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Electron paramagnetic resonance �EPR� and secondary-ion mass spectroscopy have been used to quantita-
tively investigate the phosphorus doping of freestanding silicon nanocrystals �Si-NCs� in a wide range of
diameters. It is found that both the atomic phosphorus incorporation efficiency of 100% and its segregation to
the surface region during growth by our gas-phase method are independent of the nominal doping concentra-
tion and the Si-NC size. EPR data show that the concentration of electrically active substitutional P falls below
the atomic P concentration by about 1 order of magnitude for Si-NC with diameters larger than 12 nm. Using
a quantitative statistical model, charge compensation by Si dangling bonds is shown to be the reason for this
difference. For smaller Si-NCs, a further strong drop of the concentration of paramagnetic donors is observed.
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I. INTRODUCTION

Owing to their interesting physical properties and the po-
tential of cost-effective processing, semiconductor nanocrys-
tals are currently breaking new ground in a wide field of
applications ranging from solar cells, printable electronics,
and thermoelectric power devices to efficient light emitters
and devices for bioimaging.1–8 For many applications it will
be inevitable to tailor the properties of these emerging mate-
rials via controlled doping with impurity atoms. However,
the doping of nanocrystals is, in general, quite distinct from
their bulk counterparts.9–12 Recent progress has been made in
the understanding of doping mechanisms in II-VI semicon-
ductor nanocrystals, which are grown using colloidal chem-
istry at relatively low temperatures.13 There, the incorpora-
tion of impurities is governed by adsorption kinetics and can
strongly depend on surface morphology and nanocrystal
shape.14 For silicon nanocrystals �Si-NCs� both electronic
p- and n-type doping has been achieved with boron and
phosphorus, respectively.2,3,15–20 This includes Si-NCs em-
bedded in amorphous oxides synthesized from solid-phase
methods,15,18,19 and freestanding Si-NCs from the gas
phase.2,3,16,20 P doping of Si-NCs grown from a liquid phase
via coreduction of SiCl4 and PCl3 in 1,2-dimethoxyethane
has also been reported.17

Freestanding Si-NCs grown from the gas phase are cur-
rently attracting a great deal of interest as a result of their
advantageous properties with respect to the embedded silicon
nanostructures studied more intensively until now. Gas-phase
synthesis of freestanding Si-NCs relies on the decomposition
of silane in a high-frequency plasma.21–23 This scalable pro-
cess has been optimized in the last years in terms of size
dispersion, throughput and efficiency, so that sizable
amounts of freestanding, mostly single-crystalline Si-NCs
with selectable mean diameter in the range of 3–50 nm can
be produced. The as-grown material can then directly be pro-
cessed into semiconductor inks that can be used in printed
electronic applications.24 While quantum-size effects, which
become prominent for the smallest Si-NCs, could be the ba-

sis for the development of band-gap tunable light emitters
and photovoltaic cells that take advantage of efficient mul-
tiple exciton generation in Si-NCs,25 in other applications
that target, e.g., low-cost large-area production of electronic
or thermoelectric devices, these effects are not necessarily
beneficial. There, it is rather desirable to use larger NCs,
where the surface-to-volume ratio and consequently also the
number of unwanted surface defects is smaller and effects
such as the misalignment of energy levels in interparticle
transport or hindered doping can be avoided.

In recent investigations, it has been demonstrated that P
and B can, in principle, be incorporated into Si-NCs during
gas-phase synthesis by admixture of phosphine and diborane
to the precursor gas.2,16,20 Initial elemental-analysis experi-
ments have shown that for P-doping concentrations below
4%, the incorporation efficiency of P atoms into the Si-NCs
is nearly 100%.2,20 However, for a narrow range of Si-NC
diameters it was found that about 80–95 % of the P atoms
incorporated segregate at the nanocrystal surface, depending
on the specific growth method.2,20 To act as an electronic
donor, P has to be incorporated on substitutional sites of the
Si-NCs core, which indeed has been demonstrated for the
case of gas-phase synthesized Si-NCs by proof-of-principle
magnetic-resonance experiments.16,26

Despite these recent developments, there is no quantita-
tive understanding about the electronic doping efficiency of
Si-NCs and only little is known about the incorporation ef-
ficiency and surface segregation of doping atoms during gas-
phase synthesis and in their dependence on Si-NC size and
nominal doping concentration. In this work, we quantita-
tively investigate the P doping of gas-phase Si-NCs in a wide
range of diameters and doping levels. The size dependence
of the electronic doping efficiency is studied using electron
paramagnetic resonance �EPR�, which allows the direct ob-
servation of donor-electron states, in conjunction with
secondary-ion mass spectroscopy �SIMS�, which is used to
determine the atomic P concentrations. The paper is orga-
nized as follows: in the first part, we report EPR results on Si
dangling-bond defects �Si-dbs� in Si-NCs and discuss the
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surface density and spectral contributions from different
Si-db defect species as a function of the Si-NC diameter and
doping. Measuring the influence of thermal hydrogen de-
sorption and annealing in hydrogen atmosphere on the Si-db
density, we also directly demonstrate the importance of hy-
drogen for defect passivation in Si-NCs. In the second part of
the paper, we discuss the P doping as a function of the Si-NC
diameter. SIMS measurements of the as-grown material in-
dicate an overall P incorporation efficiency of 100%, irre-
spective of the Si-NC size and the nominal doping concen-
tration of up to 5�1020 cm−3. However, after removal of the
native oxide that forms after exposure of the Si-NCs to air,
only about 5% of the initial P concentration is found in the
remaining crystalline cores, which demonstrates a strong sur-
face segregation of P during Si-NC growth. We find that the
concentration of neutral, electrically active donors measured
by low-temperature EPR, lies at least an order of magnitude
below the atomic P concentration in the Si-NC core for all
Si-NCs sizes. For Si-NCs larger than 12 nm in diameter, this
discrepancy can be understood considering donor compensa-
tion by Si-dbs, for which we account for with a quantitative
statistical model. For Si-NCs with diameters below 12 nm,
the donor-electron concentration determined by EPR drops
further by another 2 orders of magnitude with respect to the
atomic P concentration. This observation is discussed in the
last part of the paper in view of different physical effects
such as donor confinement or charge transfer to the surface.
However, our investigation demonstrates that a controlled P
doping of Si-NCs with a diameter of �12 nm can be per-
formed successfully.

II. EXPERIMENTAL DETAILS

We have investigated phosphorus-doped and undoped Si-
NCs, which were grown in a low-pressure microwave
plasma reactor by microwave-induced decomposition of
silane.22 The resulting materials are powders of freestanding,
spherical, and mostly single-crystalline Si-NCs.22 Phos-
phorus doping of the Si-NCs was achieved by adding differ-
ent amounts of phosphine from a dilute source containing
1% PH3 in SiH4 during growth. The nominal doping concen-
tration, �P�nom, is calculated as the fraction of phosphine in
the total flow of precursor gases �SiH4 and PH3� multiplied
by the atomic density of Si, nSi=5�1022 cm−3. The mean
diameter of the Si-NCs can be selected between 3 and 50 nm
by tuning the pressure of the process gases and the applied
microwave power. A stable control of the gas flows in our
reactor is only possible above a certain threshold value. This
restricts the variation in the doping concentration for our
smallest Si-NCs, where the lowest SiH4 flows are required.
There, �P�nom is fixed to 5�1020 cm−3, corresponding to the
PH3 concentration in our doping source, as a further dilution
by admixing additional SiH4 would lead to larger Si-NC
diameters.

In this work, we have investigated Si-NCs with a mean
diameter between 4.3 and 47 nm as determined using the
Brunauer-Emmett-Teller �BET� method.27 The size distribu-
tion of our Si-NCs was determined for selected samples with
particle mass spectroscopy and transmission electron micros-

copy �TEM� and shows a log-normal characteristic with a
standard deviation that depends weakly on the mean diam-
eter of the Si-NCs.28 For the smallest Si-NCs investigated,
the standard deviation of the diameter is ��1.3 and in-
creases to ��1.5 for the Si-NCs with the largest
diameters.28 In the following, we define the Si-NC diameter
d as the mean diameter measured by BET minus the average
thickness of the native oxide shell of 1.4�0.4 nm which
was determined from TEM images of the Si-NCs. Therefore,
the Si-NCs investigated have a mean core diameter between
1.5 and 44 nm.

EPR measurements were performed with a conventional
continuous-wave X-band spectrometer and a TM110 cavity
�Bruker�. We used a lock-in amplifier for the detection of the
EPR signal with a modulation of the magnetic field at 100
kHz. The sample temperature T was controlled using a He
gas flow cryostat �Oxford�. For EPR measurements, �1 mg
of Si-NCs powder was filled into small Teflon tubes which
were then placed in a conventional Suprasil quartz EPR
sample holder. The mass of the samples was determined us-
ing a high-precision scale �Sartorius R200D�. We estimate
the overall error of the mass determination to be below 0.05
mg. Microwave power series were recorded with the differ-
ent samples in order to make sure that the EPR signals in-
vestigated are free of saturation effects.

Annealing in vacuum was performed in a resistively
heated radiant tube oven equipped with an evacuated
��10−8 mbar� quartz tube. For annealing in hydrogen atmo-
sphere, the quartz tube was filled with ultrapure 8 N hydro-
gen, which was removed only after the annealing, when the
sample had reached room temperature.

For SIMS measurements, we prepared thin uniform films
of densely packed Si-NCs with a thickness of �500 nm on
top of Kapton Polyimide substrates which were coated by a
100 nm gold layer. The nanoparticle films were spin coated
from a dispersion of Si-NCs in ethanol �6 wt %� which was
prepared by a standard ball milling process.29 SIMS profiles
were measured with a ims4f-E6 mass spectrometer �Cameca�
using Cs+ �14.5 keV� as primary ions.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Dangling-bond defects and H passivation

For the investigation of dangling-bond defects, we have
performed EPR measurements at room temperature with dif-
ferent Si-NC powder samples. Figure 1 shows typical EPR
spectra of doped and undoped Si-NCs with mean diameters
of 1.5, 9.4, 42, and 44 nm �open circles�. All spectra were
normalized to the mass of the sample and show a broad
asymmetric resonance located at g�2.004–2.006. The spec-
tra of the Si-NCs with d=9.4 nm, d=42 nm, and d
=44 nm can be decomposed by a computer simulation tak-
ing into account spectral contributions of �i� the powder pat-
tern of a paramagnetic state with axial symmetry �dashed
curves� and �ii� an isotropic signal �dotted curves�. The best
fit �black solid curves� is obtained for g�=2.0081�4� and
g� =2.0018�4� for the axially symmetric defect and g
=2.0055�5� for the isotropic resonance and leads to an ex-
cellent agreement with the experimental spectrum. We assign
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�i� to �111�-oriented trivalent Si atoms at the interface be-
tween the crystalline core of the Si-NCs and their native
SiO2 shell, so-called Pb centers.30,31 The other signal at g
=2.0055, which we denote as D signal, is typically observed
in amorphous and polycrystalline Si as well as in Si-rich
SiOx and is assigned to threefold-coordinated Si in a ran-
domly distorted environment.32,33 Since we have no indica-
tions for significant amorphous contributions in the core of
our Si-NCs, presumably also the D states are located close to
the Si-NC surface. This is consistent with the observation of
suboxide formation on H-terminated Si-NCs.34 The peak-to-
peak linewidths �B of 0.7�0.1 mT for the D signal and
�B� =0.3�0.1 mT, �B�=0.6�0.2 mT for the Pb center
compare well with the values typically reported in the
literature.

The spectra of the d=1.5 nm samples are qualitatively
different from the ones measured on larger Si-NCs. Due to
the g value and the overall linewidth, we assign the signal to
Si-dbs as well. However, the structure of the spectra is not
resolved and can no longer clearly be decomposed with the
numerical simulation described above. This could originate

from a change in the principal g values of the axial spectrum
due to a change in the interface between the Si-NC core and
the surface oxide for Si-NC diameters below �10 nm,
which is presumably induced by strain. We do not observe
any systematic influence of P doping on the qualitative shape
of the Si-db EPR spectra.

To assess the influence of Si-NC size and doping on the
Si-db defect concentration, we determine the density of neu-
tral, paramagnetic Si-dbs by double numerical integration of
the Si-db related EPR resonances and comparison of the ob-
tained intensity with a 2,2-diphenyl-1-picrylhydrazyl refer-
ence sample containing a known number of paramagnetic
states. In Fig. 2�a� the Si-db surface density is plotted as a
function of the Si-NC diameter. The measured EPR data was
normalized to the overall Si /SiO2-interface area of the dif-
ferent samples calculated on the basis of the BET surface.
The error bars reflect the uncertainty of this normalization
originating from the uncertainty of the oxide thickness
��0.4 nm�. Results for doped and undoped samples are
shown as circles and triangles, respectively. The dotted curve
indicates the defect concentration that corresponds to an av-

FIG. 1. Typical EPR spectra of doped and undoped Si-NCs mea-
sured at room temperature and normalized to the masses of the
measured samples �open circles�. The microwave frequency was
9.7345 GHz. The measured spectra can be decomposed by com-
puter simulation using the powder pattern of a paramagnetic state
with axial symmetry �dashed line� and an isotropic contribution
�dotted line�. The sums of these two contributions are shown as
black solid lines. In the case of the Si-NCs with a diameter of 1.5
nm, the model described in the text cannot be used successfully to
simulate the spectra. The spectra of the d=42 nm and d=44 nm
samples were scaled up by a factor of 3.

FIG. 2. In �a� the Si-db surface concentration, defined as the
ratio between the amount of Si-db spins in the measured sample and
the overall area of the Si /SiO2 interface assuming an oxide thick-
ness of 1.4 nm, is plotted as a function of the mean Si-NC diameter.
The error bars reflect the uncertainty in the oxide thickness
��0.4 nm�. The dotted curve shows the Si-db concentration corre-
sponding to one Si-db per Si-NC. In �b� the same data are shown as
a function of the nominal doping concentration. The dashed lines
are a guide to the eyes. Triangles and circles represent data from
undoped and P-doped Si-NC samples, respectively. To avoid an
overlap of the error bars in �b�, the three data points at �P�nom=5
�1020 cm−3 were slightly displaced on the horizontal axis.
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erage of one Si-db per NC. As can be seen in Fig. 2�a�,
Si-NCs with diameters below 10 nm contain less than one
defect on average, which is an important prerequisite for the
use of Si-NCs in various applications. For undoped samples
we do not observe a significant dependence on the Si-NC
size and we find an average surface concentration of �5
�1011 cm−3 which is comparable to Si-db concentrations
around 1012 cm−3 typically found at bulk Si /SiO2
interfaces.35

For doped Si-NCs we do not find a size dependence of the
Si-db concentration as well. However, a trend that is already
reflected in the spectra shown in Fig. 1 is a decrease in the
density of Si-db defects upon doping with P. To give a more
quantitative overview of this effect in Fig. 2�b�, we plot the
data shown in Fig. 2�a� as a function of the nominal doping
concentration. Although the scatter of the data is quite large,
a decrease in the defect density with increasing nominal
P-doping concentration can be observed as a general trend.
Quantitatively, the average measured Si-db concentration
changes approximately by a factor of 2 when going from
undoped material to Si-NCs with �P�nom=5�1020 cm−3.
This phenomenon can, in principle, be explained by two ef-
fects: �i� as proposed in previous studies of Si-NCs embed-
ded in amorphous SiO2,20,36 P atoms might decrease the de-
fect density by reducing strain at the Si /SiO2 interface. �ii�
Since Si-dbs are amphoteric defects, with an electronic level
located close to midgap, they can capture donor electrons to
form ionized P+ donors and negatively charged diamagnetic
Si-db states, which no longer contribute to the Si-db EPR
signal.37 In contrast to �i� this charge compensation does not
reduce the actual number of Si-db defects in the Si-NCs. As
shall be discussed below, from analysis of EPR data obtained
for P donor electrons, we conclude that compensation �ii�
should be the dominant mechanism leading to the observed
decrease in the Si-db density with P doping. The weakness of
the observed compensation effect already suggests that either
the doping efficiency or the compensation mechanism are
very different from the situation in the bulk.

The scatter of the Si-db defect density of the undoped
Si-NC samples most likely originates from the different
growth conditions, in particular, different amounts of hydro-
gen that were incorporated during growth of the different
Si-NC samples. To directly demonstrate the role of H in the
passivation of Si-db defects in Si-NCs, we compare EPR
spectra of as-grown Si-NCs �d=25.8 nm� with EPR spectra
measured after annealing in vacuum at 450 °C for 30 min,
and after annealing at 410 °C for 30 min in ultrapure hydro-
gen at a pressure of 1 atm. Such a comparison is shown in
Fig. 3 together with the numerical fits that were obtained in
the same way as for the spectra in Fig. 1. Spectrum �a�,
which was measured on the as-grown sample, has the typical
shape as described for Fig. 1, resulting from spectral contri-
butions from Pb centers and D states, which are again repre-
sented by dashed and dotted lines, respectively. After anneal-
ing in vacuum at 450 °C �curve �b��, the shape of the EPR
defect signal remains almost unchanged and the intensities of
both spectral contributions is increased by a factor of
4.0�0.1. The observed increase in Si dangling-bond defects
upon heating can directly be correlated with the effusion of
hydrogen from the sample and is also reflected in a quench-

ing of Si-H vibrational bands in infrared-absorption spectra
measured after annealing.38 Annealing the as-grown sample
in molecular hydrogen decreases the amount of Si-dbs, as
can be seen in Fig. 3�c�. The intensity of the EPR signal is
clearly reduced with respect to the spectrum of the as-grown
sample and the shape of the resonance has become more
symmetric. The decomposition of the spectrum reveals that
the intensity of the D signal remains almost unchanged with
respect to the as-grown sample while the intensity of the Pb
is reduced by a factor of 0.6. These changes can be explained
by a passivation of Si dangling bonds with hydrogen during
the annealing, which, for the applied temperature and pres-
sure, is more effective for Pb centers than for D states. This
result is consistent with the recently reported, efficient pas-
sivation of Pb centers using a very similar treatment for
solid-phase-grown Si-NCs embedded in SiO2 matrices.39

B. Phosphorus donors

For the investigation of P doping in Si-NCs, we employ
two complementary experimental techniques. We use SIMS
to determine the atomic density of P in an ensemble of Si-
NCs and low-temperature EPR in order to directly measure
the number of electrically active P that were incorporated on
substitutional lattice sites in our Si-NCs.

In Fig. 4�a�, typical SIMS profiles of Si-NCs with a mean
diameter of d=9.4 nm and �P�nom=1.7�1020 cm−3 are
shown, plotting the measured P concentration, �P�, as a func-
tion of the depth. The solid curve shows the profile of a film
that was processed from as-grown Si-NCs. The measured

FIG. 3. Room-temperature EPR spectra of P-doped Si-NCs
��P�nom=1.6�1019 cm−3� with a mean diameter of 25.8 nm. Curve
�a� shows the spectrum of the as-grown sample, spectrum �b� was
recorded after annealing in vacuum at 450 °C for 30 min, and curve
�c� was measured after annealing an as-grown sample in pure H2 at
410 °C and at a pressure of 1 atm for 30 min. The spectra were
normalized to the masses of the measured samples. Curve �b� was
scaled down by a factor of 4. As in Fig. 1 the spectra are shown
together with their numerical fits.
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atomic P concentration in the region of the plateau between
100 and 400 nm is in very good agreement with �P�nom,
which is indicated by the dotted line. This means that the
phosphorus offered during gas-phase growth was incorpo-
rated into the Si-NCs with practically 100% efficiency. The
dashed curve shows a SIMS profile that was measured on the
same sample after an etching step, where the film was im-
mersed in 5 wt % hydrofluoric acid �HF� for 15 s and sub-
sequently washed in deionized water. This etching step leads
to an efficient removal of the native oxide shells of the as-
grown Si-NCs throughout the entire film, and predominantly
a hydrogen termination of the Si-NC surfaces is attained.16

The SIMS profile of the etched Si-NCs shows a P concen-
tration that is reduced by a factor of 12 from the concentra-
tion in the as-deposited film to 1.4�1019 cm−3 in the region
of the plateau. In addition, the plateau region is narrower and
the edges of the plateau are washed out in the case of the
profile of the etched film, which could be explained by an
etching-induced reduction in the structural quality of the
Si-NC film.

The strong decrease in the measured P concentration upon
etching can only be explained if most of the P resides in the
native oxide shell of the Si-NCs. To obtain a more compre-
hensive picture of this phenomenon, we recorded SIMS pro-
files of films of various Si-NC samples with different doping

concentration and diameter, before and after HF etching. The
data points in Fig. 4�b�, represent �P�SIMS, the atomic P con-
centration in the plateau region of the different SIMS profiles
before �circles� and after �triangles� removal of the native
oxide shells. The data points are labeled with the mean
Si-NC diameter of the different samples. The upper dashed
line corresponds to �P�SIMS= �P�nom, i.e., a P incorporation
efficiency of 100%. The lower dashed line represents
�P�SIMS= �P�nom /20, which corresponds to the average reduc-
tion in �P�SIMS after the HF etching step and is hereafter
denoted as �P�core. As can be seen, our data can be well
explained if we assume that �95% of the P is located in the
native oxide shells of the Si-NCs. We explain this observa-
tion by a segregation of P atoms to the Si-NC surface during
growth and subsequent oxidation of the highly doped shell.
This behavior is known from molecular-beam epitaxy
growth of Si:P �Ref. 40� and has recently also been reported
for Si-NCs grown from the gas phase in a VHF plasma.20

There, the authors employ inductively coupled plasma
atomic emission spectroscopy for the elemental analysis of
their Si-NC samples and find a minus 80% change in the P
concentration after removal of the oxide for Si-NCs with an
average diameter of 3.6 nm, which were synthesized at tem-
peratures below 600 °C. For the Si-NCs investigated in our
study, the growth temperature exceeds 1000 °C for a few
milliseconds. The higher growth temperature, allowing an
enhanced P diffusion, could explain the somewhat stronger
surface segregation in our Si-NCs as compared to Ref. 20.

As the atomic density of P atoms in an ensemble of Si-
NCs does not necessarily correspond to the density of P that
act as electrically active donors, we employ low-temperature
EPR measurements, where the concentration of substitu-
tional donors can directly be determined. Figure 5�a� shows
the EPR spectra of two Si-NC samples with mean NC diam-
eters of 42 and 43 nm, and different nominal doping concen-
trations, measured at T=20 K. Besides the broad Si-db reso-
nance, which is also observed at room temperature and is
now partially saturated, both spectra show additional fea-
tures. For the Si-NCs with �P�nom=1.3�1018 cm−3, a reso-
nance centered at g=1.998 and two further lines denoted
hf�31P� are observed, which are symmetrically split to the
high- and low-field sides of the g=1.998 resonance, with a
total separation of �4.1 mT.16 The splitting of the latter pair
of lines originates from the Fermi-contact hyperfine interac-
tion of P donor electrons in the ground state and the 31P
donor nuclei which carry a nuclear spin I=1 /2. A hyperfine
splitting of 4.2 mT and a central g value of 1.9985 constitute
the characteristic EPR fingerprint of substitutional, isolated P
in crystalline Si �c-Si�.41,42 The central resonance at g
=1.998 originates from exchange coupled, more closely
spaced, substitutional P atoms or from free electrons. In c-Si
such a signal is characteristic for intermediate and high P
concentrations.42–45 In the second spectrum in Fig. 5�a�,
which was measured on Si-NCs with a ten times higher dop-
ing concentration ��P�nom=1.2�1019 cm−3�, the hf�31P�
lines disappear whereas the line at g=1.998 increases in
intensity.

The EPR spectra shown in Fig. 5�b� were recorded with
two Si-NC samples of the same nominal doping concentra-
tion of 5�1020 cm−3 but different mean particle diameters

FIG. 4. �a� SIMS profiles of thin films of Si-NCs with a mean
diameter of 9.4 nm and �P�nom=1.7�1020 cm−3. The solid curve
shows the profile of the as-deposited film, the dashed curve was
measured after immersing the Si-NC film in 5 wt %. hydrofluoric
acid. �b� Measured P concentration, �P�SIMS, extracted from the pla-
teau regions of the SIMS profiles, versus �P�nom before �circles� and
after etching in hydrofluoric acid �triangles�. The data points are
labeled with the mean Si-NC diameter of the measured sample. The
solid line correspond to �P�SIMS= �P�nom and the dashed line shows
�P�SIMS= �P�nom /20.
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of 8.2 and 1.5 nm. Again, besides the broad defect related
resonance at g�2.006, the P-related line at g=1.998 is ob-
served. The observation of this characteristic resonance
shows the successful substitutional incorporation of P, also in
small Si-NCs with diameters below 10 nm.16 However, com-
pared to the high nominal doping concentration, the intensity
of the P signal is rather low, and approximately three times
weaker for the 1.5 nm sample than for the 8.2 nm sample.
These results suggest a decrease in the overall doping effi-
ciency with decreasing Si-NC size.

To assess this effect in more detail, we analyze the spectra
quantitatively. However, for bulk Si, a Curie-temperature de-
pendence of the magnetic susceptibility of localized mag-
netic moments scaling as T−1 is only expected for donor
concentrations below 3�1018 cm−3.43,45 Exceeding this
value, the Pauli paramagnetism from degenerate donor elec-
trons starts to diminish the temperature dependence of the
EPR signal intensity. This no longer allows for an easy de-
termination of the absolute amount of donor electrons via a
comparison of the measured signal intensity with a known
spin standard, as this would require to assume a constant
Fermi level throughout the whole ensemble of Si-NCs mea-
sured and to know its concrete position.44 To determine the
donor density from the EPR signal intensity, we therefore
need to measure the temperature dependence of the intensity
of the g=1.998 EPR resonance to ascertain a Curie behavior.

The results of such measurements, where we calculated the
intensity of the g=1.998 signal by numerical double integra-
tion of the resonance line, are shown in a double-logarithmic
plot in Fig. 6 for the samples with the highest �P�nom. While
the two samples with mean NC diameters of 14.7 and 30.2
nm and nominal doping concentrations of 6.5�1019 cm−3

and 1.6�1020 cm−3, respectively, show a temperature-
independent Pauli behavior over the whole temperature
range investigated, all other samples show a T−1 behavior for
�20 K. For temperatures �20 K, we observe a modified
Curie paramagnetism,46 which has also been observed in
bulk c-Si:P.43 For the evaluation of the absolute amount of
paramagnetic donor-electron spins in the samples that show a
Curie-temperature behavior, we use spectra that were re-
corded at T=20 K, where the maximum signal intensity in
the Curie regime is obtained.

Based on �P�EPR, the concentration of donor electrons that
contribute to the EPR signal at g=1.998, we define the dop-
ing efficiency in our Si-NC samples as �P�EPR / �P�nom. Here,
�P�EPR is obtained from the intensity of the EPR signal, how-
ever, in principle, also the width of the donor-related EPR
line can be used as a measure for the P-doping concentration
in Si. A correlation between the linewidth and the P-doping
concentration in c-Si has been established for a wide range
of doping concentrations.42–45 However, these studies were
performed using single-crystalline bulk samples, where
charge compensation and surface effects were negligible. In
Si-NC ensembles, the donor-related resonance line is an en-
semble signal composed of contributions from separated,
partially compensated NCs with different doping concentra-
tions due to statistical fluctuations of the number of donors
per NC. Moreover, in contrast to bulk samples, most of the
donors are located relatively near to the surface, which can
strongly influence the spin-relaxation time and consequently
the EPR linewidth.47 Thus, in Si-NC ensembles, the EPR
linewidth is a much less reliable quantity for the estimation

(a)

(b)

FIG. 5. �a� EPR spectra of Si-NCs with a mean diameter of 42
and 43 nm, and nominal doping concentrations of �P�nom=1.2
�1019 cm−3 and �P�nom=1.3�1018 cm−3, respectively. �b� EPR
spectra of doped Si-NCs with mean diameters of 8.2 and 1.5 nm.
All spectra were measured under the same experimental conditions
at T=20 K and their intensity was normalized to the sample mass.

FIG. 6. Temperature dependence of the EPR signal intensity of
the g=1.998 resonance for different Si-NC samples with a diameter
d and a nominal doping concentration �P�nom shown in a double-
logarithmic plot. The data was normalized so that all samples show
the same signal intensity at T=50 K. The dashed line represents a
T−1 Curie behavior. The dotted line indicates a temperature-
independent Pauli behavior.
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of the donor concentration than in bulk crystals. In order to
illustrate the influence of the size on the doping efficiency,
we plot �P�EPR / �P�nom for the Si-NC samples that show a
Curie behavior as a function of the mean Si-NC diameter in
Fig. 7 �open circles�. The error bars again result from the
uncertainty of the oxide thickness ��0.4 nm�. If every P
atom in the crystalline core of the Si-NC samples contributed
to the EPR donor-electron signal �i.e., �P�EPR= �P�core�, we
would expect a plateau for �P�EPR / �P�nom at 5�10−2 �dotted
line� in accordance with the SIMS results. However, all mea-
sured data points indicated by the circles in Fig. 7 fall well
below this value.

As already mentioned above, the Si-dbs in our Si-NC
samples should lead to charge compensation of P donors,37

which might explain this discrepancy. Using the information
about the defect concentration obtained from room-
temperature EPR measurements, we can estimate the effect
of charge compensation by Si-dbs quantitatively. For this, we
have to take into account that, unlike in large bulk crystals,
in NC ensembles the particulate character of the sample
leads to a partial separation of donors and defects. To address
this effect, we set up a simple statistical compensation model
which is based on the following assumptions: �i� within a
single Si-NC, donors and Si-dbs compensate each other one-
to-one and interparticle compensation does not occur due to
the Si-NC oxide shell. �ii� The number of P donors and Si-
dbs per particle follow binomial probability distributions.
�iii� An average Si-db surface concentration of �Si-db�=5
�1011 cm−2 is assumed for all Si-NC samples. This value
corresponds to the average Si-db concentration measured for
undoped Si-NC samples �cf. Fig. 2�. �iv� In order to contrib-
ute to the observed g=1.998 resonance, a Si-NC has to have
a minimum number, Nmin, of two P atoms �Nmin=2�. Si-NCs
with one P atom can only contribute to the hyperfine split
EPR signal of isolated donors.42 Under these assumptions,
the average number of spins per Si-NC contributing to the
g=1.998 resonance can be calculated by

Nspins = �
j=Nmin

	

�
i=0

j−1

��j − i�WpP

NSi�j�Wpdb

ASi�i�� . �1�

Here, WpP

NSi�j� is the binomial probability to find j phosphorus
atoms in a particle with NSi= �
 /6�d3nSi silicon atoms, where
the probability for any lattice site to be occupied by P is
simply given by pP= �P�core /nSi. An analogous definition
holds for Wpdb

ASi, where ASi is the Si-NC surface area and pdb is
the probability to find one Si-db per unit area. Thus, Nspins
effectively is a function of �P�core, d, and �Si-db�. Using Eq.
�1� we define the donor-electron concentration that should
theoretically be detected by EPR, taking into account com-
pensation, as �P�EPR

th = �Nspins /NSi��nSi, where Nspins is calcu-
lated for a Si-NC that has the mean diameter of the Si-NC
ensemble and contains NSi atoms. We neglect the Si-NC size
distribution in our powder samples for the simulation.

In Fig. 8 we plot �P�EPR
th as a function of �P�core for d

=1.5, 20, and 44 nm. The dash-dotted line displays the limit
�P�EPR

th = �P�core, i.e., the case when all P donors are uncom-
pensated. For very high doping concentrations �P�EPR

th ap-
proaches this limiting case asymptotically for all NC diam-
eters, as the number of Si-dbs in a NC becomes negligible
compared to the amount of P donors. When the average num-
ber of Si-dbs and P donors per particle are comparable, the
compensation behavior strongly depends on the Si-NC size.
For the 44 nm Si-NCs we observe a rather sharp onset of
�P�EPR

th for 1017 cm−3� �P�core�1018 cm−3. In this region,
the average number of P atoms per Si-NC increases from 4 to
45 and crosses the average number of 32 Si-dbs for Si-NCs
with d=44 nm. In general, compensation becomes less ef-
fective as the Si-NC size decreases due to a stronger separa-
tion of P and Si-dbs. This trend is reflected by the much
flatter slope of �P�EPR

th calculated for d=20 nm. For our
smallest NCs �d=1.5 nm�, the calculation results in a
straight line �dotted curve� which is shifted to much lower
�P�EPR

th with respect to the 20 nm curve. The reason for this
behavior is that for the smallest Si-NCs the probability dis-
tribution of the number of P atoms per Si-NC peaks at zero

FIG. 7. P-doping efficiency as determined from the spin density
of the g=1.998 peak at T=20 K as a function of the Si-NC diam-
eter. The circles show the measured �P�EPR normalized to �P�nom

and the diamonds show the same data after correcting for charge
compensation of donors by Si-dbs ��P�EPR

s.c. �, assuming the model
described in the text. The dashed and dotted lines show the cases
�P�EPR= �P�nom and �P�EPR= �P�core, respectively.

FIG. 8. �P�EPR
th as a function of �P�core for d=44 nm, d

=20 nm, and d=1.5 nm as calculated using the compensation
model based on Eq. �1� described in the text. The dash-dotted line
displays the limit �P�EPR

th = �P�core.
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also for high �P�core �up to 1019 cm−3�, i.e., the probability to
find no P atoms in a Si-NC is the highest. As only Si-NCs
that contain more than one P atom �Nmin=2� contribute to
�P�EPR, this leads to a strong downward shift of �P�EPR

th for
d=1.5 nm in Fig. 8. In fact, this statistical effect dominantly
determines �P�EPR

th for Si-NC diameters below �3 nm as the
separation effect becomes so strong in this size regime �i.e.,
the probability to find a P donor and a Si-db in the same
Si-NC becomes so low� that charge compensation is negli-
gible under the assumptions made for our model.

The solid horizontal arrow in Fig. 8 indicates �P�EPR
th

=3.8�1017 cm−3, which corresponds to the measured con-
centration of donor electrons, �P�EPR, for one of our samples
with d=20 nm. Evaluating �P�core at the intersection of this
line and the theoretical compensation curve �dashed�, we can
now recursively determine the atomic density of P in the
Si-NC core that is needed to explain the measured EPR sig-
nal intensity �P�EPR. We denote this statistically corrected
concentration as �P�EPR

s.c. . The results of this statistical correc-
tion for all our samples are shown as diamonds in Fig. 7. For
diameters larger than 12 nm, the data points form a plateau at
�P�EPR

s.c. / �P�nom�0.5–1�10−1. The good alignment with the
dashed line which indicates �P�core, determined by SIMS,
shows that donor compensation by Si-dbs alone is sufficient
to explain the above-mentioned discrepancy between �P�core
and �P�EPR. As a consequence, we can conclude that nearly
all of the P atoms incorporated in the Si-NCs and not con-
sumed by the surface oxide are located on substitutional sites
for Si-NC diameters larger than 12 nm.

In Fig. 7, we observe a sharp drop of �P�EPR / �P�nom for
d�12 nm by more than 2 orders of magnitude. As can be
seen from the small value of �P�EPR

s.c. at the same diameter,
compensation alone cannot account for this decrease in the
doping efficiency, if the assumptions made for our compen-
sation model also hold for Si-NCs with d�12 nm. A re-
duced doping efficiency is also reflected by the temperature
dependence of the EPR signal shown in Fig. 6. In spite of the
highest �P�nom in our smallest Si-NCs, a Pauli behavior is not
observed for these samples. A straight forward explanation
for the strong drop of the doping efficiency for Si-NCs with
d�12 nm could be the increase in the number of interface
sites, where P does not act has a donor, with respect to in-
ternal �bulklike� sites for smaller NCs. The relative increase
in interface sites increases with decreasing nanocrystal size
as 1 /d and could be further enhanced if P locates preferen-
tially close to the interface. However, this effect should lead
to a continuous decrease in the donor-electron concentration
with the decreasing size �as 1 /d�, which is not observed ex-
perimentally. As can be seen in Fig. 7, for diameters in the
range of 2–10 nm, where this effect would be very strong,
we do not observe a significant decrease in the donor-
electron concentration.

Another fact worth noticing is that if compensation is in-
effective for the small Si-NCs and the probability to find
Si-NCs containing no or only a single P atom is higher than
the probability of having more than one P, as our compensa-
tion model suggests, it is puzzling that we do not observe the
characteristic hyperfine pair of neutral, isolated P donors in
the EPR spectra of the smallest Si-NC samples in Fig. 5. One
possible explanation for the absence of the hyperfine lines in

the EPR spectra of the small Si-NCs could be the depen-
dence of the hyperfine splitting on the NC size.26 In conjunc-
tion with the size distribution of our Si-NC ensembles, this
effect leads to a broadening of the EPR hyperfine peaks
which could strongly impede their detection due to sensitiv-
ity limitations. In a recent study, we used electrically de-
tected magnetic resonance �EDMR� under illumination to de-
termine the magnitude of the broadening effect for our
Si-NC samples.26 This technique has a much larger sensitiv-
ity than conventional EPR for electrically active impurities,
however, it cannot be used to quantify the number of donors
in our samples as outlined in Ref. 16. For the smallest Si-
NCs studied using EDMR �d=6 nm�, we find a peak-to-
peak linewidth of �2.5 mT.26 For a typical EPR detection
sensitivity of at least 1011 spins per 0.1 mT linewidth,48

�6�1013 isolated donor spins should be sufficient to ob-
serve the characteristic hyperfine signal taking into account
the two hyperfine split resonance lines of isolated P. All
samples investigated with d�12 nm should have �P�core
�1�1019 cm−3, which corresponds to �1015 isolated do-
nors in a d=6 nm sample with a typical mass of 1 mg used
in our investigation, which is somewhat above the sensitivity
limit of an optimized EPR setup. Nevertheless, the charac-
teristic hyperfine signal is not observed in our experiments,
which points to an additional loss mechanism of donor
electrons.

In view of all the results obtained for small Si-NCs, two
effects could possibly be responsible for the small values of
�P�EPR / �P�nom for d�12 nm: �a� in contrast to assumption
�i� in our statistical model, compensation of donors across
Si-NC boundaries could become significant for small Si-
NCs. This might be due to the enhanced surface-to-volume
ratio and an enhanced tunneling probability of donor elec-
trons through the oxide barrier due to quantum confinement
of the donor-electron wave function. �b� P donor electrons
could be captured by nonparamagnetic trap states at the
Si-NC surface,49,50 which cannot be detected by EPR but
lead to an additional depletion of P donors. The formation of
these surface trap states might be a function of the Si-NC
size. Donor electrons could as well be lost due to chemical
reactions at the Si-NC surface, where a P-doped Si-NC could
act as reducing agent.9

IV. CONCLUSION

We have quantitatively investigated the doping efficiency
and the interrelationship of intrinsic Si-db states and P dop-
ing in freestanding Si-NCs grown from the gas phase. Si-db
states of the Pb and D type are found at densities comparable
to bulk Si /SiO2 interfaces and no significant dependence on
the NC size is observed. Hydrogen was shown to play an
important role in Si-db passivation in Si-NCs. Annealing of
the as-grown material to temperatures beyond 400 °C leads
to a strong increase in the Si-db concentration due to hydro-
gen desorption. Phosphorus is incorporated into freestanding
Si-NCs grown from the gas phase with an efficiency close to
100% independently of the Si-NC size. However, the pre-
dominant part of the donors ��95%� segregates to the sur-
face region of the Si-NCs during growth. Such segregation is
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also independent of the Si-NC size and nominal doping
level. For all Si-NC diameters, the donor-electron concentra-
tion measured with EPR is at least one order of magnitude
smaller than the atomic P density in the Si-NC cores. For
Si-NCs larger than 12 nm, this effect is quantitatively ex-
plained on the basis of charge compensation by Si-db defects
alone. For smaller Si-NCs with high �P�nom, the measured
donor-electron concentration drops down sharply to values
three orders of magnitude below the atomic P concentration.
We propose that this effect results from internanocrystal
compensation or electron capture at surface-related states.
Further investigations will be necessary to clarify the situa-
tion for Si-NCs with diameters below 12 nm. From our study
we conclude that the use of Si-NCs with diameters larger
than 12 nm is advantageous for application in electronic de-

vices where a well-defined and controlled electronic doping
with P is required.
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