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Doping efficiency and confinement of donors in embedded and free standing Si nanocrystals
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Doping semiconductor nanocrystals (NCs) is a promising way to tailor the optical and electronic behavior
of these materials to enable their use in (opto)electronic applications. Yet the practical exploitation of doping
requires an understanding of its efficiency, and dependence on external environment, and of the electronic
localization of dopant states due to confinement effects. Here, we experimentally probe the efficiency of doping
of Si NCs grown in amorphous SiO, by means of phase segregation method. We estimate a P doping efficiency
of these Si NCs of about 30% and from this we infer that most P dopants are incorporated at substitutional
sites of the NCs lattice and thus act as donors. We further show that the doping efficiency in Si NCs varies by
several orders of magnitude depending on their external environment. Charge traps associated with air molecules
adsorbed to the NCs surface give rise to a strong compensation of donors. We observe that this process can
be reverted by desorbing the molecules from the NCs surface under vacuum. Moreover, we experimentally
assess the confinement energy of isolated donors in Si NCs from the temperature dependence of their magnetic
resonance. From this, we provide experimental evidence for the confinement-induced increase of ionization
energy of dopants with decreasing NC size previously predicted with ab initio calculations of doped Si NCs.
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I. INTRODUCTION

Semiconductor nanocrystals (NCs) are materials with a few
nanometer in diameter that display a wealth of remarkable size-
specific optoelectronic properties that are not present in their
bulk counterpart [1,2]. For example, NCs have large surface-
to-volume ratios, can show luminescence [3] and exhibit a
tunable band gap [1] when reduced to nanometer dimensions.
These properties make semiconductor NCs promising as
technological materials. For example, semiconductor NCs are
being explored for use in light-emitting diodes [4], as light-
absorbing materials in photovoltaics [5], in thermoelectric
power devices [6], and in printable electronics such as thin
film transistors [7]. Such applications of semiconductor NCs
require a precise control of their electronic, optical, and mag-
netic properties. Doping with impurities is a promising means
of tailoring these properties and thus major research efforts
have been directed towards this topic in recent years [8—14].
With regard to electronic doping, progress in the incorporation
of impurities has already been reported for NCs of CdSe [8,15—
18], ZnSe [19-21], PbSe [9,22], InP [23], InAs [10,24], Si [25-
29], and SiGe [30-32]. Owing to the potential compatibility
with conventional electronics and the environmental inertness
and abundance of silicon, doped Si NCs are particularly
promising for future applications. Both n- and p-type doping
of Si NCs by incorporation of P and B impurities, respectively,
has already been reported [25,27,28,33-37].

The technological exploitation of doped Si NCs requires
an understanding of the electronic doping efficiency. Several
studies have investigated the introduction of dopants in free
standing Si NCs [28,38], produced by plasma synthesis
methods, as well as in Si NCs embedded in an oxide
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matrix [37,39-42]. In free standing P-doped Si NCs of sizes
between 3-nm and 30-nm studies using secondary-ion mass
spectrometry (SIMS) and inductively coupled plasma atomic
emission spectrometry (ICP-AES) showed that the amount of
P dopants incorporated in the NCs is approximately equal
to the amount of P atoms introduced in the plasma during
NC growth [28,38]. It was also observed that exposing the
NCs to air leads to the formation of an oxide layer at the
NCs surface. After removal of this surface oxide layer using a
hydrofluoric (HF) acid treatment, only 5%—-20% of the P atoms
remained in the Si NCs [28,38]. This provided evidence for
the segregation of P dopants to the NCs surface region during
growth [28,38]. Studies have also reported the incorporation
of P dopants in Si NCs embedded in an oxide matrix, prepared
by phase segregation methods [25,37,39-43]. Photolumines-
cence measurements of P-doped Si NCs embedded in SiO,
estimated the ratio between the effective density of P dopants
incorporated in the NCs [P].¢ and the nominal concentration
of P dopants [P],,m, Which corresponded to the concentration
of P atoms introduced in the films used to produce the
Si NCs embedded in SiO, [41]. The values of [P].; were
estimated from the quenching of the PL signal, associated
with Si dangling bonds (Si-dbs) at the NCs surface, that was
observed upon doping the NCs with P. These studies found that
[Plet/[Plaom Was about 60% for [Pl,om = 3.3 x 10" cm™3
and that it decreased to about 20% as [P],,, was increased
to 1.2 x 10%° cm™3 [41]. These observations were associated
with the segregation of P dopants to the interface between
the NCs and the surrounding matrix, which should become
more significant as the P content increases. For [P],,, over
1.2 x 10%° em™3, it was observed that [P].g/[P]yom increases
and reaches about 50% for [Pl,om = 1.7 x 102 cm™3. It was
suggested that this increase resulted from the introduction at
high [P],,m of additional PL quenching centers associated
with clusters of P dopants at the NCs interface or to matrix
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defects rather than from an effective increase in the amount
of P dopants incorporated in the NCs [41]. Further studies on
P-doped Si NCs embedded in silicon oxynitride (SiOg 93Np.22)
directly assessed [P]. using three-dimensional atom probe
tomography [42]. These studies reported values of [Pl.; =
4 x 10*° cm™3 and found that about 20% of the P dopants are
incorporated into the Si NCs, thus yielding [Pl = 0.2[Plhom.
It was further shown that an amount of P atoms corresponding
to 30% of [P],om is located at the interface between the NCs
and their surrounding matrix [42].

Studies have also suggested that P dopants can be intro-
duced in Si NCs embedded in a SiO, matrix through diffusion
of P atoms during thermal annealing at about 1000°C from
a spatially separated dopant source, namely a phosphosilicate
thin-film with a thickness up to 0.5 nm [44—47]. By combining
SIMS and x-ray photoelectron spectroscopy measurements
with computational modeling of the experimental data, it was
concluded that the incorporation of P dopants into Si NCs is
aided by the presence of the SiO, matrix surrounding the NCs,
which provides a barrier of about 1 eV for the diffusion of P
atoms out of the NCs [45,47]. Further, it was shown that P
dopants can be introduced in the Si NCs embedded in SiO, at
concentrations up to six times the solubility limit of P in bulk
Si [47].

Experimental studies have also investigated the relation
between the amount of P dopants effectively introduced in
the NCs ([P].s) and the quantity of donor electrons provided
by electrically active P dopants [38—40]. Magnetic resonance
measurements of free standing P-doped Si NCs showed that
donor electrons from substitutional P in the Si NCs may
become trapped at defects that introduce mid gap states in
the NCs’ electronic structure [38]. It was further shown that
Si-dbs are a major source of these trap states in Si NCs. These
defects were shown to compensate P donors in Si NCs and lead
to a reduction of the concentration of electrons [e~] provided
by P donors by about one order of magnitude with respect to
[Plegr for NCs with diameters larger than ~ 12 nm [38]. In
P-doped Si NCs with 4 nm in size and embedded in a SiO,
matrix, transient current analyzes found that the concentration
of carriers [e~] provided by P dopants for electronic transport
within the NCs conduction band was only about 0.12% of
[Ploom [40]. This observation was suggested to result from
the incorporation of most P dopants in the NCs as intersti-
tial impurities rather than as substitutional donors [39,40].
Interstitial P dopants in Si NCs are expected to induce deep
trap states which cannot donate electrons but provide efficient
carrier recombination, based on density functional theory
calculations [39].

The electronic properties of doped Si NCs are also deeply
influenced by the confinement of the charge carriers wave
functions within the volume of the NCs. Early works on P
donors in Si NCs embedded in SiO, using electron paramag-
netic resonance (EPR) spectroscopy reported that the hyperfine
interaction between the spin of donor electrons and the nuclear
spin of their P nucleus increases with decreasing NC size [25].
This observation was associated to quantum confinement of
the P donors in a volume smaller than the Bohr radius in
bulk Si [25], as predicted by computational simulations [48].
Studies further showed that confinement of donors in Si NCs
can also result from a reduction in the dielectric screening
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of the Coulomb interaction between the donor electron and
its P nucleus [49]. Further theoretical studies have predicted
that the activation energy of donors in Si NCs is a decreasing
function of the NCs size due to quantum confinement [50,51].
Consequently, it is expected to be more difficult to electrically
activate donors in smaller NCs. Nonetheless, this predicted
increase in the activation energy of dopants in Si NCs has so far
remained unverified experimentally. Experimental evidence
of an increasing ionization energy with decreasing NC size
has been given for the case of Co?" ions in ZnSe NCs
using magnetic circular dichroism spectroscopy [52]. From
experimental data and ab initio calculations, it was concluded
that the Co®>* /Co’* level is energetically pinned, which results
in an increase of the impurity ionization energy with increasing
quantum confinement [52].

Magnetic resonance techniques have been used also to
study the spatial distribution of the wave function of shallow
interstitial Li donors in ZnO NCs [53-55]. In these studies, the
confinement of the Li donors in small ZnO NCs up to 4.5 nm
in size was probed using electron nuclear double resonance
(ENDOR) via a dependence of the splitting of the hyperfine
signal associated to the interaction between the donor electrons
(S = 1/2) and their Li nuclei (/ = 3/2). It was observed that
the hyperfine interaction between the donor electron and the
Li nucleus increases when reducing the NC size and this effect
was associated to the confinement of the Li donor in the ZnO
NCs [53,54]. Further, it was observed that this size dependence
cannot be described by the effective mass approximation in
the quantum confinement regime, i.e., when the radius of the
NCs is smaller than the Bohr radius [54]. Studies using EPR
and ENDOR spectroscopy have also identified the presence
of shallow donors associated to substitutional Al atoms in
ZnO NCs with 5 nm in size [56] via probing the hyperfine
interaction interaction of the donor electrons and their Al
nuclei (I = 5/2). From quantitative analysis of the observed
hyperfine constant for shallow Al donors, it was shown that
that the Al donors in the NCs could be described by effective
mass theory. Magnetic resonance studies have also investigated
the effect of surface acceptors on the ionization of donor
electrons [57]. In these studies, compensation of shallow Li
donors in ZnO NCs by acceptors located at the NCs surface
was observed. There, it was observed that the EPR signal
associated to unpaired spins in the NCs is only observed
under photoexcitation. This observation was associated to the
presence of deep acceptors in the NCs, which capture thermally
excited donor electrons.

In the present work, using EPR spectroscopy, we investigate
the impact of dopant confinement and external environment
on the doping efficiency of P-doped Si NCs. We show that
the doping efficiency in P-doped Si NCs varies by several
orders magnitude, depending on their external environment.
We associate this strong compensation of donors to air
molecules adsorbed on the NCs surface and show that it can
be reversed by desorbing the molecules from the NCs surface
under vacuum. Further, we assess the confinement energy of
isolated donors in Si NCs from the temperature dependence
of their hyperfine signal. From these data, we infer that the
ionization energy of donors in Si NCs increases with respect
to their bulk counterpart, as predicted by previous ab initio
calculations [48,50,51,58].
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II. EXPERIMENTAL DETAILS

P-doped Si NCs were prepared as previously reported [59].
Si-rich phosphosilicate glass (PSG) films were first prepared
on thin stainless steel plates by cosputtering Si, SiO;, and
P,Os [26,35,59,60]. The average concentration of P atoms
in the PSG films is 0.4 at.%, which corresponds to [P],om =
2 x 10% cm™3. The films were then peeled from the plates and
annealed in a N, gas atmosphere at 1150 °C for 30 min to grow
SiNCsin the PSG films [60,61]. During the growth, P impurity
atoms are incorporated into the Si NCs [26,35,59,60]. The
as-grown P-doped Si NCs become embedded in a SiO, matrix
(hereafter, these samples are labeled SiNCs-SiO,). The films
containing P-doped Si NCs were ground to obtain a powder.
To isolate Si NCs from the SiO, matrix, some of the powder
was reacted in hydrofluoric (HF) acid solution (46 wt.%) for
20 minutes. This process results in the preparation of a HF
solution containing isolated Si NCs. These isolated Si NCs
were separated from the HF by centrifugation (4000 rpm, 1
min) followed by removal of the HF and a Si NC precipitate
was obtained. Methanol was then added to the solution vessel
toredisperse the Si NCs. The centrifugation and redispersion of
the NCs in methanol was repeated several times to remove all
HEF. To obtain a dry powder of etched NCs from the dispersion
of NCs in methanol, we evaporated the solvent under a low
pressure Ar atmosphere. These samples of P-doped Si NCs
liberated from their embedding SiO, matrix and with a H-
terminated surface are labeled as SiNCs-H. To investigate the
crystallinity and size distribution of the P-doped Si NCs used in
this study, we performed high-resolution transmission electron
microscopy (HRTEM) of SiNCs-H using a JEOL JEM-2100F
microscope. For HRTEM observation, the NCs are drop-cast
onto a carbon-coated Cu mesh.

Each sample of P-doped Si NCs used for EPR mea-
surements was prepared by filling a few milligrams of dry
powder containing P-doped Si NCs into suprasil quartz tubes.
The powder was inserted into the tubes in an Ar-filled
glovebox. After that the tubes were sealed with epoxy glue
to prevent exposure of the NCs to air during measurements.
The measurements were performed with a Bruker ESP
300E continuous-wave X-band spectrometer in absorption
mode with a microwave frequency of v = 9.38 GHz. To
perform low-temperature EPR, we used an Oxford Instruments
ESR900 continuous-flow liquid He cryostat. All the EPR
spectra shown in this study are normalized by the mass of
Si NCs in the sample. In the case of SiNCs-SiO, samples, the
mass fraction of NCs was about 0.2. In the case of SiNCs-H
samples, the mass of NCs corresponds to the total mass of the
sample and thus the mass fraction of NCs is 1.

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show two HRTEM images of
SiNCs-H. There, we can observe NCs with lattice fringes of
0.314 nm, which correspond to {111} planes of the diamond
structure of Si. TEM observations of a large number of
NCs reveal that almost all NCs are single crystal and that
doping does not affect the crystallinity. Figure 1(c) shows the
size distribution of the P-doped Si NCs used in this study,
extracted from the analysis of the HRTEM images of 40 NCs
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FIG. 1. (a) and (b) HRTEM images of SiNCs-H. The lattice
fringes correspond to the {111} planes of Si. (c) NC size distribution
extracted from the HRTEM images of SiNCs-H.

in SiNCs-H. The NCs size distribution can be approximated
to a Gaussian function with a mean diameter of 5 nm and a
standard deviation of 1.2 nm.

Curve (a) in Fig. 2 shows the EPR spectrum obtained for a
SiNCs-Si0, sample. This spectrum can be well described by
a computational simulation, shown in Fig. 3(a), that takes into
account the spectral contributions of (i) a sharp signal located at
g = 2.002 with a linewidth of 0.2. mT (green dash-dotted line),
(i1) an asymmetric band with zero-crossing magnetic field at
about 334 mT (blue line), (iii) aline at g = 1.998 (pink dashed
line), and (iv) a pair of lines with median at g = 1.998 and
separated by about 10.8 mT (purple dotted line). The line shape
of (i) results from the sum of two Lorentzian components and
was obtained from the computational simulation of curve (c)
of Fig. 2, which, as will be discussed below, only displays the
EPR signal associated with Si-dbs. We assign (i) to £ X centers
in the oxide matrix surrounding the Si NCs [25,62,63], and the
band (ii) to Si-dbs at the NCs surface [38]. Bands (iii) and (iv)
are associated with the P donors in the Si NCs. Line (iii), which
we label Exch, has a g value that is typical for P donor electrons
in bulk Si and Si NCs [27,38,64,65]. This line has been
attributed to exchange-coupled donor electrons [66]. Lines
(iv), which we label hf( 31P), should result from the hyperfine
interaction between the donor electrons spin S = 1/2 and the
3'P nucleus spin I = 1/2 [25]. In P-doped bulk crystalline
Si, a hyperfine pair of lines with splitting of 4.2 mT and
central g value at g = 1.998 is the characteristic fingerprint
of substitutional, isolated P donors [64,67]. Thus the hf( 3'P)
signals observed in our NCs should be due to isolated donor
electrons in the P-doped Si NCs. However, the splitting of
10.8 mT between the pair of hyperfine lines observed in our
P-doped Si NCs is about 2.5 times larger than that observed in
P-doped bulk crystalline Si. Studies of ZnO NCs doped with
Li donors have also observed an enhancement of the hyperfine
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FIG. 2. EPR spectra of (a) SINCs—SiO,, (b) SINCs—H sealed in

an Ar atmosphere, (c¢) SINCs—H exposed to air, and (d) SiNCs—H
reasealed in an Ar atmosphere after exposure to air.

interaction between the donor electrons and the Li nuclei with
respect to bulk ZnO [53,54]. In these studies, it was shown
that this increase depends on the NC size and is caused by
confinement of the Li donors in the NCs volume. Experimental
studies showed that the magnitude of the hyperfine splitting
can be used to infer the size of the P-doped Si NCs [25,49].
To verify if the hf(*!) signals observed in our P-doped Si
NCs are compatible with the distribution of NC sizes obtained
from the TEM images of our P-doped Si NCs (see Fig. 1), we
simulated the expected hf(*!) signals taking into consideration
the NCs size distribution and the size dependence of the
hyperfine splitting in P-doped Si NCs. To this end, we used
the convolution [49]

/ Lay.o(d)[F(B;T,B_)+ F(B:T,B,)ldd, (1)
0

where Lg.o(d) is the size distribution of the NCs in the
ensemble, which follows a Gaussian distribution with mean
NC diameter dnc and standard deviation o = 1.2, d is NC
diameter, and F(B;I",By) are Lorentzian line shapes with
center magnetic field positions By = hv/gup + Anc(d)/2
and width I'. Here, £ is the Planck constant, wp is the Bohr
magneton, and g = 1.998. We use the value I' = 3 mT and the
NCs hyperfine splitting constant Axc(d) = Apuik + (p/dne)’,
with Apgx = 4.16 mT, p = 16.3 nm, and v = 1.61 [49].
Figure 3(c) shows the simulated hf(*') signals for ensembles
of P-doped Si NCs with dye = 3,4, 5, 6, 8, and 14 nm. Com-
paring the simulated hyperfine structures with those obtained
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FIG. 3. EPR spectra of (a) SiNCs-SiO, and (b) SiNCs-H sealed
in an Ar atmosphere. The spectra are shown together with their
numerical fits. (c) Computational simulation of the hf(*') signals
for P-doped Si NCs with a gaussian size distribution with o = 1.2
and dye = 3,4, 5, 6, 8, and 14 nm.

experimentally, we can see that the observed hyperfine signals
agree with the distribution pattern of our Si NCs and a mean
NC diameter of 5.5 & 0.5 nm, which is compatible with the
value of 5.0 nm obtained from the TEM images.

Curve (b) in Fig. 2 shows the EPR spectrum of a
SiNCs-H sample, measured in an inert Ar atmosphere. From
the computational simulation of this spectrum, shown in
Fig. 3(b), we can see that the sharp signal at g = 2.002 due
to EX centers disappears in relation to the EPR spectrum
of SiNCs-SiO,. This observation indicates that the etching
procedure successfully removes the SiO, matrix surrounding
the NCs. Further, in curve (b) of Fig. 3, we distinguish
the signal due to Si-dbs at the NCs surface and the signals
associated to P donors in the NCs, namely, the Exch signal
due to exchange-coupled donor electrons and the pair of lines
hf(*'P) due to isolated P donors in the Si NCs.

115425-4



DOPING EFFICIENCY AND CONFINEMENT OF DONORS ...

10%

—A— |

—0—/, Exch

—p——p- =0

EPR signal intensity (arb. units)

f—— I ]

SiNCs-H SiNCs-H
in Ar in Ar (resealed)

3 |

SiNCs-SiO,

FIG. 4. EPR intensity of the hf(*'P) signal (black triangles) and
of the Exch signal (black circles) observed in samples of P-doped Si
NC:s in different surrounding environments.

From the computational fits of the EPR spectra of P-doped
Si NCs, we estimate the intensity of the EPR signals due to P
donors in the Si NCs by numerical double integration of the
corresponding resonance lines. The intensity of the hf(3'P)
signal Iy is given by the sum of the intensities of the two
hf( 31P) lines, and the intensity of the Exch signal Igyep iS
given by the intensity of the signal observed at g = 1.998.
Figure 4 shows Igxen (black circles) and Iy¢ (black triangle)
for SiNCs-SiO, and SiNCs-H samples. There we see that the
intensity of the signals due to P donors decreases by about
two orders of magnitude upon removal of the oxide matrix
surrounding the NCs. This observation indicates that the nature
of the NCs surface has a strong effect on the doping efficiency
of the Si NCs. A reason for this strong decrease may be the
depassivation of Si-dbs at the NCs surface upon removal of the
SiO, matrix surrounding the NCs. Such unpassivated Si-dbs
may compensate P donors in the Si NCs and, thus, quench the
EPR signals associated with donor electrons in the P-doped Si
NCs. Another reason may be adsorption of residual H,O and
O, molecules to the NCs surface, which provide trap states for
electrons donated by P donors in the Si NCs. The trends of
Igxch, Ing, and Igxch/ Ins displayed in Fig. 4 are identical for two
sets of samples, which shows the reproducibility of the data.

To further investigate the effect of the nature of the
environment surrounding the NCs on the P-doping efficiency
of Si NCs, we exposed SiNCs-H samples to air by unsealing
the sample tubes and measuring the EPR spectrum of the NCs
during exposure to air. This is shown in curve (c) of Fig. 2 for
one sample. We can see that the signals due to P donors in the
Si NCs disappear upon exposure of the NCs to air and that the
EPR spectrum now only displays the signal at g = 2.006 due to
Si-dbs. This observation indicates that exposure of the NCs to
air leads to the compensation of all the P donors incorporated
in the Si NCs. After exposure to air, we left the samples in a
vacuum chamber for 20 minutes and then resealed the sample
tubes under Ar atmosphere. The EPR spectrum measured after
resealing the P-doped Si NCs is shown as curve (d) in Fig. 2.
There, we see that the hf( 3 P) and the Exch signals attributed to
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P donors in the Si NCs reappear. In Fig. 4, we can also see that
the EPR signals due to P donors in the sample SiNCs-H have
a similar intensity before exposure to air and after exposure to
air followed by resealing in a Ar atmosphere. This indicates
that the observed compensation of P donors in the Si NCs by
exposure to air is a reversible process, which may be related to
the transfer of donor electrons to air molecules that adsorb to
the NCs surface upon their exposure to air. Leaving the NCs
in vacuum leads to the desorption of air molecules from the
NCs surface and consequent elimination of the trap states that
lead to the compensation of P donors.

Previous studies showed that the adsorption of air molecules
can alter the electrical properties of amorphous Si due to
surface charge transfer [68,69]. Recent studies also reported
that the electrical conductivity measured in air of films of
H-terminated Si NCs doped with P is about one order of
magnitude higher than that of films of undoped H-terminated
Si NCs [70]. However, it was further observed that the
conductivity of films of P-doped Si NCs decreases over time
and after about four hours of exposure of the films to air the
conductivity is about the same as that of undoped Si NCs.
Our present results indicate that this effect may in part be
caused by the transfer of donor electrons to air molecules
that adsorb to the NCs surface upon their exposure to air,
which leads to the compensation of donor electrons and
makes the P-doped Si NCs effectively undoped. Studies on
Li-doped ZnO NCs capped with a Zn(OH), layer using EPR
spectroscopy have also reported a compensation effect, where
the electrons provided by Li donors become trapped in deep
surface acceptors [57]. It was further observed that this process
could be reverted by photo-excitation, which transfers the
electrons from the acceptors to the donors and makes both
sites paramagnetic [57].

We have studied the dependence of the EPR intensity
of the hf(’'P) signal observed for the P-doped Si NCs on
temperature 7. Figure 5(a) shows the temperature dependence
of I measured for a SiNCs—SiO, sample (blue dots). There
we can see that the intensity of the hf(*'P) signal scales as
T~! between 15 and 120 K, confirming that this EPR signal
displays a Curie behavior within this temperature range. This
observation enables us to infer that the density of electrons
donated by isolated P in the NCs remains constant within this
temperature range [38]. Thus there is no thermal excitation of
P donors up to 120 K. From this, we can infer a lower limit
for the ionization energy of isolated P donors from their bound
ground state to conduction band (CB) states. At 0 K, we have
a certain density n§ , of donor electrons bound to their isolated
P nuclei. As T increases, the donor electrons may be thermally
excited to CB states and electrons populate CB states with a
density n, which is given by [71]

n° = —(ng’o — n)eiE“/kBT, 2)

where No = QrmgksT/ h2)3/ % is the effective density of CB
states, mg; = 3[1/0.92(m¢) + 2/(0.19mg)]~" is the electron
effective mass and m is the free-electron mass, and kg is the
Boltzmann constant. The maximum density of electrons in
the CB is ng,o’ i.e., when all neutral P are thermally excited.

Figure 5(b) shows P, = n/ngﬁ, which corresponds to the
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FIG. 5. (a) Temperature dependence of the EPR signal intensity
of the pair of hf(3'P) signals in SiNCs—SiO,. (b) Dependence of
the fraction of thermally excited P donors P, as a function of the
excitation energy Ej, at a temperature of 120 K. (c) Ensemble density
of donor clusters with n donor electrons [C,, ] withn = 1, n = 2, and
n > 2 as afunction of the donor electron density [¢~]. This calculation
was performed for a NC ensemble with a Gaussian size distribution
with average NC size equal to 5.0 nm and 0 = 1.2.

fraction of P donors that are thermally excited for different
values of E4 and calculated for T = 120 K. In this figure,
we see that the onset of P, occurs for Eq ~ 240 meV. From
this, we infer that the excitation energy of isolated P donors
in P-doped Si NCs is at least 240 meV. This value of E4
is significantly higher than that required to ionize a donor
electron in bulk crystalline Si (45.6 meV) [72]. Previous
theoretical works have predicted that the ionization energy
of a single P dopant in a H-terminated Si NC of 4 nm should
be about 200 meV due to an increase in the confinement of P
donors in the NCs with respect to the bulk [50]. More recent
studies using density functional theory calculations predicted
that a P donor in a Si NC with 1.5 nm in size and with its surface
terminated with OH provides a donor state with an ionization
energy of 510 meV [39]. Here, using temperature-dependent
EPR spectroscopy, we estimate a minimum value of about
240 meV for the ionization energy of P dopants in Si NCs
with a mean diameter of 5 nm, which is considerably larger
than the ionization energy for P dopants in bulk Si. An
increase in the dopant ionization energy with respect to that
in the bulk counterpart has also been observed in P-doped Si
nanowires [73]. There, it was observed that the conductivity
of the nanowires decreases with decreasing wire radius. It was
further possible to estimate the dopant ionization energy in the
P-doped Si nanowires from the analysis of their experimental
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data using a model for the size-dependent dopant ionization
energy based on the dielectric mismatch between the nanowire
and its surroundings [73].

We have also estimated the density of isolated donors in
our P-doped Si NCs by comparing the intensity of the hf(*'P)
signal (see Fig. 4) with that of a known spin standard consisting
of a P-doped bulk crystalline Si. From this analysis, we obtain a
density of isolated donors of 1.6 x 10'® cm~3 in SiNCs-SiO,
and of about 1.1 x 10'® cm™ in SiNCs-H measured in Ar
atmosphere. From the density of isolated donor electrons, we
can estimate the total amount of donor electrons in our P-doped
SiNCs using a statistical analysis. Accordingly, the probability
pn that a donor electron is located in a NC with n donor
electrons may be given by

n WN@(n)
Y2 WG

where [e~] is the total density of donor electrons in the
NCs ensemble, WN@(n) is the binomial distribution, with
N(d) = mnsid? /6 (number of lattice sites in the NC) and x =
[e~]/nsi. Here, ng; =5 x 10%2 cm™3 is the atomic density of
bulk crystalline Si. Further, L4 (d) is the size distribution of
the NCs in the ensemble, which follows a Gaussian distribution
with a mean NC diameter dyc = 5 nm and standard deviation
o = 1.2 nm as described above. From Eq. (3), we can calculate
the ensemble density of donor clusters with » donor electrons
[C.] = [e"] x pn/n. Figure 5(c) shows [C,] as a function of
[e"]forn = 1,n = 2, and n > 2. From the data shown in this
figure, we can see that the density of isolated donor electrons
[C] that we obtain from EPR corresponds to two possibilities
of [e~]. However, only for the highest value of [¢™] the amount
of exchange-coupled donors in the NCs is higher than that of
isolated donors and can result in an Exch signal that is more
intense than the hf(31P) signal, as we observe in our EPR
measurements (see Fig. 4). Thus, from the analysis of Fig. 5,
we estimate a value of [e”] &~ 6 x 10" cm~ in SiNCs-SiO,.

Comparing the values of [¢e™]~ 6 x 10! cm™> and of
[Ploom = 2 x 10?9 cm~3 obtained for SINCs—SiO,, we infer
that the electronic doping efficiency [e™]/[Pliom 1S about
30% for these NCs. This result contrasts with previously
reported studies of P-doped Si NCs embedded in SiO,, which
estimated that the ratio between (substitutional) P donors
providing electrons to the NCs CB and [P],,, was only
0.12% [40]. This low value for the P doping efficiency of
Si NCs was proposed to result from the incorporation of P
in interstitial sites of the NCs [40]. However, our current
study demonstrates that a sizable amount of P donor atoms
are incorporated at substitution sites. If we consider the
incorporation efficiencies of P dopants in Si NCs embedded in
SiO; given in Ref. [41], i.e., 20%—60%, we can assume that
in our NCs we have [P].s = (0.4 &+ 0.2) [P],om- We estimate
[e”] = 0.3 [Pl,om, Which means that [e”] is very close to
[Plesr. This indicates that nearly all P dopants provide a donor
electron, which occurs if P dopants are introduced in the
NCs as substitutional impurities. We note that in Ref. [40]
the amount of electrons provided by P donors in the NCs
was determined by transient current analysis via measuring
the voltage-dependent ionized carrier density. This method
only detects the fraction of donor electrons that are excited to

Pa(ndyc.x) =Y Laye,0(d) 3)
d
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FIG. 6. Temperature dependence of the EPR signal intensity of
Exch signals in SiNCs—SiO, (black squares) and SiNCs—H (red
circles).

the NCs CB and participate in the current through the NCs
network. In contrast, our method detects the amount donor
electrons bound to their P atoms. We should also note at this
point that in a very recent work [47], it has been proposed
that P atoms may indeed be introduced in Si NCs prepared by
phase segregation methods at concentrations higher than the
solubility limit of P in bulk Si.

In the SiNCs-H sample measured in Ar, the P doping
efficiency decreases drastically to about 0.3%, as can be
seen from the decrease by two orders of magnitude of the
corresponding value of Iy with respect to that measured
for the SiNCs-SiO, sample, see Fig. 4. Such low electronic
doping efficiency is in par with that previously reported for
free standing P-doped Si NCs [38]. A reason for the low
doping efficiency observed in the SiNCs-H sample may be
an enhancement of charge trap states at the NCs surface
upon removal of the NCs surrounding SiO, matrix by HF
etching. These trap states may result from residual H,O and
O, molecules adsorbed at the NCs surface.

We now discuss briefly the temperature dependence of
the Exch signals observed in the P-doped Si NCs. Figure 6
shows this dependence for SiNCs-SiO, (black squares) and
for SiNCs-H (red circles). There, we can see that the intensity
of the Exch signal follows a Curie behavior for temperatures
down to 40 K. Below 40 K, the intensity of the Exch signal
strongly deviates from the Curie behavior. In a previous
EPR study, we have similarly observed a deviation of the
intensity of the signal of exchange coupled donor electrons
from Curie behavior with decreasing temperature [66]. In the
studied P-doped Si NCs, the signal from exchange coupled
donor electrons originated mostly from donor dimers [66],
i.e., from Si NCs with only two donor electrons (donor
clusters with n = 2), for which the electronic structure and
corresponding temperature dependence can be relatively easily
calculated [74]. The deviation from the Curie behavior has
been explained based on the freezing of the donor dimers
into their singlet electronic state (S = 0, EPR silent) with
decreasing temperature [66,74]. In the case of the P-doped
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Si NCs studied in the present work, we expect that the
signal due to exchange coupled donor electrons results from
donor clusters with n larger than 2, taking into account
the relatively large donor electron concentration estimated
([e"]1~ 6 x 10" cm™). As can be seen from Fig. 5(c), for
this value of [e™] the density of donor clusters with n > 2
is much larger than the density of donor dimers (n = 2).
Therefore the EPR signal from exchange coupled donor
electrons has significant contributions from donor clusters with
a wide range of n values, i.e., n =2, 3, 4 and so on, for
which the electronic structure and its temperature dependence
becomes virtually impossible to predict. However, we expect
that the ground state of donor clusters with even number
of electrons (n =2, 4, 6,...) has zero electron spin and,
therefore, these donor clusters become EPR invisible with
decreasing temperature, which is qualitatively compatible with
the temperature dependence shown in Fig. 6.

IV. CONCLUSIONS

In summary, we have used EPR spectroscopy to study
P doping of Si NCs formed in amorphous SiO, by means
of phase segregation method. From our quantitative EPR
data, we estimate the density electrons donated by P atoms
incorporated in substitutional sites of the Si NCs. Comparison
of this electron density with the density of P atoms introduced
during the synthesis of the Si NCs enabled us to infer that the
efficiency of n-type doping of these Si NCs with P impurities
during grown is in the range of 30%. Moreover, we observe
that the donor electron density decreases by about two orders
of magnitude when the NCs are removed from their native
Si0, matrix and exposed to air. We interpret this observation
as charge compensation of P donors in the NCs by traps
associated to air molecules adsorbed to the NCs surface. We
further show that this process can be reverted by desorbing the
molecules from the NCs surface under vacuum. Furthermore,
from the temperature dependence of the EPR signal associated
with isolated P donors in the Si NCs, we assess the ionization
energy of isolated P donors in Si NCs with a mean diameter
of 5 nm to be > 240 meV. From this, we provide experimental
evidence for the predictions made with ab initio calculations
of doped Si NCs, according to which confinement induces an
increase in the ionization energy of dopants with decreasing
NC size.
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