
PHYSICAL REVIEW B, VOLUME 64, 245312
Dopant atom distribution and spatial confinement of conduction electrons
in Sb-doped SnO2 nanoparticles
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Colloidally prepared nanoparticles of pure andn-type SnO2 were deposited on Au foils and studied by
photoelectron spectroscopy with synchrotron radiation. Substitutionaln-type doping was achieved using Sb
with an initial oxidation state of III or V in the chemical preparation process. The dopant concentration was
16.7%. Dopant atom distributions in the nanoparticles were found by measuring the intensity ratio of the Sb
3d3/2 to Sn 3d3/2 core level photoelectron spectra as a function of the excitation energy. Sb was more evenly
distributed through the nanoparticles when its initial oxidation state was SbV while some surface enrichment of
the dopant resulted for SbIII doping. High-resolution Sn 3d core level spectra show a plasmon satellite feature
which is due to the excitation of conduction band electrons. These exist as a free electron gas confined to the
inner region of the nanoparticles.
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I. INTRODUCTION

Colloidal preparation methods have been highly succe
ful in producing semiconductor nanocrystals of precise cr
tal structure with size-dependent electronic and ther
properties.1–3 Surface passivation with ligand chains is e
sential for the stability of such II-VI and III-V nanocrysta
and electronically these systems are intrinsic. To ind
n-type conductivity in these nanocrystals by substitutio
doping has not yet been achieved. A successful alternativ
the method of electron injection from alkali metals at t
surface4 which results in unambiguous electron occupation
II-VI nanocrystals. Electron injection may also be used
tune the optical properties of II-VI nanocrystals so that th
exhibit an electrochromic effect5—that is, that their optical
properties change in response to an electric current.

In this work we study nanoparticles which were maden
type by substitutional doping and also exhibit an electroch
mic effect. SnO2 nanoparticles need no attached ligands
the surface of this material is structurally and electronica
stable in air. Also, their surface charge is high enough
allow them to exist in a stable colloidal solution. These na
particles show no large band gap size dependence but a
of the nanoparticles exhibits novel electronic properties
to a strong electrochromic effect when dopedn type.6,7 Spe-
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cifically the strength of the infrared plasma absorption
creases with electron injection through the particles. Rela
applications ofn-type metal oxides include solar cells8 and
transparent heat reflectors9 in optoelectronic devices. Nano
particle films of this material also represent a useful syst
for examining the relationship between electronic and str
tural properties in a nanoscale system.

Nanoparticle solutions were prepared with either SbIII Cl3
or SbVCl5 as the dopant precursors in the preparat
method. Two important questions relate to how dopant ato
are distributed throughout the nanoparticles and also how
quantify the concentration of conduction electrons suppl
by the dopant. Dopant concentration profiles in the 60
particles were evaluated using tunable synchrotron radia
to record core level photoelectron spectra from dopant
host atoms. By increasing the photon energy the samp
depth is increased and a simulation of the Sb 3d3/2 to Sn
3d3/2 core level intensity ratio variation withhn yields the
dopant concentration profile. This method is similar to th
previously used in determining thin-film coverage in ove
layer growth studies.10

Plasmon satellites were identified in the photoelect
spectra of the core levels. In measuring the relative inten
of the plasmon feature as a function of sampling depth
see that the conduction electrons are spatially confined to
©2001 The American Physical Society12-1
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center of the nanoparticles. From the plasmon energy an
timate of the concentration of conduction electrons in
particles was also found.

Another area of interest for heavily doped semiconduct
is the problem of band gap shrinkage. Although this is a la
effect for bulk metal oxide semiconductors,11,12 we find that
in the surface region of the nanoparticle films this effect
negligible.

II. EXPERIMENT

Colloidal nanoparticles were prepared in solution by
method previously described.13 Transmission electron mi
croscopy ~TEM! measurements showed that the nanop
ticles had a narrow size distribution with an average diam
of 60 Å. The samples are highly monodisperse with a s
variation of less than 10% as estimated from the TEM i
ages. Dopant concentrations were measured with an err
less than 1% using atomic emission spectroscopy~AES!. Au
foils were dip coated in the solutions and the resulting na
particle films were transported in air and introduced into
UHV chamber using a fast-entry load lock. Previous wo
has shown that the samples are not degraded on exposu
air and that the surface termination layer contains O2

ions.14

Photoelectron spectra were recorded using beamline B
of the DORIS III storage ring at HASYLAB/DESY in Ham
burg, Germany. Photons were tuned in the 500–1200
energy range for this work and photoelectron spectra
lected with an Omicron EA125 hemispherical energy ana
ser~HEA!. Samples were oriented at 45° with respect to
synchrotron light and the photoelectron spectra recorde
normal emission mode. A combined instrumental resolut
of 260 meV was used for recording the high-resolution c
level spectra. These were then fitted to the minimum num
of Voigt functions following subtraction of a polynomia
background. Photon energies and hence binding en
scales were calibrated by measuring the position of the Fe
level in Au. The width of these Fermi level spectra was a
used to estimate the total experimental resolution.15

To find the Sb:Sn concentration ratio through the nanop
ticles, wide-range low-resolution spectra were recorded
series of photon energies. A combined experimental res
tion of 2.0 eV was sufficient for these measurements. Th
spectra covered an energy range including the Sn 3d and Sb
3d core levels so that at each photon energy the light int
sity could be assumed constant for both core levels.

III. SIMULATION METHOD

In photoemission the intensity of a core level signal
given by

I ~hn!5csnl~hn!Sdet~Ekin!E
V
dV rat~r !e2d(r )/l(Ekin),

~1!

wherec is a constant andsnl is the atomic photoionisation
cross section for the core levelnl which was taken from
Bandet al.16 We include insnl a small asymmetry paramete
24531
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correction, also from Ref. 16, to account for our experime
tal geometry.Sdet is the detector sensitivity function an
rat(r ) the radial density distribution of the particular eleme
in the nanoparticle.d is the distance a primary photoelectro
travels through the nanoparticle following emission at t
point r andl(Ekin) is the photoelectron attenuation length
SnO2. This was calculated using the expression by Tanu
et al.17 which utilizes the inelastic mean-free-path length f
photoelectrons in the material.

We note that the attenuation length for photoelectro
from the Sn 3d3/2 and Sb 3d3/2 core levels is slightly differ-
ent at any given photon energy. This is due to the 45
difference in binding energy between the two levels wh
gives a photoelectron kinetic energy difference~see Fig. 1!.
Also, the sensitivity of our analyzer depends on the elect
kinetic energy, the exact dependence having been studie
detail elsewhere.18 From this work we have evaluate
Sdet(Ekin) for our experimental settings.

For a wide-range photoelectron spectrum such as
shown in Fig. 1, the intensities of two core levels may
related as follows. In Eq.~1!, photoemission intenstiesI (hn)
are divided by values forsnl andSdet(Ekin) which are taken
from the literature. Thus we may write an equation for t
normalized photoemission intensity ratio of two core lev
recorded at a given photon energy:

I norm~Sb 3d3/2!

I norm~Sn 3d3/2!
5

E
V
dV rSb~r !e2d/l(Ekin

Sb )

E
V
dV rSn~r !e2d/l(Ekin

Sn )

. ~2!

The ratio of the normalized photoemission peak inten
ties therefore depends only on the distribution of the ato
in the nanoparticlesrat(r ) and the photoelectron attenuatio
lengthl(Ekin). Since the latter varies with photoelectron k
netic energy, the observed core level intensity ratio is a fu
tion of the photon energy. This function is therefore relat
to the spatial distribution of the elements in the nanopart

FIG. 1. Overview spectrum for SbIII doped SnO2 nanoparticles
showing the core level peaks used to measure the Sb spatial d
bution.
2-2
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DOPANT ATOM DISTRIBUTION AND SPATIAL . . . PHYSICAL REVIEW B 64 245312
film. So by recording spectra at different energies the d
may be simulated to find the dopant atom distribution in
nanoparticles.

The nanoparticles were spherical with a radiusR
530 Å and a narrow-size distribution. The degree of do
ing D, a function of radial postitionr , is given by

D~r !5
NSb

NSb1NSn
. ~3!

Assuming thatD(r ) shows spherical symmetry and sin
we know the total doping concentrationDtot , we have

E
V
dV D~r !54pE

0

R

r 2dr D~r !5VDtot . ~4!

To simulate the recorded data we divide the spherical p
ticles into m subshells whose doping concentrationDm is
systematically varied with the constraint that the total dop
concentrationDtot remain constant. For each combination
D1, . . . , DN that satisfies Eq.~4! the theoretical intensity
ratio of Sb to Sn is given by

I norm~Sb 3d3/2!

I norm~Sn 3d3/2!
5

*VdV D~r !e2d/l(Ekin
Sb )

*VdV@12D~r !#e2d/l(Ekin
Sn )

. ~5!

In evaluating Eq.~5! for each photon energy at which da
were recorded with the functionD(r ) as the variable, the
sum of quadratic deviations between the theoretical cu
and experimental data was calculated. Finding the minim
leads to the distribution of Sb in the SnO2 nanoparticles.

IV. RESULTS AND DISCUSSION

A. Distribution of dopant atoms

Figure 1 shows an overview photoelectron spectrum
corded with a resolution of 2.0 eV and using a photon ene
of 766.25 eV. The kinetic energy range covers the core le
peaks of interest for estimating the dopant atom distribut
in the nanoparticles. As the Sb 3d5/2 peak overlaps with the
O 1s peak, we compare areas under thej 53/2 peaks of the
Sn 3d and Sb 3d doublets. A polynomial background wa
subtracted from the core level spectra, areas integrated
merically, and each area was then normalized forsnl and
Sdet as described in Sec. III.

Sb 3d3/2:Sn 3d3/2 photoemsission intensity ratios a
shown as a function of photon energy in Fig. 2 for Sn2
nanoparticles doped with 16.7% SbIII and SbV, respectively.
We can see immediately that there is a qualitative differe
in the results for the two types of samples. At low phot
energies the Sb:Sn photoemission intensity ratios are hi
for the SbIII -prepared sample in comparison to the SbV-based
sample. Also, data for SbIII -prepared samples show a sharp
descending slope with increasing photon energy in cont
to data for the SbV-based samples which stay almost const
within the error bars.

Also shown in Fig. 2 are curves which result from th
simulation procedure described above. The simulated Sb
24531
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tributions are shown in Figs. 3~a! and 3~b!. We see in both
cases that Sb has been successfully incorporated deep
the spherical nanoparticles. There is, however, a contras
tween the two preparation methods. Sb is more concentr
at the surface when SbIII is used as the dopant precursor, b
for an even dopant concentration profile, synthesis with SV

is more successful.
In order to estimate how sensitive the fitting procedure

to changes in the Sb distribution, we have plotted the
with error bars around the fitting minimum. Every distrib
tion that leads to deviations less than 1.4 times the minim
deviation passes through the plotted error bars. From
error estimation, one can see~from Fig. 3! that the fits are
less reliable in the inner part of the nanocrystal. There
two reasons for this. First, the photoelectrons emitted in
inner subshells have to pass a distance of approxima
twice the mean-free-path length inside the particles. So
corresponding contribution to the peak intensity is attenua
by nearly 90%. Furthermore, only 12.5% of the total numb
of atoms are situated in the ‘‘inner half’’ (0,r ,15 Å ) of
the nanoparticles. Therefore small changes in the Sb di
bution in the inner subshells do not lead to significa
changes in the simulated intensity ratios. Fitting results
more reliable for the outer subshells of the nanopartic
This region is a shell with inner and outer radii of 15 Å an
30 Å, respectively, and contains 87.5% of the nanopart
volume. One can clearly see the basic trends in the sys
We emphasize that we have found that Sb is more eve
distributed in the outer region when SbV as opposed to SbIII

is used in the preparation method. There is a tendency
ward surface enrichment of the dopant in the lower init
oxidation state.

FIG. 2. Sb 3d3/2:Sn3d3/2 core level intensity ratios as a functio
of photon energy for SnO2 nanoparticles doped with SbIII ~solid
circles! or SbV ~open circles!. Simulated intensity ratios~solid line!
and the error limits~dashed line! are for nanoparticles with Sb
concentration profiles shown in Fig. 3. Also shown is the calcula
intensity ratio for a homogeneous doping concentration~dashed
line!. This line isnot horizontal as explained in the text.
2-3
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It is interesting to show the expected Sb:Sn photoemiss
intensity curve if we had a completely homogenous Sb d
tribution in the nanoparticles. This was calculated and
plotted as a dashed line in Fig. 2. The line is not horizon
We expect this because of the binding energy difference
tween the two core levels and the manner in which this
lates to the relative attenuation lengths of photoelectron
different photon energies. In the energy range well above
minimum of the mean-free-path length—i.e., above 700
photon energy—the sampling depth is slightly higher for S
the difference becoming more important at low energies.
this reason the intensity ratio corresponding to homogen
doping is slightly decreasing in this range when the ene
decreases. When the energy is lowered to the vicinity of
mean free path’s minimum, the difference in sampling de
becomes smaller, so that the ratio actually begins to incre
At energies below the minimum of the mean-free-pa
length—i.e., below 600 eV photon energy—the ratio wou
even increase above the limit value at the high-energy e
because the sampling depth is then higher for Sb.

There is of course a size variation in these nanopart
samples which was estimated as smaller than 10% of
average diameter. To show how this may effect the simu
tion results we show in Fig. 4 the calculated Sb distributio
if we use particle sizes 10% larger and smaller than the
erage value in the simulation procedure. We see that the

FIG. 3. Dopant atom concentration profiles in the SnO2 nano-
particles which give the best fits of the Sb:Sn 3d3/2 core level in-
tensity ratio data in Fig. 2.~a! is for SbIII -prepared nanoparticle
and ~b! for SbV-prepared nanoparticles.
24531
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sulting Sb distributions are almost identical to those of F
3. These calculations show that we can expect our resul
be virtually unchanged due to particle size variation. T
general result for the differences between SbIII - and
SbV-prepared samples would also not be effected by a dif
ence of up to 10% in the average particle size between
two sample types.

A further concern as to the accuracy of the simulati
procedure is related to the accuracy in the dopant concen
tion estimation. Atomic emission spectroscopy was used
measure this and we know that the uncertainty is less t
1% for both samples. We have fitted the data of Fig. 2
suming 1% higher and lower Sb concentrations. Resulting
distributions~not shown! show that the differences betwee
the sample types remains the same as we have shown in
3: SbIII -prepared samples have surface enrichment of
while SbV preparation gives a more homogeneous dop
distribution.

Concerning the sensitivity of this technique we shou
note that for the maximum kinetic energies detected the p
toelectron attenuation length is some 4 times smaller than
particle diameter. In this situation 98% of the photoemiss
signal originates from nanoparticles at the very top of
sample, so even if the sample is deposited in thr

FIG. 4. Sb concentration profiles calculated by simulating
data of Fig. 2 but for different average nanoparticle sizes. Res
are similar to those of Fig. 3. The size variation between sam
types and the size distribution of the nanoparticles does not th
fore account for the contrasting Sb concentration profiles in F
3~a! and ~b!.
2-4



ire

o
a

n
te
b
o
n
ia
tr
ri

rg
n
ic

dt
0.
-

m

fro
Sn
i

s

-
,
er-

r
ulk
id-
is
as

and
nd
i-
a-
e for
are

in-
e

this
ons
lear

a
line

tion
level
rgy

or
ing
ion
at a
ch
su-

etal
al-
ne.
nd

a in
on-
lites

ing
in
ay
sic
be-
trik-
te-
an
-
ton
igt
ng

e
s

n

DOPANT ATOM DISTRIBUTION AND SPATIAL . . . PHYSICAL REVIEW B 64 245312
dimensional islands, the recorded data are almost ent
dependent on the topmost layer of nanoparticles only.

B. Sn 3d3Õ2 core level spectra

Photoemission spectra of the Sn 3d3/2 core level are
shown in Fig. 5 for 60 Å SnO2 nanoparticles which were
doped with SbIII or SbV as above and also for undoped nan
particles of the same size. These spectra were recorded
photon energy of 615.9 eV. For the pure SnO2 sample the Sn
3d3/2 core level spectrum is fitted with one Voigt compone
only. Experimental data are shown as dots with the fit
Voigt function shown as a solid line. Spectra for the S
doped samples, being slightly asymmetric, require a sec
Voigt component to obtain a good fit. This fit is also show
as a solid line and reproduces the data well. A Gauss
width of 1.0060.05 eV was needed to reproduce the spec
in Fig. 5. This is a high value considering that the expe
mental broadening was only 0.26 eV at this photon ene
We attribute this broadening to bond length variation a
some structural disorder in the nanocrystals. This is typ
for nanoparticles in that Winkleret al. fitted core level pho-
toemission spectra of CdS nanocrystals with Gaussian wi
of 0.6–0.7 eV when the experimental resolution was
eV.19 The Lorentzian width originating from lifetime broad
ening is 0.40 eV for all peaks in Fig. 5.

Previously we found that in pure SnO2 nanocrystals, Sn
atoms exist in the bulk only and that the surfaces are ter
nated with a layer of OH2 molecules.14 For the Sb-doped
nanoparticles described here there is also no evidence
the Sn 3d core level spectra for a distinct surface site for
atoms. The main peak, labeled ‘‘Bulk,’’ in these spectra

FIG. 5. Sn 3d3/2 core level spectra for pure SnO2 and SbIII - and
SbV-doped nanoparticles. These were recorded using a photon
ergy of 615.9 eV. Voigt components are associated with Sn atom
the bulk or with a plasmon satellite. Experimental data are show
dots only with Voigt components and their sum as a solid line.
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associated with SnIV atoms in the bulk of the nanoparticle
which are typically bonded to six oxygen atoms in SnO2.

From the point of view of binding energy the main com
ponent in the Sn 3d core level is, to within less than 0.10 eV
the same for all three of the nanoparticle types studied. V
tical lines in Fig. 5 illustrate this. The measured Sn 3d5/2
binding energies~not shown! are higher than that found fo
the equivalent core level spectral peak in 3% Sb-doped b
SnO2 ~Ref. 12! by 0.16–0.23 eV. Three causes are cons
ered. The first is that the higher-core-level binding energy
caused by a high density of conduction electrons. This w
shown by Douet al.11 for an n-type CdO thin film where
core level binding energy shifts matched the valence b
shift towards the Fermi level and both were due to a ba
gap shrinkage typical for highly doped bulk sem
conductors.11 We dismiss this below on considering the v
lence band spectra. The second is a more general caus
core level binding energy shifts in semiconductors. These
due to charge transfer and electrostatic interaction~Made-
lung! energy differences between the nanoparticle and th
film material.20 Metal-oxide semiconductors show a larg
bond length contraction at surfaces. In a simple picture,
will increase the valence charge transfer from the metal i
towards oxygen. With less valence charge for a given nuc
charge, metal atom core electrons will therefore have
higher binding energy. We expect a high degree of crystal
defects in the SnO2 nanoparticles,21 which broadens the core
level spectra as described above. As bond length contrac
is expected at and near these defects the metal core
features should be shifted to relatively higher binding ene
for the nanoparticles.

A third reason for the shift to higher binding energy f
the core level spectra might be that the core hole remain
in the nanoparticle does not relax within the photoemiss
time scale and so causes photoelectrons to be emitted
kinetic energy lower than in the case of bulk material. Su
a final-state effect is quite general for metal clusters on in
lating surfaces22,23 as well as for free clusters.24 Here we
have highly doped semiconductor nanoparticles on a m
substrate, but we cannot confirm whether or not this fin
state effect is present or not from core level spectra alo
This is discussed further below in relation to valence ba
spectra.

The peak on the high-binding-energy side of the spectr
Fig. 5 is due to a loss process caused by excitation of c
duction band electrons. Photoemission plasmon satel
were observed for 3% Sb-doped SnO2 thin films by Egdell
et al.12 They interpreted the two core level peaks as be
due to a competition between initial- and final-state effects
photoemission. It is the conduction electron gas which m
screen the core hole in the crystal lattice so that an intrin
conduction band plasmon is not created. Competition
tween the creation and noncreation of plasmons was a s
ing effect in the core level spectroscopy for the doped ma
rial. The plasmon satellite was predominantly due to
intrinsic process and the Sn 3d satellite peaks had an inte
grated area of 3 times that of the main peak for a pho
energy of 1486 eV. Figure 6 shows the plasmon/bulk Vo
intensity ratio as a function of photon energy. Extrapolati
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Fig. 6 to the same photon energy used by Egdellet al.,12 our
plasmon/bulk intensity ratio is a factor of 10 less than the
The apparent disparity is explained by the fact that in
nanocrystalline system conduction electrons are confine
the central region of the nanoparticles. This was shown
nanocrystalline layers of SnO2:Sb in an aqueous
electrolyte7,25 where band bending towards the semicond
tor’s surface created a well for the conduction electro
therefore confining them to the central region of the na
particle. Here we have our samples in the vacuum cham
but the result from the point of view of confinement is t
same. As conduction electrons are confined to the cente
the particles, the contribution of the plasmon satellite to
core level spectra depends on the bulk sensitivity of our m
surements. At the highest photon energy used to record s
tra, photoelectrons from the Sn 3d core level would have a
kinetic energy of;650 eV and so have an attenuatio
length of;13 Å in the material.17 Photoelectrons originat
ing from deeper in the nanoparticles will also contribute
the primary Sn 3d photopeak but electrons originating fro
the surface should always dominate. Figure 6 therefore d
onstrates the confined nature of the conduction electron
the nanoparticles.

The Sb 3d3/2 core level spectra, published separately14

are similar to the Sn 3d3/2 data shown here in that they hav
one principal component with a satellite peak showing
same kinetic energy shift and the same photon energy de
dence~within error! as that of Fig. 6. Sb has therefore o
chemical environment uniquely observed by photoemiss
and hence no chemical or surface shifts caused by alloyin
reduced coordination number.

For both Sn 3d and Sb 3d core levels therefore we see n
surface core level shifts. The photon energy dependenc

FIG. 6. Sn 3d Voigt intensity ratios~plasmon/bulk! for the Sb-
doped nanoparticles as a function of photon energy. A vert
dashed line marks the photon energy used to record the spec
Fig. 5.
24531
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the low-kinetic-energy peak is such that if it were associa
with a chemical shift the atoms involved would be deep
the interior of the nanoparticles and with an alloying effe
relying on Sn bonding to fewer O atoms in the interior and
similar situation for Sb. This is impossible as a reduced
coordination in one region for Sn should have the oppo
effect for Sb atoms. That the second component is shifte
low kinetic energy, for both Sn and Sb, allied to the phot
energy dependence eliminates the possibility of interpre
the spectra in terms of chemical or surface shifts. The o
surface chemical shift in the system is for the O 1s level and
is caused by a surface termination layer of OH2.14

We associate the plasmon loss peak in photoemission
the creation of a bulk plasmon. In general, for semiconduc
nanoparticles, surface plasmons are observed only at a
low intensity for Si clusters26 and not at all for CdS quantum
dots.27 Although these authors used electron energy l
spectroscopy~EELS! to study valence band plasmons whic
have a particle-size-dependent excitation energy in
20–40 eV energy range, the same absence of a surface
mon is expected here. No improvement in the fitting pro
dure results from including a third Voigt function to represe
a surface plasmon peak.

Figure 6 shows that as we increase bulk sensitivity
photoemission, the plasmon feature increases in inten
Some such increase is expected for plasmons produced
extrinsic process but the photoemission process also
duces intrinsic plasmons. The latter are not expected to s
an excitation energy dependence and will dominate the
process in a material with a relatively low density of condu
tion electrons such as a degenerately doped semicondu
This dominance of the intrinsic process justifies our conc
sion that the conduction electrons are confined deep in
the nanoparticles. We avoid fitting the data in Fig. 6 as
required curve would be a convolution of a depth sensitiv
curve for photoemission and a curve representing the pho
energy dependence of the extrinsic plasmon contribut
The latter relies on parameters which for this material we
unsure,28 so we turn our attention to the actual carrier co
centration.

In our data the plasmon satellite peak are shifted from
Sn 3d primary peak by 0.8760.05 eV and 0.8160.05 eV
for the samples prepared with SbIII and SbV, respectively. As
this peak is predominantly due to bulk plasmon producti
this energy shift is equal to a plasmon energy\vp where

vp
25

Ne2

m* e0e`

. ~6!

We use a value for the high-frequency dielectric const
e` of 3.9,29 which is a value averaged over the primary cy
tallographic directions.m* is the effective mass for conduc
tion band electrons andN their concentration. These howeve
are interdependent; i.e.,m* increases linearly withN:

m* 5m0* 1cN. ~7!

This was shown by Sanonet al.30 in collating optical ab-
sorbtion data for highly doped SnO2 from many groups and

l
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we use their results here.m0* is the effective mass for non
doped SnO2 andc is the slope of a linear fit. Values for thes
were extracted from Ref. 30. Combining Eqs.~6! and~7! and
rewriting for N explicitly we have

N5
vp

2e0e`m*

e2
5A~m0* 1cN! ~8!

or

N5
Am0*

12Ac
. ~9!

This gives values forN of (6.8060.80)31020 cm23 and
(5.6460.70)31020 cm23 for SbIII and SbV dopant precur-
sors, respectively. As other groups have found, not all
atoms donate an electron to the conduction band in dege
ately doped SnO2.12,13,31This is because a large amount
Sb exists as an SbIII -like lone pair state which trap
electrons.31 We find here that the size of this effect is almo
independent of the chemical form of Sb used in the nano
ticle synthesis. The ratio of conduction electrons to dop
atoms is approximately 0.16 and 0.12 for SbIII - and
SbV-prepared samples, respectively. The uncertainty in
ratio is due to imprecise knowledge of the exact volu
density of the nanoparticles since some bond length varia
is expected as mentioned above. Although this relates
crystal defects, the average bond length will also be affec
by the Sb doping especially since SbIII -like ions are expected
to reside at interface defects.

C. Valence band spectra

Figure 7 shows valence band spectra from films of p
gold ~a! and nanoparticles of pure SnO2 on gold ~b! and
SbIII -doped SnO2 nanoparticles on gold~c!. The gold va-
lence band spectrum shows emission up to the Fermi l
(Ef). No gold valence features are seen in the pure S2
nanoparticle spectrum as the layer was thick enough to s
ter all photoelectrons from the gold. By extrapolating t
leading edge of the valence band in the spectrum 7~b! we see
that the band edge is 3.6060.05 eV from the Fermi level
This corresponds to the bulk semiconductor band gap
pure cassiterite SnO2. Therefore the Fermi level energy co
incides with that of the conduction band minimum, implyin
that even the pure SnO2 nanoparticles aren type. This is due
to defect vacancies at oxygen lattice sites which shifts
Fermi level to the bottom of the conduction band.12

The pure SnO2 valence band spectrum also shows an
preciable ‘‘tail off’’ into the band gap which we associa
with a surface state related to the OH2 groups which termi-
nate the surface.14 This density of states in the band gap
not due to the band gap variation caused by some s
nanoparticle size distribution since the band gap of Sn2
does not vary with nanoparticle size. This is a conseque
of the Wannier exciton in the material having an almost z
oscillator strength.

Spectrum 7~c! is taken from a thin nanoparticle layer o
intentionally doped SnO2. The spectrum shows valence ba
24531
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features from both gold and SnO2 and the gold valence ban
is repeated for comparison after normalization to the hei
of the emission atEf . A slight offset between the band edge
is obvious. This is because for the metal/semiconductor
terface conduction electrons from the metal lower their
ergy in becoming trapped at the interface in semiconduc
acceptor states such as SbIII atoms. Valence electrons in th
gold will therefore have a slightly higher binding energy th
in the case of a clean gold surface. The shift effects pho
emission from theAu substrate onlyand is 0.2060.05 eV.

It is interesting to discuss this slight binding energy sh
in view of final-state effects observed for metal clusters
an amorphous carbon surface. This was considered abo
discussing the binding energies of the Sn 3d3/2 core levels.
Wertheimet al. showed that as the cluster size decrease
progressively larger influence of the core hole produced
photoemission is exerted on the outgoing electron.22 All pho-
toemission features are shifted to higher binding energies
smaller clusters. In our case we see that it is the photoem
sion for the substrate Au itself which is shifted for the reas
given above and so we are inclined to rule out the possib
of this final-state effect for highly doped semicondcut
nanoparticles in interpreting our results. This could of cou

FIG. 7. Valence band spectra for pure Au and pure a
SbIII -doped SnO2 nanoparticles:~a!, ~b!, and~c! respectively.~d! is
the spectrum~c! with the normalized Au spectrum~a! subtracted.
For ~d! the ‘‘negative intensity’’ above the valence band maximu
is due a shift in the valence band maximum of Au when the Sn2

nanoparticles were deposited as explained in the text.
2-7
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be clarified by investigating a series of samples with progr
sively smaller nanoparticle sizes.

It is this shift in the leading edge of the Au valence ba
which causes difficulty if the two spectra in Fig. 7~b! are
subtracted as is shown in Fig. 7~d!. We cannot find the posi-
tion of the valence band maximum from this ‘‘gold su
tracted’’ data but we can compare the energy position of
feature labeledC between the different spectra. PeakC is
derived from states based on Sn 5s–O 2p bonding
orbitals.32 This feature is unaffected by emission from go
in all spectra. Between the pure and Sb-doped SnO2 samples
there is no spectral energy shift in the featureC with respect
to the Fermi level. This is unusual as we would expect
generately doped semiconductors to show band gap wid
ing due to the Burstein-Moss shift with a further band g
reduction due to many-body effects such as electron-elec
and electron-impurity interactions.30 These effects combine
so as to reduce the band gap from that of undoped mate
Using photoemission, Douet al.demonstrated this forn-type
thin-film CdO.11 Band gap renormalization or shrinkage w
observed. This should apply to other highly doped po
transition-metal oxide semiconductors such as SnO2 as
shown in Ref. 12. Band gap shrinkage was observed des
a shift in the valence band to a higher binding energy
cause the width of the occupied part of the conduction b
is larger than this shift.

Our results suggest that for nanoparticles, band gap
rowing due to a high level ofn-type doping is negligible in
that part of the sample which contributes most photoel
trons to the valence band spectrum. Photoelectrons orig
ing from near the surface contribute most to the valence b
e

d

n

y

.
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spectrum of Fig. 6~c!. With no measured band gap shrinka
we infer that there are effectively no conduction band el
trons in the surface region of the nanoparticles. This conc
with the Sn 3d3/2 core level photoemission results describ
above. Conduction electrons are confined and so their e
in narrowing the band gap, if any, is deep in the nanop
ticles but not at the surface.

V. CONCLUSION

We have measured the spatial distribution of Sb dop
atoms in n-type SnO2 nanoparticles. For doping with bot
SbIII and SbV, dopant atoms are successfully incorpora
through the nanoparticles with a strong surface enrichmen
the case of SbIII doping. The carrier concentrations a
(6.8060.80)31020 cm23 and (5.6460.70)31020 cm23

for SbIII and SbV dopant precursors, respectively. Condu
tion electrons are confined to the central region despite
fact that the dopant atoms are incorporated throughout
nanoparticles. Even in the case of SbIII doping where the
dopant atoms are slightly more concentrated at the surf
conduction electrons are confined to the central region.
also find that band gap narrowing due to degenerate do
is not present near the nanoparticle surface.
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