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Dopant atom distribution and spatial confinement of conduction electrons
in Sb-doped SnQ nanopatrticles
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Colloidally prepared nanoparticles of pure andype SnQ were deposited on Au foils and studied by
photoelectron spectroscopy with synchrotron radiation. Substitutiofigbe doping was achieved using Sb
with an initial oxidation state of Il 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 Sh
3ds, to Sn 3y, core level photoelectron spectra as a function of the excitation energy. Sb was more evenly
distributed through the nanoparticles when its initial oxidation state wasv@ike some surface enrichment of
the dopant resulted for 8bdoping. High-resolution Sn@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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[. INTRODUCTION cifically the strength of the infrared plasma absorption in-
creases with electron injection through the particles. Related
Colloidal preparation methods have been highly successapplications ofn-type metal oxides include solar célland
ful in producing semiconductor nanocrystals of precise crystransparent heat reflectdrim optoelectronic devices. Nano-
tal structure with size-dependent electronic and thermaparticle films of this material also represent a useful system
properties:— Surface passivation with ligand chains is es-for examining the relationship between electronic and struc-
sential for the stability of such 1I-VI and 1lI-V nanocrystals tural properties in a nanoscale system.
and electronically these systems are intrinsic. To induce Nanoparticle solutions were prepared with eithel!'Sl,
n-type conductivity in these nanocrystals by substitutionalor Sb’Cl; as the dopant precursors in the preparation
doping has not yet been achieved. A successful alternative imethod. Two important questions relate to how dopant atoms
the method of electron injection from alkali metals at theare distributed throughout the nanoparticles and also how to
surfacé which results in unambiguous electron occupation inquantify the concentration of conduction electrons supplied
-Vl nanocrystals. Electron injection may also be used toby the dopant. Dopant concentration profiles in the 60 A
tune the optical properties of 1l-VI nanocrystals so that theyparticles were evaluated using tunable synchrotron radiation
exhibit an electrochromic effett-that is, that their optical to record core level photoelectron spectra from dopant and
properties change in response to an electric current. host atoms. By increasing the photon energy the sampling
In this work we study nanoparticles which were made depth is increased and a simulation of the Shy3to Sn
type by substitutional doping and also exhibit an electrochro3ds, core level intensity ratio variation withv yields the
mic effect. Sn@ nanoparticles need no attached ligands aslopant concentration profile. This method is similar to that
the surface of this material is structurally and electronicallypreviously used in determining thin-film coverage in over-
stable in air. Also, their surface charge is high enough tdayer growth studie&’
allow them to exist in a stable colloidal solution. These nano- Plasmon satellites were identified in the photoelectron
particles show no large band gap size dependence but a filspectra of the core levels. In measuring the relative intensity
of the nanoparticles exhibits novel electronic properties duef the plasmon feature as a function of sampling depth we
to a strong electrochromic effect when dopetype®’ Spe-  see that the conduction electrons are spatially confined to the
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center of the nanoparticles. From the plasmon energy an es- 3x10°
timate of the concentration of conduction electrons in the hv =766.25 eV Sb" doped SnO,
particles was also found. 3x10°

Another area of interest for heavily doped semiconductors
is the problem of band gap shrinkage. Although this is a large 2 s
effect for bulk metal oxide semiconductdrs-?we find that 3 2x107
in the surface region of the nanopatrticle films this effect is %
negligible. 5 2x10°

Il. EXPERIMENT 1x10°

Colloidal nanoparticles were prepared in solution by a . . . .
method previously describéd.Transmission electron mi- 200 220 240 260 280 300
croscopy (TEM) measurements showed that the nanopar- Kinetic Energy (eV)

ticles had a narrow size distribution with an average diameter ) .

of 60 A. The samples are highly monodisperse with a size FIG- 1. Overview spectrum for $bdoped Sn@ nanoparticles
variation of less than 10% as estimated from the TEM im-Showing the core level peaks used to measure the Sb spatial distri-
ages. Dopant concentrations were measured with an error GHtion-

less than 1% using atomic emission spectrosd@Bs). Au

foils were dip coated in the solutions and the resulting nanoeorrection, also from Ref. 16, to account for our experimen-
particle films were transported in air and introduced into atal geometry.Sy.; is the detector sensitivity function and
UHV chamber using a fast-entry load lock. Previous workp;(r) the radial density distribution of the particular element
has shown that the samples are not degraded on exposureitothe nanoparticled is the distance a primary photoelectron
air and that the surface termination layer contains OH travels through the nanoparticle following emission at the
ions1* pointr and\ (E,;,) is the photoelectron attenuation length in

Photoelectron spectra were recorded using beamline BWSnO,. This was calculated using the expression by Tanuma
of the DORIS IlI storage ring at HASYLAB/DESY in Ham- et all” which utilizes the inelastic mean-free-path length for
burg, Germany. Photons were tuned in the 500-1200 eVhotoelectrons in the material.
energy range for this work and photoelectron spectra col- We note that the attenuation length for photoelectrons
lected with an Omicron EA125 hemispherical energy analyfrom the Sn 25, and Sb 25, core levels is slightly differ-
ser(HEA). Samples were oriented at 45° with respect to theent at any given photon energy. This is due to the 45 eV
synchrotron light and the photoelectron spectra recorded idifference in binding energy between the two levels which
normal emission mode. A combined instrumental resolutiorgives a photoelectron kinetic energy differerisee Fig. L
of 260 meV was used for recording the high-resolution coreAlso, the sensitivity of our analyzer depends on the electron
level spectra. These were then fitted to the minimum numbekinetic energy, the exact dependence having been studied in
of Voigt functions following subtraction of a polynomial detail elsewheré® From this work we have evaluated
background. Photon energies and hence binding enerdSy.{Eyi,) for our experimental settings.
scales were calibrated by measuring the position of the Fermi For a wide-range photoelectron spectrum such as that
level in Au. The width of these Fermi level spectra was alsoshown in Fig. 1, the intensities of two core levels may be
used to estimate the total experimental resolutfon. related as follows. In Eq1), photoemission intenstidghv)

To find the Sh:Sn concentration ratio through the nanoparare divided by values fos,; and Sy{ Exin) Which are taken
ticles, wide-range low-resolution spectra were recorded at om the literature. Thus we may write an equation for the
series of photon energies. A combined experimental resolunormalized photoemission intensity ratio of two core levels
tion of 2.0 eV was sufficient for these measurements. Thesgcorded at a given photon energy:
spectra covered an energy range including the &audd Sb
3d core levels so that at each photon energy the light inten-
sity could be assumed constant for both core levels. f deSb(r)e—d/x(Efi‘;)

\%

Inorm(Sb 3113/2) _
nom(Sn 3z depSn(r)e’d’MEfi”n)
\%

IIl. SIMULATION METHOD 2
In photoemission the intensity of a core level signal is
given by

The ratio of the normalized photoemission peak intensi-
I(hv):CUnl(hV)Sdet(Ekin)f dV pay(r)e 40N En), ties therefore depends only on the distribution of the atoms
v 1) in the nanopatrticlep,(r) and the photoelectron attenuation
length\ (Ey;,,). Since the latter varies with photoelectron ki-
wherec is a constant and-,, is the atomic photoionisation netic energy, the observed core level intensity ratio is a func-
cross section for the core levell which was taken from tion of the photon energy. This function is therefore related
Bandet al1®We include ino,, a small asymmetry parameter to the spatial distribution of the elements in the nanoparticle
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film. So by recording spectra at different energies the data ™ 4
i ) . A ! . n-type SnO, Nanoparticles Dopant
may be simulated to find the dopant atom distribution in the 2 0.341 R
. « - Core Level Intensity Ratios L[] o
nanoparticles. o o Ao —
The nanoparticles were spherical with a radiés = Homogonous S doruton - <
=30 A and a narrow-size distribution. The degree of dop- %
ing D, a function of radial postitiom, is given by b= 0.30+
N g
Sb (]
D(r)y=———. 4
(") NsptNsp ® o 0.26-
8
Assuming thaD(r) shows spherical symmetry and since S
. . o
we know the total doping concentrati@,;, we have D 500,
7
R \N
J dav D(I’):47TJ r2dr D(r)=VDyy;. (4) <
v 0 )
8 0.18+
To simulate the recorded data we divide the spherical par- 600 800 1000 1200

ticles into m subshells whose doping concentratibr, is
systematically varied with the constraint that the total doping
concentratiorD,,; remain constant. For each combination of  FIG. 2. Sb 3l5,:Sn3d, core level intensity ratios as a function

Photon Energy (eV)

D;, ... ,Dy that satisfies Eq(4) the theoretical intensity of photon energy for SnOnanoparticles doped with 4b (solid
ratio of Sb to Sn is given by circles or SB’ (open circles Simulated intensity ratiogsolid line)
and the error limits(dashed ling are for nanoparticles with Sb
lnorm(Sb 3d30) fydVv D(r)e—d/k(Efi',ﬂ) concentration profiles shown in Fig. 3. Also shown is the calculated
= She - (5) intensity ratio for a homogeneous doping concentratidashed
Inorm(SN - 3dgy2) JvdV[1- D(r)]e_d”‘(Eki“) line). This line isnot horizontal as explained in the text.

In evaluating Eq(5) for each photon energy at which data gy, ions are shown in Figs.(® and 3b). We see in both

were recorded with the functiob(r) as the variable, the ,qeq that Sh has been successfully incorporated deep into
sum of quadratic deviations between the theoretical curvg,e gpherical nanoparticles. There is, however, a contrast be-
and experimental data was calculated. Finding the minimum,een, the two preparation methods. Sb is more concentrated
leads to the distribution of Sb in the Sp@anoparticles. at the surface when 8bis used as the dopant precursor, but
for an even dopant concentration profile, synthesis with Sb
IV. RESULTS AND DISCUSSION is more successful.

In order to estimate how sensitive the fitting procedure is
to changes in the Sb distribution, we have plotted the fits
Figure 1 shows an overview photoelectron spectrum rewith error bars around the fitting minimum. Every distribu-
corded with a resolution of 2.0 eV and using a photon energyion that leads to deviations less than 1.4 times the minimum
of 766.25 eV. The kinetic energy range covers the core levedieviation passes through the plotted error bars. From this

peaks of interest for estimating the dopant atom distributiorerror estimation, one can s¢om Fig. 3 that the fits are
in the nanoparticles. As the Slilg, peak overlaps with the |ess reliable in the inner part of the nanocrystal. There are
O 1s peak, we compare areas under {ke3/2 peaks of the two reasons for this. First, the photoelectrons emitted in the
Sn 3d and Sb 3 doublets. A polynomial background was inner subshells have to pass a distance of approximately
subtracted from the core level spectra, areas integrated ntwice the mean-free-path length inside the particles. So the
merically, and each area was then normalized &gy and  corresponding contribution to the peak intensity is attenuated
Syet @s described in Sec. lll. by nearly 90%. Furthermore, only 12.5% of the total number
Sb 3d3,:Sn 3ds, photoemsission intensity ratios are of atoms are situated in the “inner half” @r<15 A) of
shown as a function of photon energy in Fig. 2 for $nO the nanoparticles. Therefore small changes in the Sb distri-
nanoparticles doped with 16.7% '$band SUY, respectively. bution in the inner subshells do not lead to significant
We can see immediately that there is a qualitative differencehanges in the simulated intensity ratios. Fitting results are
in the results for the two types of samples. At low photonmore reliable for the outer subshells of the nanoparticles.
energies the Sh:Sn photoemission intensity ratios are highdrhis region is a shell with inner and outer radii of 15 A and
for the SB'" -prepared sample in comparison to the/ ®lased 30 A, respectively, and contains 87.5% of the nanoparticle
sample. Also, data for $b-prepared samples show a sharply volume. One can clearly see the basic trends in the system.
descending slope with increasing photon energy in contradte emphasize that we have found that Sb is more evenly
to data for the Sh-based samples which stay almost constandistributed in the outer region when Shs opposed to $b
within the error bars. is used in the preparation method. There is a tendency to-
Also shown in Fig. 2 are curves which result from the ward surface enrichment of the dopant in the lower initial
simulation procedure described above. The simulated Sb digxidation state.

A. Distribution of dopant atoms
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FIG. 3. Dopant atom concentration profiles in the S$m@no- FIG. 4. Sb concentration profiles calculated by simulating the

particles which give the best fits of the Sb:Sd,3 core level in-  data of Fig. 2 but for different average nanoparticle sizes. Results
tensity ratio data in Fig. 2(a) is for SB" -prepared nanoparticles are similar to those of Fig. 3. The size variation between sample
and (b) for Sb’-prepared nanoparticles. types and the size distribution of the nanoparticles does not there-

fore account for the contrasting Sb concentration profiles in Figs.

3 d(b).
It is interesting to show the expected Sb:Sn photoemission(a) and (k)

intensity curve if we had a completely homogenous Sb dis-

tribution in the nanoparticles. This was calculated and issulting Sb distributions are almost identical to those of Fig.
plotted as a dashed line in Fig. 2. The line is not horizontal3- These calculations show that we can expect our results to
We expect this because of the binding energy difference bdde virtually unchanged due to particle size variation. The
tween the two core levels and the manner in which this regeneral result for the differences between''Sband
lates to the relative attenuation lengths of photoelectrons &b’-prepared samples would also not be effected by a differ-
different photon energies. In the energy range well above thence of up to 10% in the average particle size between the
minimum of the mean-free-path length—i.e., above 700 eMwo sample types.

photon energy—the sampling depth is slightly higher for Sn, A further concern as to the accuracy of the simulation
the difference becoming more important at low energies. Foprocedure is related to the accuracy in the dopant concentra-
this reason the intensity ratio corresponding to homogenouson estimation. Atomic emission spectroscopy was used to
doping is slightly decreasing in this range when the energyneasure this and we know that the uncertainty is less than
decreases. When the energy is lowered to the vicinity of thd% for both samples. We have fitted the data of Fig. 2 as-
mean free path’s minimum, the difference in sampling depthsuming 1% higher and lower Sb concentrations. Resulting Sh
becomes smaller, so that the ratio actually begins to increasdistributions(not shown show that the differences between
At energies below the minimum of the mean-free-paththe sample types remains the same as we have shown in Fig.
length—i.e., below 600 eV photon energy—the ratio would3: SB''-prepared samples have surface enrichment of Sh
even increase above the limit value at the high-energy endyhile Sb’ preparation gives a more homogeneous dopant
because the sampling depth is then higher for Sb. distribution.

There is of course a size variation in these nanoparticle Concerning the sensitivity of this technique we should
samples which was estimated as smaller than 10% of theote that for the maximum kinetic energies detected the pho-
average diameter. To show how this may effect the simulatoelectron attenuation length is some 4 times smaller than the
tion results we show in Fig. 4 the calculated Sb distributiongarticle diameter. In this situation 98% of the photoemission
if we use particle sizes 10% larger and smaller than the awsignal originates from nanoparticles at the very top of the
erage value in the simulation procedure. We see that the rsample, so even if the sample is deposited in three-
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8x10* " associated with $h atoms in the bulk of the nanoparticles
6x10°] g’;=3215-9 evf\ Sb" doped which are typically bonded to six oxygen atoms in $nO
10" o From the point of view of binding energy the main com-
: "\ ponent in the Sn & core level is, to within less than 0.10 eV,
2x10") { N\ the same for all three of the nanoparticle types studied. Ver-
0; T tical lines in Fig. 5 illustrate this. The measured Sds3
1x10°] A v binding energiegnot shown are higher than that found for
o 1x10°, iy Sb" doped the equivalent core level spectral peak in 3% Sb-doped bulk
g o] i ~..= Bulk SnG; (Ref. 12 by 0.16-0.23 eV. Three causes are consid-
§ ™o ! % Plasmon ered. The first is that the higher-core-level binding energy is
g 4x10%, J caused by a high density of conduction electrons. This was
= 0 — shown by Douet al!! for an n-type CdO thin film where
5x10°———— - core level binding energy shifts matched the valence band
4x10°] ,-" \'-1 undoped shift towards the Fermi level and both were due to a band
3x10°] FAR IR Y gap shrinkage typical for highly doped bulk semi-
2x10%; oo conductors! We dismiss this below on considering the va-
1x10°] \ lence band spectra. The second is a more general cause for
04

core level binding energy shifts in semiconductors. These are
492 494 496 498 due to charge transfer and electrostatic interactidiade-
lung) energy differences between the nanoparticle and thin-
film material®® Metal-oxide semiconductors show a large
FIG. 5. Sn 34, core level spectra for pure Sp@nd SH'-and ~ bond length contraction at surfaces. In a simple picture, this
Sh’-doped nanoparticles. These were recorded using a photon el increase the valence charge transfer from the metal ions
ergy of 615.9 eV. Voigt components are associated with Sn atoms itowards oxygen. With less valence charge for a given nuclear
the bulk or with a plasmon satellite. Experimental data are shown asharge, metal atom core electrons will therefore have a
dots only with Voigt components and their sum as a solid line.  higher binding energy. We expect a high degree of crystalline
defects in the SnOnanoparticle! which broadens the core
dimensional islands, the recorded data are almost entirel@vel spectra as described above. As bond length contraction
dependent on the topmost layer of nanoparticles only. is expected at and near these defects the metal core level
features should be shifted to relatively higher binding energy
for the nanoparticles.
A third reason for the shift to higher binding energy for
Photoemission spectra of the Srdap core level are the core level spectra might be that the core hole remaining
shown in Fig. 5 for 60 A Sn@ nanoparticles which were in the nanoparticle does not relax within the photoemission
doped with SB' or Sb’ as above and also for undoped nano-time scale and so causes photoelectrons to be emitted at a
particles of the same size. These spectra were recorded akietic energy lower than in the case of bulk material. Such
photon energy of 615.9 eV. For the pure Sr&ample the Sn  a final-state effect is quite general for metal clusters on insu-
3dg, core level spectrum is fitted with one Voigt componentlating surface€?® as well as for free clustefé.Here we
only. Experimental data are shown as dots with the fittechave highly doped semiconductor nanoparticles on a metal
Voigt function shown as a solid line. Spectra for the Sb-substrate, but we cannot confirm whether or not this final-
doped samples, being slightly asymmetric, require a seconstate effect is present or not from core level spectra alone.
Voigt component to obtain a good fit. This fit is also shownThis is discussed further below in relation to valence band
as a solid line and reproduces the data well. A Gaussiaspectra.
width of 1.00+0.05 eV was needed to reproduce the spectra The peak on the high-binding-energy side of the spectra in
in Fig. 5. This is a high value considering that the experi-Fig. 5 is due to a loss process caused by excitation of con-
mental broadening was only 0.26 eV at this photon energyduction band electrons. Photoemission plasmon satellites
We attribute this broadening to bond length variation andvere observed for 3% Sb-doped Sntbin films by Egdell
some structural disorder in the nanocrystals. This is typicaét all? They interpreted the two core level peaks as being
for nanoparticles in that Winkleet al. fitted core level pho- due to a competition between initial- and final-state effects in
toemission spectra of CdS nanocrystals with Gaussian widthshotoemission. It is the conduction electron gas which may
of 0.6-0.7 eV when the experimental resolution was 0.1screen the core hole in the crystal lattice so that an intrinsic
eV!® The Lorentzian width originating from lifetime broad- conduction band plasmon is not created. Competition be-
ening is 0.40 eV for all peaks in Fig. 5. tween the creation and noncreation of plasmons was a strik-
Previously we found that in pure SaManocrystals, Sn ing effect in the core level spectroscopy for the doped mate-
atoms exist in the bulk only and that the surfaces are termirial. The plasmon satellite was predominantly due to an
nated with a layer of OH molecules:* For the Sh-doped intrinsic process and the Srd3atellite peaks had an inte-
nanoparticles described here there is also no evidence frograted area of 3 times that of the main peak for a photon
the Sn 3 core level spectra for a distinct surface site for Snenergy of 1486 eV. Figure 6 shows the plasmon/bulk Voigt
atoms. The main peak, labeled “Bulk,” in these spectra isintensity ratio as a function of photon energy. Extrapolating

Binding Energy (eV)

B. Sn 3d5, core level spectra
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the low-kinetic-energy peak is such that if it were associated

0284 » St dopec Sr, with a chemical shift the atoms involved would be deep in
~—Shdmedde.— |/ the interior of the nanoparticles and with an alloying effect

relying on Sn bonding to fewer O atoms in the interior and a

0.24- A similar situation for Sb. This is impossible as a reduced O

coordination in one region for Sn should have the opposite
effect for Sb atoms. That the second component is shifted to
low kinetic energy, for both Sn and Sb, allied to the photon
energy dependence eliminates the possibility of interpreting
the spectra in terms of chemical or surface shifts. The only
surface chemical shift in the system is for the ©lével and
is caused by a surface termination layer of Ok

We associate the plasmon loss peak in photoemission with
the creation of a bulk plasmon. In general, for semiconductor
nanoparticles, surface plasmons are observed only at a very
low intensity for Si cluster® and not at all for CdS quantum
dots?” Although these authors used electron energy loss
spectroscopyEELS) to study valence band plasmons which
4(')0 860 12'00 have a particle-size-dependent excitation energy in the

20-40 eV energy range, the same absence of a surface plas-

Photon Energy (eV) mon is expected here. No improvement in the fitting proce-
dure results from including a third Voigt function to represent
f surface plasmon peak.

Figure 6 shows that as we increase bulk sensitivity in
otoemission, the plasmon feature increases in intensity.
Some such increase is expected for plasmons produced in an

Fig. 6 to the same photon energy used by Egeledl,*? our extrinsic process but the photoemission process also pro-
plasmon/bulk intensity ratio is a factor of 10 less than theirsduces intrinsic plasmons. The latter are not expected to show
The apparent disparity is explained by the fact that in thedn excitation energy dependence and will dominate the loss
nanocrystalline system conduction electrons are confined tBrocess in a material with a relatively low density of conduc-
the central region of the nanoparticles. This was shown fofion electrons such as a degenerately doped semiconductor.
nanocrystalline layers of SnGSb in an aqueous This dominance of the intrinsic process justifies our conclu-
electrolyté'?> where band bending towards the semiconducsion that the conduction electrons are confined deep inside
tor's surface created a well for the conduction electronsthe nanoparticles. We avoid fitting the data in Fig. 6 as the
therefore confining them to the central region of the nanofequired curve would be a convolution of a depth sensitivity
particle. Here we have our samples in the vacuum chambéurve for photoemission and a curve representing the photon
but the result from the point of view of confinement is the €nergy dependence of the extrinsic plasmon contribution.
same. As conduction electrons are confined to the center dihe latter relies on parameters which for this material we are
the particles, the contribution of the plasmon satellite to thINSUr€’ so we turn our attention to the actual carrier con-
core level spectra depends on the bulk sensitivity of our meacentration. _ .

surements. At the highest photon energy used to record spec- [N our data the plasmon satellite peak are shifted from the
tra, photoelectrons from the SrdZore level would have a Sh 3d primary peak by 0.8%0.05 eV and 0.8£0.05 eV
kinetic energy of~650 eV and so have an attenuation for the samples prepared with'Stand S, respectively. As
length of ~13 A in the material? Photoelectrons originat- this peak is predominantly due to bulk plasmon production,
ing from deeper in the nanoparticles will also contribute tothis energy shift is equal to a plasmon enefgy, where

the primary Sn 8 photopeak but electrons originating from

the surface should always dominate. Figure 6 therefore dem- 2 Ne? 6
onstrates the confined nature of the conduction electrons in wp_m* €0€n ©

the nanoparticles.

The Sb 315, core level spectra, published separatdly, ~ We use a value for the high-frequency dielectric constant
are similar to the Sn &;, data shown here in that they have ¢,, of 3.92° which is a value averaged over the primary cys-
one principal component with a satellite peak showing theallographic directionsm* is the effective mass for conduc-
same kinetic energy shift and the same photon energy depetion band electrons arld their concentration. These however
dence(within erron as that of Fig. 6. Sb has therefore one are interdependent; i.en* increases linearly witt\:
chemical environment uniquely observed by photoemission
and hence no chemical or surface shifts caused by alloying or m* =mg +cN. (7
reduced coordination number.

For both Sn @ and Sb 3l core levels therefore we see no  This was shown by Sancet al*° in collating optical ab-
surface core level shifts. The photon energy dependence sbrbtion data for highly doped Sp@rom many groups and

020_ hv=6159eV

0.16+

Plasmon / Bulk Voigt Intensity

0.12+

FIG. 6. Sn 3 Voigt intensity ratios(plasmon/bulk for the Sb-
doped nanoparticles as a function of photon energy. A vertica
dashed line marks the photon energy used to record the spectra BE
Fig. 5.
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H * 1 _ L L L L L
we use their results hereng is the effective mass for non @ Valence Band Spectra

doped Sn@andc is the slope of a linear fit. Values for these SN0, (16.7% Sb") hv = 766.25 eV
were extracted from Ref. 30. Combining E¢®). and(7) and / Au subtracted
rewriting for N explicitly we have ~
3
wgeoexm* . y
NszA(moJrcN) (8) 3
or ©
N SnO, ; f
A 16.7% Sb"
N= o . 9 ;
1-Ac

This gives values foN of (6.80+0.80)x 10?° cm™ 3 and :
(5.64+0.70)x10%° cm 3 for SB'" and SN dopant precur- [ S
sors, respectively. As other groups have found, not all Sb ;
atoms donate an electron to the conduction band in degener-
ately doped Sn@'?'33!This is because a large amount of
Sb exists as an $blike lone pair state which traps
electrons’! We find here that the size of this effect is almost L s eos08ev
independent of the chemical form of Sb used in the nanopar- L
ticle synthesis. The ratio of conduction electrons to dopant w0
atoms is approximately 0.16 and 0.12 for "Sb and Gold
Sb’-prepared samples, respectively. The uncertainty in this [
ratio is due to imprecise knowledge of the exact volume
density of the nanoparticles since some bond length variation S S
is expected as mentioned above. Although this relates to 752 756 760 764 768
crystal defects, the average bond length will also be affected
by the Sb doping especially since'$Hike ions are expected

Photoelectron Kinetic Energy (eV)

to reside at interface defects. FIG. 7. Valence band spectra for pure Au and pure and
SH"-doped Sn@ nanoparticlesta), (b), and(c) respectively(d) is
C. Valence band spectra the spectrunic) with the normalized Au spectrurfa) subtracted.

. ) For (d) the “negative intensity” above the valence band maximum
Figure 7 shows valence band spectra from films of purgs gye a shift in the valence band maximum of Au when the SnO

gold (&) and nanoparticles of pure Sp@n gold (b) and nanoparticles were deposited as explained in the text.
SH''-doped Sn® nanoparticles on goldc). The gold va-
lence band spectrum shows emission up to the Fermi levékatures from both gold and Sp@nd the gold valence band
(Ef). No gold valence features are seen in the pure ;SnOis repeated for comparison after normalization to the height
nanoparticle spectrum as the layer was thick enough to scapf the emission aE; . A slight offset between the band edges
ter all photoelectrons from the gold. By extrapolating theis obvious. This is because for the metal/semiconductor in-
leading edge of the valence band in the spectriohWe see terface conduction electrons from the metal lower their en-
that the band edge is 3.6®.05 eV from the Fermi level. ergy in becoming trapped at the interface in semiconductor
This corresponds to the bulk semiconductor band gap foacceptor states such as''Satoms. Valence electrons in the
pure cassiterite SnO Therefore the Fermi level energy co- gold will therefore have a slightly higher binding energy than
incides with that of the conduction band minimum, implying in the case of a clean gold surface. The shift effects photo-
that even the pure Snanoparticles ara type. This is due  emission from theAu substrate onland is 0.26-0.05 eV.
to defect vacancies at oxygen lattice sites which shifts the |t is interesting to discuss this slight binding energy shift
Fermi level to the bottom of the conduction bafd. in view of final-state effects observed for metal clusters on
The pure Sn@valence band spectrum also shows an ap-an amorphous carbon surface. This was considered above in
preciable “tail off” into the band gap which we associate discussing the binding energies of the Sih3 core levels.
with a surface state related to the Olgroups which termi-  Wertheimet al. showed that as the cluster size decreases, a
nate the surfac¥ This density of states in the band gap is progressively larger influence of the core hole produced in
not due to the band gap variation caused by some smaphotoemission is exerted on the outgoing elecffoill pho-
nanoparticle size distribution since the band gap of SnOtoemission features are shifted to higher binding energies for
does not vary with nanoparticle size. This is a consequencsmaller clusters. In our case we see that it is the photoemis-
of the Wannier exciton in the material having an almost zerasion for the substrate Au itself which is shifted for the reason
oscillator strength. given above and so we are inclined to rule out the possibility
Spectrum ) is taken from a thin nanoparticle layer of of this final-state effect for highly doped semicondcutor
intentionally doped Sn® The spectrum shows valence band nanoparticles in interpreting our results. This could of course
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be clarified by investigating a series of samples with progresspectrum of Fig. &). With no measured band gap shrinkage
sively smaller nanoparticle sizes. we infer that there are effectively no conduction band elec-
It is this shift in the leading edge of the Au valence bandtrons in the surface region of the nanopatrticles. This concurs
which causes difficulty if the two spectra in Fig(by are  with the Sn 35, core level photoemission results described
subtracted as is shown in Fig(df. We cannot find the posi- above. Conduction electrons are confined and so their effect
tion of the valence band maximum from this “gold sub- in narrowing the band gap, if any, is deep in the nanopar-
tracted” data but we can compare the energy position of theicles but not at the surface.
feature labeledC between the different spectra. Pe@kis
derived from states based on Sns-8 2p bonding
orbitals®? This feature is unaffected by emission from gold
in all spectra. Between the pure and Sh-doped Ss#dnples We have measured the spatial distribution of Sb dopant
there is no spectral energy shift in the feat@ravith respect atoms in n-type Sn©nanoparticles. For doping with both
to the Fermi level. This is unusual as we would expect deSH'" and SV, dopant atoms are successfully incorporated
generately doped semiconductors to show band gap widethrough the nanoparticles with a strong surface enrichment in
ing due to the Burstein-Moss shift with a further band gapthe case of SH doping. The carrier concentrations are
reduction due to many-body effects such as electron-electrof6.80+0.80)x 10?° cm 2 and (5.64:0.70)x10?°° cm™3
and electron-impurity interactioriS.These effects combine for Sb'' and Sb” dopant precursors, respectively. Conduc-
so as to reduce the band gap from that of undoped materiaion electrons are confined to the central region despite the
Using photoemission, Doet al. demonstrated this far-type  fact that the dopant atoms are incorporated throughout the
thin-film CdO! Band gap renormalization or shrinkage was nanoparticles. Even in the case of''Stoping where the
observed. This should apply to other highly doped postdopant atoms are slightly more concentrated at the surface,
transition-metal oxide semiconductors such as Sr#3  conduction electrons are confined to the central region. We
shown in Ref. 12. Band gap shrinkage was observed despitdso find that band gap narrowing due to degenerate doping
a shift in the valence band to a higher binding energy beis not present near the nanoparticle surface.
cause the width of the occupied part of the conduction band
is larger than this shift. _ ACKNOWLEDGMENTS
Our results suggest that for nanoparticles, band gap nar-
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