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ABSTRACT

The concentration of vacancies and impurities in semiconductors plays a crucial role in determining their electrical, optical, and thermal
properties. This study aims to clarify the nature of the interaction between positrons and ionized p-type impurities, emphasizing the similarities
they share with the interaction between holes and this type of impurity. An overall strategy for investigating defects in semiconductor crystals
that exhibit a combination of vacancies and p-type impurities is presented. By using positron annihilation spectroscopy, in particular, Doppler
broadening of the annihilation radiation, we quantify the concentration of vacancies in epitaxial Si crystals grown by low-energy plasma-
enhanced chemical vapor deposition. The vacancy number densities that we find are (1.2 ± 1.0) × 1017 cm−3 and (3.2 ± 1.5) × 1020 cm−3 for
growth rates of 0.27 and 4.9 nm/s, respectively. Subsequent extended annealing of the Si samples effectively reduces the vacancy density below
the sensitivity threshold of the positron technique. Secondary ion mass spectrometry indicates that the boron doping remains unaffected
during the annealing treatment intended for vacancy removal. This study provides valuable insights into the intricate interplay between
vacancies and ionized impurities with positrons in semiconductor crystals. The obtained results contribute to advance the control and
understanding of material properties in heterostructures by emphasizing the significance of managing vacancy and dopant concentrations.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0179101

I. INTRODUCTION

In the rapidly advancing technological paradigm of “More than
Moore,”1,2 the epitaxial integration of dissimilar materials is crucial
to combine those with superior electrical, optical, and magnetic
properties with cheap and reliable Si CMOS substrates.
Unfortunately, due to different crystal lattice properties and
out-of-equilibrium epitaxial growth conditions, extended and point
defects, such as vacancies and interstitials, are introduced in the het-
erostructures. In particular, the electrical, optical, and thermal prop-
erties of semiconductors are significantly influenced by the

concentration of vacancies and impurities as a function of the
growth condition. In this regard, modeling and simulation prove to
be invaluable tools for predicting the growth rates and structure
morphology of epitaxial layers.3,4 Given that doped layers are typi-
cally necessary for device fabrication, the coexistence of vacancies
and ionized impurities is a common occurrence. Dopants play a
critical role in determining the electrical conductivity of the semi-
conductor, while vacancies impact various material properties,
including optical,5,6 thermal,7 mechanical,8,9 and electrical ones.10,11

Specifically, a high density of vacancies can also affect the carriers’
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mobilities. Understanding and correlating the densities of vacancies
and impurities in semiconductor crystals with epitaxial growth con-
ditions is vital for tailoring specific material functionalities.

Positron annihilation spectroscopy (PAS) is a well-established
method for investigating point defects in semiconductors and
metals.12,13 When a positron (e+) is implanted into condensed matter,
it annihilates with an electron emitting two 511 keV gamma-rays. The
Doppler effect associated with the momentum of the annihilating elec-
tron–positron pair causes broadening in the energy spectrum of the
annihilation gamma-rays. Positrons tend to localize in vacancy-type
defects (neutral and negative) due to Coulomb repulsion from ion
cores. By measuring the Doppler broadening (DB) spectra of the anni-
hilation radiation, one can detect vacancy-type defects as the momen-
tum distribution of electrons in defects differs from that in bulk
materials. Ionized impurities also interact with positrons and influence
the annihilation spectrum, particularly acceptor-type impurities. When
p-type impurities are ionized, for instance, at room temperature, they
carry a negative charge, serving as attractive centers for positrons.

These negative ions, however, do not offer an open volume for
the positrons, and are, therefore, assumed to be shallow positron
traps. At high temperatures, the thermal detrapping from the screened
Coulomb potential becomes dominant and the influence of negative
ions on positron trapping is reduced. However, the temperature at
which thermal emission from negative ions overpasses trapping
strongly depends on the dopant concentration, since the effect of ions
has been observed up to temperatures of 300 K in electron-irradiated
silicon14 and of 550 K for electron-irradiated GaAs.15 Consequently,
distinguishing the contributions of vacancies and impurities in PAS
measurements could be an issue, particularly in p-type materials with
high dopant concentrations, as will be discussed in this work.

In this study, we grow epitaxial Si crystals using the low-
energy plasma-enhanced chemical vapor deposition (LEPECVD)
method.16 LEPECVD allows for the growth of epitaxial films
within a wide range of growth rates spanning from 0.01 to 10 nm/s.
This technique utilizes a low-energy (∼10 eV) DC argon plasma to
activate silane gas precursor molecules for Si deposition. The incor-
poration of other gases enables the deposition of doped layers. This
epitaxial technique has been successfully employed to realize high
crystal quality SiGe/Si 3D heterostructures free from threading dis-
locations,17,18 virtual substrates,19 and integrated devices such as
infrared photodetectors20 and optical interconnects.21

PAS has been used in the past to study epitaxially grown silicon.
Schultz et al. studied silicon epilayers grown by molecular-beam
epitaxy (MBE), obtaining evidence of defects at the interface and on
the epilayer.22 Schut et al. compared samples deposited by MBE and

by solid-phase epitaxy, measuring a higher concentration of open-
volume defects in the latter material.23 Szeles et al. used a method of
sequential etching to study the breakdown of epitaxy in samples
deposited by MBE at low temperatures.24 Rammukainen et al.
observed the formation of a large concentration of vacancy clusters,
coordinated with dopant atoms, in highly Sb-doped Si grown by
MBE.25 However, when samples present a combination of vacancy-
like defects and dopant impurities, the contribution of both defects to
the decrease in the positron diffusion length has not been clarified.

Using a combination of PAS measurements—interpreted
according to the trapping model−26–28 and secondary ion mass spec-
trometry (SIMS) determinations, we present a strategy to separate
the contribution of vacancies and impurities to the e+ diffusion
length. Prolonged post-growth annealing treatments are used to
reduce the vacancy concentration below the sensitivity threshold of
the PAS technique, allowing for the isolated investigation of the
effects of ionized impurities. In this context, similarities emerge
between the interactions of positrons and holes with p-type impuri-
ties. By employing this comprehensive approach, we aim to advance
the understanding of defects in semiconductor crystals, elucidating
the intricate interplay between vacancies, impurities, and positrons.
We emphasize that a high vacancy concentration significantly affects
both carrier and positron mobilities. The results contribute to the
control and customization of material properties in epilayers, paving
the way for further advancements in semiconductor technologies.

II. EXPERIMENTAL METHODS

In this section, we describe the epitaxial Si growth by
LEPECVD, annealing procedure, PAS, and SIMS equipment.

A. Epitaxial growth and annealing of Si samples

The epitaxial Si layers are deposited by LEPECVD on intrinsic
(phosphorous concentration < 9 × 1011 cm−3) 4-in. Si(001) sub-
strates. Before epitaxial growth, the Si substrates are cleaned by a
standard RCA bath,29 dipped in 5% diluted HF solution for 30 s to
strip the oxide, and rinsed in de-ionized water for 180 s. After out-
gassing in the load-lock for 15 min at ∼5 × 10−7 mbar, the sub-
strates are loaded into the reactor at ∼3 × 10−9 mbar, and heated up
to the growth temperature Tg = 750 °C at a rate of 1 °C/s. High
purity 5 N silane (SiH4) was used as the source gas, while diborane
(B2H6) was used for p-type doping. The Si growth rate (Gr) was
tuned to 0.27 or 4.9 nm/s by regulating the flux of the SiH4 precur-
sor gas, and the density and current of the DC Ar plasma.30 The
growth parameters of different Si samples are reported in Table I.

TABLE I. List of Si samples and respective growth and annealing parameters. tSi, τgrowth, Gr, and τann and Tann indicate the epitaxial Si thickness, the duration of the deposi-
tion, the Si growth rate, and the post-growth annealing time and temperature, respectively. All Si samples are grown at a temperature of Tg = 750 °C. The B number density in
the epitaxial Si samples is measured by SIMS as illustrated in Fig. 2. These values are the average and standard deviation calculated in the first 2.4 μm from the top surface.

Sample name tSi (μm) τgrowth (s) Gr (nm/s) τann (h) Tann (°C) Average B number density (cm−3)

HR 5 1020 4.9 … … (4.9 ± 0.2) × 1017

HRA 5 1020 4.9 10 650 (4.9 ± 0.3) × 1017

LR 2.4 8890 0.27 … … (1.12 ± 0.04) × 1018

LRA 2.4 8890 0.27 10 650 (1.10 ± 0.05) × 1018
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The Si samples deposited at Gr = 4.9 and 0.27 nm/s are labeled
through the whole text as HR (high rate) and LR (low rate),
respectively.

Both LR and HR Si samples were annealed (labeled LRA and
HRA, respectively) ex situ for 10 h at a temperature Tann = 650 °C
and a pressure of 5 × 10−7 mbar, by means of halogen lamps in a
dedicated vacuum chamber. The annealing temperature is chosen,
according to Refs. 31 and 32, to activate the diffusion of vacancies
avoiding boron migration. After the annealing, the samples were
slowly cooled to room temperature at a rate of 0.6 °C/min.

B. Positron annihilation spectroscopy

Variable-energy positron annihilation spectroscopy was used
for this study. The Doppler broadening (DB) spectra of the annihi-
lation radiation were measured as a function of the incident posi-
tron implantation energy in the range from 0.1 to 18 keV. For each
incident energy, spectra with more than 1 × 106 events under the
annihilation peak were obtained. DB spectra were measured at the
L-NESS Positron Laboratory (Como), using an electrostatic low-
intensity positron beam and conventional high-resolution Ge
detectors (FWHM of 1.32 keV at 511 keV). The spectra were char-
acterized by the S parameter, defined as the ratio of the number of
annihilation events over the energy range |511 keV–E|≤ 0.85 keV
(around the center of the annihilation peak) to the total number of
counts in the complete annihilation peak (|511 keV–E|≤ 4.25 keV).
This parameter reflects the relative contribution of low-momentum
electrons to the total annihilation probability.11 Because of their
low momenta (low degree of localization), mainly annihilation
events with valence electrons contribute to the region of the S
parameter. The S parameter is the fraction of positrons annihilating
with low-momentum valence electrons and correlates with
vacancy-type defects and their concentration.

The positrons’ diffusion into a crystal after thermalization is
considered, in many works, from a classical point of view. This is a
collective description based on the hypothesis of a concentration
gradient profile of the diffused particles (Fick’s laws). A more real-
istic description considers individual particles, with positrons being
implanted one at a time, as actually happens in positron annihila-
tion spectroscopy experiments. The positron becomes a completely
quantum object, a de Broglie wave function extended over the
entire crystal lattice. For example, in a “perfect” crystal without
defects, the wave function of a single positron is represented as a
Bloch function, where the maximum probability density is found
in the interstitial locations. If the crystal contains a defect, such as a
vacancy, the wave function tends to localize in this open location,
away from the positive atomic nuclei.

In n-type doped semiconductors, at room temperature, the
dopant is ionized, promoting the extra electron to the conduction
band. In this condition, the impurity becomes a positively charged
center, and the positron wave function has a minimum at this site.
On the other hand, p-type impurities under the same conditions
promote holes to the valence band, leaving the acceptor as a nega-
tively charged center. In this case, the positron wave function tends
to localize at the location of the impurity.

In this work, we study a complex case, a silicon crystal that
contains two attractive centers for the positron: “vacancy-like

defects” and “p-type boron impurities.” Vacancies with different
charge states generally form in silicon, depending on the arrange-
ment of the dangling bonds.33 For instance, vacancies associated
with dislocations tend to be neutral or negative.34 A high concen-
tration of ionized p-type dopants and neutral/negatively charged
vacancies are competitive attractive centers for positrons. The posi-
tron wave function will tend to localize in both negative centers,
depending on the nature of the different defects. Vacancies are
known to provide deep positron traps, with more than 1 eV
binding energy. The binding energy of the positron to a negative
ion can be calculated from a simple model based on the effective
mass,35

Eion ¼ 13:6 eV
ϵ2

m*

m0

Z2

n2
, (1)

where ε is the relative dielectric constant, m* the effective mass of
the positron, m0 the mass of the electron, Z the charge of the nega-
tive ion, and n the principal quantum number. The relative dielec-
tric constant of silicon is 11.736 and the effective mass of the
positron is m* = 1.5 m0 due to phonons and the shielding of the
electron cloud.37 For an ion of charge Z = 1, the state with n = 1 has
a binding energy Eion ¼ 0:149 eV [Eq. (1)]. Therefore, even when
negative ions are shallower traps than vacancies, they are alternative
annihilation sites for positrons, as shown below. The principle of
detailed balance leads to the following expression for the ratio
between the emission rate from the state of the positron trapped by
the ion, δ, and the trapping rate, κ,38

δ

κ
¼ 1

Nion

m*kBT

2π�h2

� �3/2

e�Eion/kBT : (2)

For the binding energy of 0.149 eV found previously, a tem-
perature of 298 K and a number density of ionized acceptors
Nion = 1 × 1018 cm−3, the ratio of Eq. (2) results δ

κ ¼ 0:069.
Therefore, the emission rate is about 14 times lower than the
capture rate, so the positron will have a high probability of annihi-
lating once it has been captured. These conclusions do not change
substantially even if we take the effective mass of the positrons
m* =m0. A basic simulation using the above-mentioned parameters
shows that about 50%–80% of the positrons are annihilated while
bound to a negative ion. This means that, when the concentration
of negatively charged impurities is greater than the concentration
of vacancies, the probability of capture and annihilation of the pos-
itron while bound to these defects is competitive with the probabil-
ity of annihilation in vacancies.

From the measurement of the S parameter as a function of the
positron implantation depth performed in this work, it is possible
to estimate the “classical” diffusion length of the positrons, which
can be assimilated to the extent of the positron wave function
within a smooth envelope function.39 The concept of a slowly
varying envelope function to describe the behavior of the positron
wave function over the whole crystal has been developed within the
so-called pseudopotential scheme, and then more comprehensively
generalized, as discussed in the review of Puska and Nieminen.40 If
the implantation depth is less than this characteristic distance of
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the wave function, positrons tend to be emitted into the vacuum as
a single particle or in the form of positronium (the positron–elec-
tron bound state).

The evolution with the implantation energy of the averaged
positron S parameter was modeled by means of the VEPFIT
program.41 One of the outputs of this program is the positron
mean diffusion length, Ldiff , within the sample under study. This
quantity represents the average distance that positrons travel before
their annihilation, and it is proportional to the square root of the
product of the positron diffusion coefficient Deþ and the positron
average lifetime τ before annihilation (Ldiff ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
Deþ τ

p
). The diffu-

sion length is shortened by the presence of defects and ionized
impurities that act as trapping or scattering centers. In the frame-
work of the positron trapping model, if a material is characterized
by a uniform distribution of one kind of point defects, like
vacancies, the defect concentration per host atom n is given by the
relation,42

n ¼ 1
νd τref

Lref
Ldiff

� �2

� 1

" #
, (3)

where νd is the positron trapping coefficient associated with the
kind of defects considered, τref and Lref are the positron lifetime
and diffusion length in a reference crystal, and Ldiff is the mean dif-
fusion length in the material with defects. The reference crystal
could be a defect-free material or, as analyzed in Sec. IV, a crystal
with a background concentration of dopants (p-type).

C. Secondary ion mass spectrometry

SIMS measurements are employed to measure the B concen-
tration profile in the Si samples before and after the annealing
process. The measurements are performed with a CAMECA
IMS-4f by sputtering an 8 keV O2

+ beam over a 250 × 250 μm2 area,
while collecting B+ secondary ions from a central region, 60 μm in
diameter, to avoid crater edge effects. Concentration scales are cali-
brated against a commercial certified standard with an accuracy of
±5%. Depth scales are calibrated by measuring the crater depths
with a TENCOR P17 profilometer and assuming a constant erosion
rate, with an overall accuracy of ±2%.

III. RESULTS

Positron annihilation spectroscopy was employed to study
defects in micrometer-thick silicon films epitaxially grown by
LEPECVD. The relative Sr parameter is plotted as a function of the
positron implantation energy in Fig. 1. Sr is the ratio of the mea-
sured S parameter to that of bulk silicon (Sr = S/SSi, where
SSi≈ 0.539). The mean implantation depth of the positron, calcu-
lated with the Makhov profile,11 is shown in the upper abscissa as
well. The Sr parameter at the sample’s surface, where there are a
few nanometers of native silicon dioxide, is lower than that of bulk
silicon for all the samples (Sr < 1). As the implantation energy
increases, Sr tends to a plateau value Sr = 1. As a rule of thumb, the
higher the implantation energy at which the saturation value is
reached, the greater the positron diffusion length, since more
deeply implanted positrons will be able to reach the surface. For

example, in the case of the intrinsic and annealed Si sample,
depicted with green squares in Fig. 1, the positron diffusion length
is the longest and Sr tends to saturate at the highest implantation
energy, above 10 keV in this case.

Looking at Fig. 1 and comparing the samples in the
as-deposited state, it is clear that the high-rate sample (HR, black
spheres) reaches the plateau value at a lower energy than the
low-rate sample (LR, blue spheres). Therefore, the positron diffu-
sion length for the HR sample should be lower than that of the LR
sample. This is confirmed by the analysis with the VEPFIT soft-
ware. The continuous and dashed lines in Fig. 1 represent the best
fits obtained, and the main results are listed in Table II. For the
analysis, we used a bilayer model composed of a first superficial
layer of silicon dioxide and a second layer of silicon. It was not nec-
essary to add an electric field to perform the fits. It has been found

TABLE II. Positron diffusion lengths in the low- and high-rate-grown Si samples
before and after annealing obtained by VEPFIT (see the text). The model includes a
naturally grown SiO2 layer of 4 nm, whose positron diffusion length was set to
10 nm. The mean variance of the curve fits shown in Fig. 1 is 1.4.

Sample name Ldiff (nm)

LR 21 ± 3
LRA 26 ± 3
HR 2.0 ± 0.5
HRA 76 ± 4

FIG. 1. Sr, the S parameter relative to the value in bulk silicon (Sr = S/SSi), is
presented as a function of the positron implantation energy for the crystalline
silicon substrate (green squares) and for the epitaxial silicon grown at a low rate
(blue symbols) and at a high rate (black symbols), before and after annealing.
The continuous and dashed lines represent the best fits of the data points calcu-
lated with the VEPFIT software.31 In the upper abscissa, the mean implantation
depth values are also shown.
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out that, before the annealing, the positron diffusion length for the
HR sample is LHRdiff ¼ (2:0 + 0:5) nm and for the LR sample it is
LLRdiff ¼ (21 + 3) nm. Compared with the intrinsic crystalline
silicon substrate (grown by the Czochralski method, c-Si, filled
green squares in Fig. 1), it is evident that the diffusion length of the
positron in the crystal is much larger than that in the epitaxial
layers, resulting in a diffusion length Lc�Si

diff ¼ 245 nm. Therefore,

the presence of defects in the epitaxial layers is clear, but their
nature and concentration are still unclear.

As already mentioned in Sec. II B, the S parameter depends on
the concentration of Si vacancies as well as on the concentration of
acceptors impurities like B atoms. Therefore, the strategy to disentangle
this complex problem has been to perform PAS and SIMS measure-
ments before and after the thermal annealing treatment to separate the
two different contributions that affect the positron diffusion length.
The thermal treatment was chosen in order to nearly eliminate the
presence of vacancies from the grown Si layers.27,28 SIMS measure-
ments were performed so as to evaluate the distribution of B atoms
within the epitaxial Si layers and also to ensure that, as will be shown
hereafter, the B distribution does not change due to the annealing.

From Fig. 1 it is clear that the annealing dramatically increased
the positron diffusion length in the case of the high-rate-grown
samples (HRA, black open circles), while the increase after annealing
for the low-rate-grown samples is much less noticeable (LRA, blue
open circles), as explained below. The result of the fit with the
VEPFIT software (dashed lines in Fig. 1) is that the positron diffusion
lengths increased to LHRAdiff ¼ (76 + 4) nm for the HRA sample and

LLRAdiff ¼ (26 + 3) nm for the LRA sample. This experimental evi-
dence can be considered as a hint of the higher concentration of
vacancies that the LEPECVD introduces inside the thin films at high
growth rates. Under the hypothesis that the thermal treatment suc-
cessfully removes the vacancies without affecting the B concentration,
as demonstrated below based on SIMS results, Eq. (3) has been
applied to the S parameter results (LRA and HRA in Fig. 1). In this
case, two separated cases were studied with two different B back-
ground concentrations. Equation (3) was then applied for each B con-
centration with and without vacancies. For both cases, the positron
diffusion length of the reference material (Lref ) is the one evaluated
after the annealing (LRA and HRA), the positron trapping coefficient
associated with the vacancies in silicon is43 νd � 1015 s�1, and the
positron mean lifetime in silicon is τref � 225 ps.44 The vacancy con-
centrations obtained, along with the diffusion lengths used in Eq. (3),
are shown in Table III. The vacancy number density for the silicon
grown at a high rate, [N]HR ¼ (3:2 + 1:5)� 1020 cm�3, is three
orders of magnitude higher than the vacancy number density for the
low-rate sample, [N]LR ¼ (1:2 + 1:0)� 1017 cm�3. In Table III, n
is the concentration of vacancies per Si atom and N is the number

density, calculated multiplying the concentration by the number
density of silicon atoms (≈5 × 1022 atoms/cm3).

As previously stated, these PAS results stand under the hypoth-
eses that the thermal treatment does not change the boron number
density. This assumption is validated by SIMS measurements pre-
sented in Fig. 2, where the number density of B atoms within the
epitaxial Si layers is measured as a function of depth. From these
SIMS results, it is possible to draw the following conclusions.

First, the distribution of B atoms is constant through the
whole investigated depth, both for the HR and LR samples. Indeed,
by averaging the B number density in a depth of 2.4 μm from the
top surface, we obtain [B]HR = (4.9 ± 0.2) × 1017 cm−3 and
[B]LR = (1.12 ± 0.04) × 1018 cm−3 for the Si HR (black spheres) and
Si LR (blue spheres) samples, respectively. This finding indicates
that once the growth parameters are fixed, i.e., substrate tempera-
ture, chamber pressure, and Si growth rate, the B incorporation
does not change significantly during the epitaxial deposition. In the
case of the Si LR sample, the measurement has been prolonged to
depths larger than 2.4 μm to characterize both the intrinsic Si (001)
substrate and the layer/substrate interface. The latter appears sharp,
whereas the former shows a number density level of about

FIG. 2. B number density measured by SIMS as a function of depth from the
top surface of the epitaxial layer. The SIMS measurements are performed on Si
deposited at 4.9 and 0.27 nm/s before and after annealing, indicated as HR
(black spheres), LR (blue spheres), HRA (black open circles), and LRA (blue
open circles), respectively.

TABLE III. Concentration of vacancies per silicon atom (n) and vacancy number density (N) for HR and LR samples, calculated from Eq. (3) and using the values reported in
Table II.

Sample name Ldiff (nm) Lref (nm) n N (cm−3)

LR 21 ± 3 26 ± 3 (2.5 ± 2.0) × 10−6 (1.2 ± 1.0) × 1017

HR 2.0 ± 0.5 76 ± 4 (6.5 ± 3.0) × 10−3 (3.2 ± 1.5) × 1020
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1 × 1015 cm−3, which is compatible with a background induced by
the measurement and should not be ascribed to a real B contami-
nation present in the substrate. It is worth noting that such a mea-
surement background level is orders of magnitude lower than the B
number density measured in the grown layers, thus it does not
affect the measurement accuracy.

Second, there is no evident effect of the prolonged annealing
at 650 °C on the distribution of B impurities. Indeed, for both
annealed Si HRA (black open circles) and LRA (blue open circles)
samples, the measured average B number densities are
(4.9 ± 0.3) × 1017 and (1.10 ± 0.05) × 1018 cm−3, respectively. These
values are equal within the error margin to those obtained before
the annealing process.

The number density values of B measured by SIMS in the LR
and HR samples (Fig. 2) are consistent, within the experimental
error, with those derived from resistivity measurements conducted
on the same samples using the four-point probe van der Pauw
method. The resistivity measurements demonstrate the effective
activation of the boron impurities.

IV. DISCUSSION

The system under study presents a combination of vacancies
and ionized boron impurities, both affecting the diffusion of posi-
trons. For the sample prepared at a high rate, in the as-prepared
state, vacancies clearly have the largest influence. This is so because
the vacancies number density is [N]HR = 3.2 × 1020 cm−3, while the
boron number density is almost three orders of magnitude lower,
[B]HR = 4.9 × 1017 cm−3. It is useful to compare the positron diffu-
sion length to the average distance between attractive centers. The
distance between these centers is estimated through the inverse of
the cube root of the defect number density. This distance gives an
estimate of the average separation between defects, which coincides
with the side of a simple cubic structure. This simple calculation of
the average distance between vacancies, assuming a random distri-
bution, gives a value dHRV ffi 1:5 nm, consistent with the obtained
diffusion length for the positron LHRdiff ¼ 2 nm. On the other hand,
for the sample deposited at a low rate, the number density of
vacancies is lower than the boron number density, since we have
[N]LR = 1.2 × 1017 cm−3 and [B]LR = 1.12 × 1018 cm−3. Therefore,
the positron scattering with ionized impurities is expected to be the
dominant mechanism for the positron diffusion, and the larger dif-
fusion length of LLRdiff ¼ 21 nm is of the same order of magnitude
and, therefore, consistent with the larger average distances between
boron acceptors of dLRB ffi 10 nm.

After the thermal treatment, performed with great care to
remove the vacancies without affecting the boron distribution, the
situation changes: now the high-rate sample has a diffusion length
LHRAdiff ¼ 76 nm, larger than that of the low-rate sample,
LLRAdiff ¼ 26 nm. This is consistent with a lower boron number
density for the HR sample, [B]HRA = 4.9 × 1017 cm−3 compared to
[B]LRA = 1.1 × 1018 cm−3. Therefore, after removing the vacancies,
the lower boron number density of the HRA sample leads to a
larger diffusion length. The strategy that we have followed to sepa-
rate the contribution of vacancies and dopants to the positron dif-
fusion length has been to perform a controlled annealing to remove
the vacancies without affecting the dopant distribution.

The carrier mobility μ in a semiconductor having both
dopants and defects depends on (i) the phonon contribution, μ ph;
(ii) the impurity contribution, μim, that depends on the number
density of the p- or n-type impurity; and (iii) the defect contribu-
tion, μd . If the scattering mechanisms are independent, the inverse
mobilities add giving

1
μ
¼ 1

μ ph
þ 1
μim

þ 1
μd

: (4)

In the present case, the carrier mobility μd associated with
defects depends on the vacancy concentration. After the annealing
treatment at 650 °C performed in this work, it was possible to effi-
ciently reduce the vacancy concentration and increase the mobility
associated with the scattering mechanism with defects. Therefore,
the term corresponding to the inverse of the defect mobility in
Eq. (4) becomes negligible compared to the contribution of the
impurity and the phonon terms, since the global mobility is mainly
affected by the terms with lower mobilities.

Einstein’s relation, D ¼ μ kBT/q, gives a direct link between
the carrier drift mobility μ and the diffusion coefficient D, where
kB is Boltzmann’s constant, T the sample absolute temperature, and
q the absolute value of the electron charge. In the following, we
show that, in a p-type semiconductor, positron diffusion follows
the same law as that of hole diffusion [Eq. (5)], with different coef-
ficients. Indeed, the diffusion coefficient of holes depends on the
scattering with phonons, vacancies, and ionized impurities
[Eq. (4)]. At a fixed temperature, the dependence of the hole diffu-
sion coefficient (Dhþ) on the impurity number density (N) can be
described by a phenomenological expression,45

Dhþ(N) ¼ Dmin þ Dmax � Dmin

1þ (N/Nref )
α , (5)

where Dmin and Dmax are the minimum and maximum values of the
diffusion coefficient, Nref is a reference impurity number density,
and α is an exponent describing the transition between Dmin and
Dmax (asymptotic values indicated in Fig. 3). Dmax depends only on
the carrier mobility associated to phonon scattering.

In a quantum mechanical vision, the wavefunction of a free pos-
itron extends like a Bloch function over the crystal, but in the pres-
ence of a negatively charged ionized impurity like B−, the
wavefunction localizes in the neighborhood of the impurity, where it
eventually annihilates. In a classical vision, the positron moves with
the thermal velocity, undergoing scattering by defects and perceives
the Coulombic attraction of the negatively charged impurities. In any
case, the positron diffusion coefficient Deþ is expected to decrease as
the boron number density increases, where the carrier or the positron
mobilities are limited by the ionized impurities. Bauer-Kugelmann
et al.46 have estimated the positron diffusion coefficient for defect-free
silicon samples as a function of the dopant number density; these
results are presented in Fig. 3 (filled blue circles). Two points (filled
triangles) have been added that correspond to the experimental
results obtained in the present work: Deþ values for the HRA and
LRA samples. In general, when the acceptor number density becomes
higher than ∼4 × 1019 cm−3, the diffusion coefficient is no longer

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 135, 165704 (2024); doi: 10.1063/5.0179101 135, 165704-6

© Author(s) 2024

 27 August 2024 14:29:37

https://pubs.aip.org/aip/jap


reliable due to the structural instability that may cause the formation
of vacancy clusters and deep centers. The diffusion coefficients were
calculated from Deþ ¼ L2diff /τ , where τ is the mean lifetime of posi-
trons inside silicon (≈225 ps) and Ldiff is the positron mean diffusion
length in HRA and LRA samples (Table II).

Figure 3 also presents results obtained by Irvin47 for the hole
diffusion coefficient in crystalline silicon (open black stars), at room
temperature and low electric field, as a function of the impurity
number density. The solid line is a fit performed using Eq. (5), and
clearly shows that, after a certain threshold number density, Dhþ
decreases with the increase of the dopant number density. Although
the dispersion of the data points is much larger in the positron case,
a similar dependence can be observed for Deþ, and a fit with Eq. (5)
is also presented in Fig. 3 (dashed line, the last two points, for an
acceptor number density > 4 × 1019 cm−3, were excluded from the
fit). The Dmin and Dmax values of Eq. (5) are 1.7 × 10−2 and
1.65 cm2 s−1 for positrons and 1.28 and 12.8 cm2 s−1 for holes,
respectively. As can be seen, Deþ changes by two orders of magni-
tude in the positron case, while Dhþ only changes by one order of
magnitude in the hole case. From the fit with Eq. (5), the values of
Nref and α for holes are 6 × 1016 cm−3 and 0.79, respectively, in
agreement with Ref. 45. Instead, for positrons, Nref and α are esti-
mated as 2 × 1017 cm−3 and 1.3, respectively. Following the results
presented in Fig. 3, we can conclude that, in a p-type silicon, the dif-
fusion coefficient of positrons and holes follows a similar functional
dependence. In fact, the fit represents the transition observed by
Bauer-Kugelmann et al.46 and the results of the present work. The
transition zone for positrons is not well documented and contains
only the experimental data added in the present work. This issue
should be studied in more detail in future works.

Note that the transition zone is not observed by means of PAS
in the case of n-type silicon at room temperature. Since the ionized

donors are positively charged, positrons do not annihilate in their
surroundings, and, therefore, the positron diffusion coefficient is
not affected by the presence of donors at room temperature. This
topic is discussed in Ref. 46, where Deþ is shown to be quite inde-
pendent of the donor number density.

Since the diffusion of positrons and holes depends on the same
scattering mechanisms, we can analyze an extreme and notorious
case for positrons where the diffusion depends only on the contribu-
tion of phonons. This is the case for well-annealed intrinsic Si (or
grown with a very low defect concentration), where the positron dif-
fusion length—or the radius of action of the wavefunction—is about
250 nm (green symbols in Fig. 1). In this case, the thermalized posi-
trons are mainly influenced by the interaction with phonons, and
the equilibrium vacancy concentration at ambient temperature
(300 K) is not detectable by PAS. Only when the vacancy concentra-
tion per Si atom reaches or exceeds the order of 10−8–10−7, it begins
to give a signal compatible with positron trapping. This fact gives us
a clear indication that when the concentration of vacancies in Si is
greater than 10−7, it begins to affect the mobility of the charge carri-
ers. Therefore, epitaxial growth of Si with a vacancy concentration
above this limit tends to reduce the device performance and struc-
tural stability. This information is crucial to realize semiconductor
devices using epitaxial growth techniques. After growth, controlled
annealing is necessary to ensure a low vacancy concentration.

V. CONCLUSIONS

In conclusion, we have used positron annihilation spectroscopy
to study epitaxially grown silicon samples having a combination of
vacancies and B impurities. The Doppler broadening, measured as a
function of the positron implantation energy, in principle, gives
spectra difficult to interpret due to the mixed effect of vacancies and
impurities. Through a meticulous thermal treatment, we successfully
reduced the vacancy concentration below the detection limit of the
technique. This approach enabled us to estimate the initial vacancy
concentration, which exhibited a strong dependence on the silicon
growth rate. Specifically, the vacancy number density increased from
(1.2 ± 1.0) × 1017 cm−3 for the sample grown at 0.27 nm/s to
(3.2 ± 1.5) × 1020 cm−3 for the sample grown at 4.9 nm/s. This trend
is predictable, since a lower growth rate allows growth with lower
entropy, giving a longer time for the added Si atoms to adopt ener-
getically favorable positions in the lattice, thus reducing the point
defect density. The possibility of quantifying vacancy concentration
is a notable feature of the PAS technique. The concentration of
acceptors influences the positron diffusion length, since negatively
charged impurities ionized at room temperature effectively localize
the positron wave function. At this level, positron diffusion resembles
hole diffusion, where the positron diffusion coefficient exhibits a
functional dependence on boron concentration similar to the well-
established dependence observed for the hole diffusion coefficient.
To summarize, our findings emphasize the significance of control-
ling the concentrations of vacancies and dopant impurities in epi-
layers to tailor their material properties.
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