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Surface structure of cadmium selenide nanocrystallites
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Extended x-ray-absorption fine structure~EXAFS!, Fourier-transform infrared absorption~FTIR!, and el-
emental analysis were used on a variety of CdSe nanocrystallites~NC’s! to study surface structure. All CdSe
NC’s were grown by standard inverse micelle techniques. Two sets of NC’s samples were made. One set was
made so that only the size of the NC’s was varied, while the surface treatment was kept the same. The other
set was made so that only the surface treatment was varied, while the size distribution was kept the same. For
the EXAFS experiments, reference compounds similar in structure were measured. FTIR found surface Cd
atoms to be passivated by pyridines and water groups. Fourier-filtered first-shell Cd EXAFS also supports the
existence of water groups attached to the surface Cd atoms. The lack of any SeO and Si(CH3)3 in the FTIR
signal indicates that most surface Se atoms have unterminated bonds. Fourier-filtered first-shell Se EXAFS
spectra indicate that Se has only Cd as its first-nearest neighbor, and that the coordination number is reduced
from the bulk value, suggesting surface Se atoms are unpassivated. Our data support the existence of surface
Se lone-pair orbitals that can trap an optically excited hole.@S0163-1829~97!00908-9#
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Nanocrystallites~NC’s! represent a domain of condens
matter that is not well understood. The evolution of physi
properties with NC size is particularly interesting since ve
small NC’s behave more like molecules, and larger na
cyrstallites behave more like bulk material. In addition, NC
have a very large surface to volume ratio, resulting in a s
tem in which surface properties can easily be studied, s
typically 10–50 % of the atoms are at the surface.

CdSe NC’s are of particular interest because of their
tential use as nonlinear optical materials1,2 as well as their
photochemical properties.3–5 Their use in optical devices
arises primarily from their concentrated oscillator streng
tunable band gap as a function of NC size,6–8 and relaxation
properties that depend on surface treatment.9–11 In the CdSe
nanocrystallites studied here the surface is believed to pl
large role in the relaxation properties of optically excit
electron-hole (e2h1) pairs. A likely relaxation pathway is
through a trapped hole state at the surface of the nanoc
tallites, where an optically excited hole is trapped at a s
face Se atom lone-pair orbital during relaxation.12 In order
for there to be a lone-pair orbital the Se atoms at the sur
must be unpassivated.

The applications of CdSe NC’s in electrooptic syste
depend on understanding the charge transfer mechanis
optically generated carriers out of the NC. This depen
critically on the surface structure of the NC’s; consequen
550163-1829/97/55~20!/13822~7!/$10.00
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the aim of this paper is to determine the suface structure
the CdSe NC’s. TEM measurements sometimes observe
eted surfaces on the NC’s,13 but beyond that, the surface
appear to be disordered. Therefore, in this work we u
extended x-ray-absorption fine structure~EXAFS!, Fourier-
transform infrared spectroscopy~FTIR!, and elemental
analysis, which are structural and chemical probes that
useful even in disordered matter.

All of the CdSe NC’s samples were made by stand
inverse micelle~IM ! techniques. The preparation metho
are described in detail elsewhere14 so the synthesis metho
will only be summarized: The entire synthesis was p
formed under inert atmosphere and with vigorous stirrin
33.3 g of AOT, dioctyl sulfo succinate,~sigma! was dis-
solved in 1300 mLn-heptane~sigma, capillary GC!. 4.3 mL
of deionized and degassed water was added and stirred
the microemulsion became homogeneous, after which 1
mL of 1 M cadmium perchlorate in water was added a
stirred for 2 h. At this point, the molar ratio of water to AO
was 4~defined W5@H20#/@AOT#!. This ratio determines the
average size of the NC’s synthesized. W can easily be alte
by changing the amount of deionized water added wh
keeping all other reagents the same, thus a size selecte
ries of NC’s can be made. Then 210mL ~0.93 mmol! of
bis~trimethylsilyl!selenide15 was added to 10 mLn-heptane,
which was then added all at once to the microemulsion. T
13 822 © 1997 The American Physical Society
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55 13 823SURFACE STRUCTURE OF CADMIUM SELENIDE . . .
molar ratio of Cd:Se was 1.2, resulting in NC growth that
Se limited. Within seconds the solution began to chan
color from clear to yellow, orange or red as the NC’s gre
When the solution had finished changing color, usually a
5 min, it was assumed that the NC growth had stopped
the surface capping procedure was then performed.

The NC’s were capped with pyridine by adding 1 mL
pyridine to the solution, this caused the NC’s to precipita
Surface capping is important because the surface liga
sterically prevent the NC’s from touching each other a
permanently fusing together. After the surface had b
capped with pyridine, the NC’s were no longer kept und
inert atmosphere. The solution was then centrifuged and
clear supernatant was poured off, leaving only the NC’s. T
NC’s were then redisolved in 15 mL of pyridine with the a
of sonication and then filtered through a 15mm frit to re-
move all particulate contaminants and permanently floc
lated NC’s. 20 mL of hexanes were added to precipitate
NC’s, which were then centrifuged, and once again the c
supernatant was poured off. The NC’s were dissolved, p
cipitated, and centrifuged two more times to ensure the h
purity required for accurate FTIR and elemental analysis
sults.

One set of samples was made to give a size-selected s
by changing the W of the initial IM solution. Most of th
results discussed are from this size-selected group
samples.

A second large batch of NC’s were made, at a single s
of 35 Å and then divided into four separate samples for d
ferent surface treatment. This division was made to ens
that each sample of NC’s had the same size distribution
that only the surface treatment varied. One sample was
untreated as pyridine capped NC’s, the other three were
dissolved in 15 mL of pyridine and separately capped w
hexanethiol, phenylthiol, and 2-naphthalenethiol~Aldrich!.
For the thiolate capped samples, to ensure that the cap
reaction was complete, the amount of thiol compound ad
was equal to the estimated amount of Cd in the NC samp
The NC’s then remained in solution with the thiols for tw
days to allow a complete reaction.3 The NC’s were then
washed three times with the above procedure to remove
excess thiol and byproducts of the capping reaction. Abso
tion spectra were measured to make sure the size distribu
of the NC’s did not change. After the samples were was
they were allowed to dry in air. Nanocrystallites capp
with pyridine, hexanethiolate, phenylthiolate, an
2-naphthalenethiolate will be called Pyr NC’s, BuS2 NC’s,
PhS2 NC’s, and NaphS2 NC’s, respectively, for the re
mainder of the text.

The NC’s are fabricated in solution, so it is reasonable
expect a mixture of pyridine and water coordinating the s
face atoms. With this in mind, Cd(ClO4)23x H2O3y pyri-
dine was measured as an EXAFS reference compo
wherex andy denote unknown quantities of water and p
ridine. It was made by adding Cd(ClO4)236H2O to pyridine
and sonicating until no more could dissolve. After centrif
gation of the saturated solution the supernatant was deca
and allowed to evaporate under a flow of argon. A crystall
powder very similar to the original Cd(ClO4)236H2O was
recovered. FTIR of this substance looked exactly like a
ear combination of the FTIR spectra of Cd(ClO4)236H2O
e
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and pyridine coordinating to Cd.16 To establish a quantitative
estimate of thex:y ratio we normalized the water and pyr
dine peaks in the NC FTIR spectra using an elemental an
sis ~see below, Table II!. This normalization approximately
accounts for the difference in oscillator strengths between
pyridine and water peaks in the FTIR, allowing peak areas
be used to make a rough estimate of relative abundances
the Cd(ClO4)23x H2O3y pyridine this gives an estimate o
x:y51, to within a factor of two.

Optical absorption spectra were taken on a Hita
U-3000 Spectrophotometer in a solution by dissolving le
than 1 mg of NC powder in 2 mL of pyridine. Powder x-ra
diffraction was measured on a Rigaku x-ray diffractome
with a copper rotating anode target on pressed powde
samples. FTIR was performed on a Nicolet 5DXB by grin
ing 5 mg of the NC powder with 20 mg of KBr and pressin
a pellet. Elemental analysis was performed by Galbra
Labs in Tennessee. EXAFS measurements were perform
room and liquid nitrogen temperatures at the X23A2 bea
line of the National Synchrotron Light Source at th
Brookhaven National Laboratory. The beamline uses
~311! crystals, which reject the second harmonic of the x-r
beam. Therefore, at the SeK edge of 12 658 eV, the third
harmonic passed by the monochromator is at 38 000 eV,
can be neglected. Harmonics are even less important w
measuring the CdK edge at 26 711 eV. The samples we
easily crushed into a fine powder and spread thinly a
evenly onto the sticky side of scotch transparent tape.
achieve an optimal absorption of about 0.5–1.0 absorp
lengths at the Se and Cd edge, the tape had to be layere
and 72 times, respectively. All samples were simultaneou
measured in transmission and fluorescence mode, but
the transmission data were analyzed because of its b
signal-to-noise ratio. EXAFS transmission measurements
bulk CdSe, SeO2, Cd(ClO4)236H2O, Cd(ClO4)2
3x H2O3y pyridine, and CdCl2 were used as standards fo
the EXAFS analysis. All reference materials were fabrica
under similar conditions, and measured under the same
perimental conditions as the NC’s. Under these conditio
transferability of the EXAFS phase and amplitudes is ve
good, yielding accurate structural results.

Cadmium selenide NC’s made by the IM technique a
well characterized by TEM and x-ray data in th
literature.14,17 For this reason only visible optical absorptio
and powder x-ray diffraction were used for preliminary ve
fication and characterization of the NC samples. Optical
sorption spectra were used to estimate the size of the N
and revealed the broad size distribution that is character
of NC’s synthesized with the IM technique~Fig. 1!. From
the optical absorption spectra and the extensive literature
CdSe NC’s the size-selected NC’s were estimated to be
Å, 20 Å, 22 Å, 23 Å, and 35 Å with a 10% size distribution
Powder x-ray diffraction on these samples were typical
these kinds of NC’s~Fig. 2!. The broadening of the x-ray
diffraction peaks is primarily due to the reduced coher
scattering length of the NC’s.17

Figure 3 shows thex(k)* k data measured at 80 K for th
Se and Cd edges of 35 Å CdSe Pyr NC’s. The data are
excellent quality and cover a large range ink space. Data of
all the NC’s and standards were of similar quality. T
analysis proceeded by standard methods:18 edge-step normal-



ra
n
pa
t fi
e
a
ba
a
n
th

b
th

a
ys
th
lt.
o
s
inc

he
om
ell,
tion

NC
ak
Se
un-
e to
of
nly
rder
seen
als
s or
als
al-
ich
n in
l
ally
the

nd
NC
iri-
ina-
fit.
ing

ite

s.
T

.

13 824 55A. C. CARTERet al.
ization, spline background removal, Fourier filtering, and
tio or curve-fitting analysis of first-shell data. Correlatio
errors in the fitting process were determined by varying
rameters to double the residual error relative to the bes
Variations in the raw experimental data and variations du
slightly different analysis methods were much smaller th
correlation errors and not included in the quoted error
values. Error bars were calculated using only regions of d
where the standard reference sample had an influence o
data. For example, even though the Cd EXAFS data for
NC’s extended to 15 Å21, only data up to 6.35 Å21 was
used for the errror determination of the O backscatterer
cause it’s contribution to the NC data ceased above
point.

Analysis of the second and higher shells was not
tempted, due to their small amplitude. In any case, anal
of the second shell would be complicated by the fact that
NC’s are expected to contain at least one stacking fau19

One stacking fault will make the two neighboring planes
atoms on each side appear as zinc blende if the NC is mo
wurtzite, or vice versa. There is no difference in the z

FIG. 1. Optical absorption spectra of CdSe nanocrystall
ranging from 17 to 35 Å in size.

FIG. 2. X-ray powder diffraction of 35 Å CdSe nanocrystallite
Positions of some CdSe bulk zinc-blende peaks are marked.
absence of the CdSe wurtzite peak at 2u535.1° indicates that the
NC’s are better described as being in the zinc-blende structure
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blende and wurtzite structures in the first shell, but t
change to wurtzite from zinc blende moves one atom fr
the third shell into the range of the zinc-blende second sh
complicating the analysis of second and higher coordina
shells.

Figure 4 shows the Fourier transforms of thex(k) data of
the bulk CdSe, and all 5 of the CdSe size-selected Pyr
samples. The reduction of Fourier-transform first-shell pe
height for both Cd and Se NC data relative to bulk Cd
indicates a drop in coordination number due to surface tr
cation. The complete absence of higher order peaks is du
structural disorder in the NC. The small increase in width
the first shell from the bulk to the NC samples indicates o
a small bond length disorder, so the absence of higher o
peaks is attributed to bond angle disorder, as has been
before.20 Such disorder is expected in zinc-blende materi
that are synthesized at such low temperatures. Amorphou
partially crystallized diamond and zinc-blende materi
have been measured many times with EXAFS, and it is
ways found that the second-shell Debye-Waller factor, wh
can increase through bond bending, is much larger tha
the corresponding bulk crystal.21 In contrast, the first-shel
Debye-Waller factor can only increase through energetic
expensive bond stretching, and remains very close to
bulk value, as we find for the CdSe NC’s.

Back transforming the data with a Hanning tapered ba
pass filter around the first shell revealed much about the
surfaces. The back transformed data was fit with the emp
cal standards by adjusting the first-shell distance, coord
tion number, and Debye-Waller factor to produce a best
Almost identical structural parameters were obtained us

s

he

FIG. 3. Typical EXAFSx(k)* k of CdSe nanocrystallites.~a!
The SeK absorption edge data of a 22 Å nanocrystallite, and~b! the
Cd K absorption edge data of a 17 Å nanocrystallite.
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55 13 825SURFACE STRUCTURE OF CADMIUM SELENIDE . . .
the ratio method. The Se-edge data was fit very well eve
low k with only bulk CdSe as the Se-Cd standard@Fig. 5~a!#;
including additional backscattering atoms always resulted
a poorer fit. LowZ atoms contribute most strongly at lo
k, but even at lowk our Se-edge NC data were accurately
with only Cd backscatters. From the magnitude of the ba
scattering amplitude of the oxygen in the SeO2 empirical
reference sample, any significant amount of oxygen bon
to the surface Se atoms would have been observable.
overall reduction in the number of Cd nearest neighbors
the absence of any lowZ nearest neighbors suggests that
surface Se atoms are not passivated. This is important
cause one of the possible relaxation pathways requires
optically excited hole to become trapped by a lone elect
pair orbital associated with a surface Se atom that is
passivated. Another study has found evidence of selen
oxygen bonds on their CdSe NC samples, but those N
were synthesized by a very different technique and C
NC’s are very synthesis dependent.11 Fitting the Cd-edge
first-shell back transform with only bulk CdSe resulted in
poor fit at low k @Fig. 5~b!#. The addition of bulk
Cd(ClO4)236H2O to the EXAFS fitting parameters resulte
in a very good fit at both high and lowk. The Cd atom in
Cd(ClO4)236H2O is octahedrally coordinated by 6 H2O
molecules and the ClO4 groups are then attached to the wa
molecules. Other first-shell backscattering combinatio
were tried, including a theoretical~FEFF3! Cd-O

FIG. 4. Fourier transforms of thex(k) data for the NC’s and
bulk CdSe. The dashed line is the bulk CdSe data, and the n
crystallite data are overplotted as solid lines. The Se-edge data
weighted byk1 before transforming, and the Cd-edge data w
weighted byk2. ~a! The SeK absorption edge data, and~b! the Cd
K absorption edge data. For both edges, the reduction in first-s
peak height is primarily due to increased disorder in the NC’s.
at

in

t
-

d
he
d
e
e-
he
n
ot
m
’s
e

r
s

backscatterer22 and an empirical Cd-Cl backscatterer deriv
from the CdCl2, with poor results. This leads to the concl
sion that Cd atoms have both Se and O, in the form
H2O, as their first-nearest neighbors.

The same fitting process described above was applie
all the CdSe NC samples; the results are summarized
Table I. Within the errors of the analysis the best fit para
eters do not change with NC size. This at first seems un
pected because NC’s of different size have a different s
face to volume ratio and should show a varying first-sh
coordination number as a function of NC size~Fig. 6!. How-
ever, the results of the calculation depicted in Fig. 6 sho
that the variation in coordination number from the small
~17 Å! to the largest~35 Å! NC is only 0.25, well within the
error of the EXAFS measurements. We find a coordinat
number reduction in the NC’s relative to the bulk for all th
NC samples, and coordination numbers for each NC that
consistent with the model calculation. A significant reducti
in coordination number due to internal voids is ruled out
TEM. The data suggest that these samples have an asym
ric size distribution towards smaller NC’s because we alw
find a coordination number that is slightly lower than t
model calculation. In addition, we find that the Se coordin
tion around Cd atoms is always slightly lower than the
coordination around Se atoms, suggesting that the NC’s m

o-
re
e

ell

FIG. 5. Fits to the single-shell filtered data of thex(k)* k of
CdSe nanocrystallites.~a! Se-edge data~x markers!, filtered over
the range 1.5–3.5 Å inr space, fitted~solid line! with EXAFS data
from bulk CdSe.~b! Cd-edge data~x markers! fitted with only bulk
CdSe ~dashed line! and with both bulk CdSe and
Cd(ClO4)236H2O ~solid line!. The NC data and the bulk CdS
were filtered over an identical range inr space, from 1.32 to 3.01 Å
and the Cd(ClO4)236H2O data were filtered over the range 0.71
2.36-Å.
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TABLE I. EXAFS structural parameters of CdSe nanocrystallites, measured at 80 K. Error ba
constant across rows in the table. Error bar values are in parenthesis and denote a6 variation in the final
digits of the measured value. Bulk values are listed for reference.

SeK edge results
Subscript 1 denotes first-shell Cd atoms

Size 17 Å 20 Å 22 Å 23 Å 35 Å Bulk

N1 3.24~35! 3.44 3.40 3.39 3.30 4.000
R1 2.61~1! 2.615 2.616 2.617 2.618 2.630
Ds1

2 0.001 49~10! 0.001 62 0.001 54 0.001 55 0.001 47 0.000 00

Cd K edge results
Subscript 1 denotes first-shell Se atoms
Subscript 2 denotes first-shell O atoms

Size 17 Å 20 Å 22 Å 23 Å 35 Å Bulk

N1 3.060~35! 3.16 3.23 3.11 3.12 4.00
R1 2.62~1! 2.616 2.616 2.618 2.622 2.630
Ds1

2 0.001 64~56! 0.001 71 0.001 56 0.001 33 0.001 39 0.000 00
N2 0.81~31! 0.73 0.86 0.68 0.65 6.00
R2 2.35~2! 2.344 2.336 2.326 2.337 2.290
Ds2

2 0.004 48~43! 0.003 29 0.008 21 0.005 13 0.001 90 0.000 00
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be slightly Cd rich at the surface. We also find that the s
of the coordination numbers of the Se and O around the
atoms is approximately to 3.9, suggesting that nearly al
the surface Cd atoms have an H2O group attached. The mos
notable conclusion from the fitting is that Se atoms hav
total coordination of only 3.223.4 atoms, compared to th
total coordination of;4 around the Cd atoms. This strong
suggests that the Se atoms at the surface of the NC’s re
unpassivated.

In addition to fitting with standard reference compoun
the bulk CdSe and all NC samples were measured at 300
80 K. The change in temperature alters the amount of th
mal broadening,s, around the first-shell bond lengthR1, and
this is usually expressed in terms ofDs2 since that reduces

FIG. 6. Model calculation of coordination number versus na
crystallite size for Wurtzite and Zinc blende structures construc
from a ball-and-stick model. The solid line is a smooth fit to t
constructed values at the various discrete sizes. Overplotted,
error bars, are the results of the coordination number determine
Se EXAFS.
d
f

a

ain

,
nd
r-

that amplitude of the EXAFS by that factor relative to sta
dard compound, such as bulk CdSe. For all the NC’s, ir
spective of size, we findDs250.000 40 Å2 less than bulk
CdSe. These results are aboutDs250.000 20 lower than
those found by Marcuset al.23 The second-shell of the bulk
CdSe reference sample was clearly visible at 80 K and
most completely absent at room temperature, indicatin
relatively large thermal component in the bulk second-sh
Debye-Waller factor. As has been observed before, for z
blende materials, the first-shell Debye Waller factor is
duced by the stiffness of the bond lengths compared to
relatively low energy required to induce bond bending.21 The
absence of an observable second shell, even at 80 K, in
NC samples indicates that there is a significant static diso
in the tetrahedral bond angle in the interior of the NC’s
well as at the surface.

FTIR measurements of the NC’s and reference co
pounds confirm the EXAFS data and provide extra inform
tion about the NC surface structure. In the NC spectra th
were no Se-O absorption peaks around 890 cm21 as seen in
cleaved bulk CdSe that had been oxidized24 ~Fig. 7!. No bulk
SeO2 absorption peaks were seen in NC spectra either. Th
is also no sign of Si~CH3)3 groups that would come from th
Se starting reagent. These points all support the conclu
of unpassivated surface Se atoms indicated by EXAFS.
IR absorption peaks corresponding to Cd(ClO4)236H2O ap-
pear in the NC samples. In conjuction with the EXAFS r
sults, this means that surface Cd atoms first have w
bound to them, then ClO4 groups bound to the water mo
ecules, as in the bulk Cd(ClO4)236H2O. In addition, the NC
FTIR spectra show strong peaks consistent with pyridine
ordinating with Cd atoms as seen in the Cd(ClO4)2
3x H2O3y pyridine standard and reference tables of py
dine coordinating with Cd21 in the form of CdCl2.

16 When
pyridine is in this state, an absorption peak that norma
appears at 603 cm21 shifts to overlap with a very strong

-
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55 13 827SURFACE STRUCTURE OF CADMIUM SELENIDE . . .
Cd(ClO4)236H2O mode at 626 cm21. The complete ab-
sence of any peak at 603 cm21 means that all pyridine in the
sample is bound to Cd. The peak at 1632 cm21 is consistent
with an H2O vibrational mode that is broadened due to dat
bonding, as would be the case when a water group is
tached to a Cd atom.25

Elemental analysis~Table II! supports the EXAFS and
FTIR data and reveals more information about the surfa
of the NC’s. The abundance of Cd and Se are approxima
the same, suggesting once again that both Se and Cd a
the NC surface. Using a model developed by Alivisa
et al., NC’s within the range of 25–35 Å in diameter a
approximately 45% surface atoms.11 From the elementa
analysis 12% of the total number of atoms are Cd, imply
that 5.4% of all atoms are Cd atoms on the surface of
NC. Comparing this to the 5.85% abundance of N impl
that there are on average 1.1 pyridines (C5H5N) attached to
each surface Cd atom. Elemental analysis supports the
istance of ClO4 from the detection of Cl. The lack of an
silicon suggests the loss of the Si(CH3)3 groups from the Se
starting reagent, also in support of bare surface Se ato
The elemental data is completely consistent with the EXA
and FTIR.

EXAFS of the Cd(ClO4)23x H2O3y pyridine reference
compound differed from CdClO436H2O by a 60% reduc-
tion in H2O coordination number, a very small Debye-Wall
factor (Ds250.001 84), and a very small change in the
dial distance (DR50.05 Å!. This is unexpected because e
emental analysis and FTIR suggest an abundance of pyri
coordinating to the Cd atoms. The Cd-N bond length is 2
Å,26 and the Cd-O bond length is about 2.29 Å.27,28Oxygen
and nitrogen have similar backscattering chracteristics
EXAFS is very sensitive to changes in bond length, theref
such a large difference in bond length should have been
tectable. This suggests that the N contribution to the EXA
signal is washed out by disorder in the Cd-pyridine bo
length but not in the Cd-water bond length. The Cd-pyrid
and Cd-H2O vibrational modes are similar in energy, 18
cm21 ~Ref. 29! and 356 cm21 ~Ref. 27!, respectively, so

FIG. 7. Fourier-transform infrared spectrum of a typical
Å CdSe nanocrystallite sample capped with pyridine. The d
show no SeO modes that would be expected to appear at;890
wave numbers, nor any SiCH3 at ;842 wave numbers from the
starting reagent, supporting the EXAFS fitting result that the
surface atoms remain unterminated.
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there should be no significant difference in thermal disord
therefore the disorder must be static. In the bu
Cd(ClO4)23x H2O3y pyridine reference sample this ca
be understood because the pyridine is being forced int
crystal structure that was originally that o
Cd(ClO4)236H2O. A similar effect was seen in the NC
samples, and we believe that the small H2O molecules are
able to accomodate to irregularities in the surface of the N
while the much larger pyridine molecules are sterically h
dered.

The set of samples with the different surface treatment
the same size distribution showed very little difference in
EXAFS data. Elemental analysis on the 35 Å BuS- NC
indicates approximately only 25 sulfur atoms per NC. Th
size NC has approximately 310 surface atoms so this wo
not result in a change in the surface signifcant enough
EXAFS to resolve. Although elemental analysis was not p
formed on the PhS- and NaphS- NC samples, we believe
these samples are chemically similar to the BuS- NC,
counting for the nearly identical EXAFS. Any change in su
face passivation from the different surface treatments
these NC’s is within the error bars of the EXAFS measu
ments.

In conclusion, the main objective of this work was
determine the nature of the local structural environm
around the Cd and Se atoms in CdSe NC’s and to determ
if possible, any differences in local environment around
surface atoms compared to those in the interior of the N
We find that the NC’s have nearly the same number of
and Cd atoms at the surface, since the coordination num
reduction of the Cd and Se first-neighbor atoms, relative
bulk CdSe, is nearly the same for each central atom. Elem
tal analysis also indicates approximately equal numbers
Cd and Se atoms, and TEM results lessen the possibilit
internal voids, which is the only other mechanism for pr
ducing a reduced coordination number.

The Se first neighbors are only Cd atoms. The EXA
data show no evidence of any oxygen or other lowZ atoms
in the Se first shell, suggesting that there are unterminate
bonds at the surface in the form of lone electron pair orbita
This result supports the theory that optically excited ho
can become trapped in long lived (;100 ns! surface states
associated with these orbitals.16 FTIR measurements also ob
serve no Se-O vibrational modes.

In contrast to the Se environment, the average Cd lo
environment is clearly a superposition of interior Cd ato

TABLE II. Elemental analysis of 35 Å CdSe nanocrystallite
Abundances were normalized to the elements listed. No eleme
analysis was done for oxygen. Quoted errors are only statist
systematic errors are probably;610% of the mean values.

Element Atom %

Cadmium 11.89 0.30
Selenium 12.98 0.33
Carbon 30.83 0.06
Hydrogen 37.43 0.60
Nitrogen 5.85 0.09
Chlorine 0.97 0.01
Silicon <0.04

a

e



C
rfa
y
i-
ith

tra
ou
n
th
ta
va
r

ur
n
ex
s
at

fin
u
ng
to
a
s

b-
two
n of
ffer
, the
sed

ur
iss-
’s.
on
er
co-
e of
he
a-
alf
his
n
om

ch
he
to
chi

13 828 55A. C. CARTERet al.
that are fully coordinated with Se neighbors, and surface
atoms that are bonded to Se neighbors as well as to su
passivating ligands. The surface passivation consists of p
dine and H2O. EXAFS, FTIR, and elemental analysis ind
cate that H2O, and pyridine bond to surface Cd atoms, w
the ClO4 bridging to Cd atoms through the H2O molecules.

Passivation of the surface depends on electrostatic at
tion between the surface atoms of the NC and the vari
passivating ligands. The interior of the NC’s is strongly co
strained by the geometry of covalant CdSe bonds, but
surface passivation has no such constraints. The electros
potential at the surface of the NC must have peaks and
leys similar to the surface of a golf ball. A reasonable pictu
is that the water molecules of hydrated ClO4 ions sit in the
dimples of the ‘‘golf ball.’’ The hydrated ClO4 ions could
terminally bond to one Cd atom or bridge two or three s
face Cd atoms while staddling a surface Se atom. The pla
pyridine molecules could then orient themselves to fit in n
to the hydrating water molecules on the same Cd atom
bond to other Cd atoms that are not passivated by hydr
ClO4 ions.

In the first shell around both the Se and Cd atoms we
essentially no change in the first-neighbor distance, a s
stantial increase in the static disorder, and very little cha
in the temperature dependence of the Debye-Waller fac
This is the result expected from the nucleation of small p
ticles of a zinc-blende structure at the low temperatures u
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in our synthesis. Higher coordination shells are virtually a
sent, compared with a bulk CdSe standard. There are
reasons: first, in the second shell a much larger proportio
the atoms are sufficiently near the surface of the NC to su
a substantial coordination number reduction, and, second
Debye-Waller factor in the second shell is greatly increa
relative to the bulk due to bond angle disorder.30,31

The coordination number reduction observed in o
samples is close to the reduction that we expect due to m
ing Cd or Se first-neighbor atoms at the surface of the NC
From TEM studies, we do not attribute the coordinati
number reduction to internal voids, but only to the low
coordination number around surface atoms. The low Cd
ordination number of the 35 Å NC suggests the presenc
very small NC’s in the size distribution. We believe that t
tails of the size distribution determined from the optical me
surements extend considerably beyond the full width at h
maximum of 10% for samples made by microemulsion. T
would explain why EXAFS finds the first shell coordinatio
to be nearly independent of the particle size determined fr
optical absorption.
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