous), and
the annealing temperature. Specimens implanted with
several ion energies to give a nearly flat concentration
profile demonstrated somewhat narrower size distribu-
tions. Initial results suggest that nonthermal nucleation of
sulfide nanocrystals may produce significantly better re-
sults in terms of the size distribution and microstructural
complexity. Further experiments are under way to inves-
tigate the irradiation-induced nucleation and growth of
compound semiconductor nanocrystals.
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