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ABSTRACT: Doping of quantum confined nanocrystals
offers unique opportunities to control the bandgap and the
Fermi energy level. In this contribution, boron-doped (p-
doped) and phosphorus-doped (n-doped) quantum confined
silicon nanocrystals (SiNCs) are surface-engineered in ethanol
by an atmospheric pressure radio frequency microplasma. We
reveal that surface chemistries induced on the nanocrystals
strongly depend on the type of dopants and result in
considerable diverse optoelectronic properties (e.g., photo-
luminescence quantum yield is enhanced more than 6 times for
n-type SiNCs). Changes in the position of the SiNCs Fermi levels are also studied and implications for photovoltaic application
are discussed.
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■ INTRODUCTION

Silicon nanocrystals (SiNCs) are fascinating quantum confined
structures with properties that depend on their surface
characteristics and size. Surface composition and dimensions
of the SiNCs can be tuned to tailor optoelectronic properties
and quantum confined effects such as carrier multiplication.
Silicon, the element, is also abundant and nontoxic, making it
still the material of choice for many applications, including
photovoltaics (PVs).1−6 Doping in quantum confined SiNCs is
of paramount importance for SiNCs successful integration in
application devices;4,7 however, control of the dopant density
and spatial distribution remains still a challenge for many
synthesis methods.8−11 Electrochemical etching is possibly the
only approach that can reliably produce p-type and n-type
SiNCs. The determination of the Fermi level can provide useful
information with regard to doping and plays an important role
for the band alignments of semiconductors in many
applications; in particular, it determines the photocurrent
collection efficiency and overall device performance of solar
cells.12−14 The position of the Fermi level depends on dopants,
physical and chemical changes of surface conditions such as
crystal structure, surface roughness, adsorption layer, oxidation,
and so on.15−17 Tuning the Fermi level of quantum confined
doped SiNCs by surface engineering is therefore a powerful
approach to adjust band alignment in PV devices.
In most cases, SiNCs exposure to air degrades or at least

changes SiNCs properties,18,19 therefore a complete control on
SiNCs surface characteristics is also essential for device stability.

In this context, organic passivation of SiNCs improves the
stability of SiNCs properties. However, surface attachment of
long organic molecules can hinder specific mechanisms; for
instance, exciton dissociation within photovoltaic devices is
negatively affected when organic ligands are used on the surface
of SiNCs.19 Therefore, the possibility of achieving “surfactant-
free” surface engineering of SiNCs is of great interest. Surface
properties also determine the dispersion in colloids and
distribution of SiNCs in polymeric blends, which are often
used as active layer in hybrid PV devices.20

Hybrid PV devices are formed by inorganic semiconducting
nanocrystals embedded within a semiconducting polymeric
matrix, generally assembled in a bulk-heterojunction (BHJ)
architecture, which has been extensively used in the
corresponding all-organic devices.21,22 Hybrid BHJ devices
can take advantage of simple coating or printing process for
fabricating the active layer, which are typical of organic devices,
as well as benefit from size-dependent optical/electronic
properties and carrier multiplication of the inorganic semi-
conducting nanocrystals.5,23−25

It is therefore clear that control of surface characteristics
throughout synthesis, doping and device integration of SiNCs is
very important. Great progress in surface functionalization/
engineering approaches has been made; however much of the
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work on surface treatment of SiNCs has relied on intrinsic
SiNCs, that is, with no intentional doping. Our recent studies
have shown that surface engineering of electrochemically
etched p-type SiNCs in liquid media by atmospheric pressure
microplasma can improve the corresponding optoelectronic
properties.4,19,26,27 However, n-type SiNCs have found very
little attention in the literature; furthermore, both p-type and n-
type SiNCs have not been assessed with respect to their band
energy levels. It is interesting to note that also in bulk silicon
PVs, boron-doped silicon (p-Si) is dominating the PV market
but the 2013 edition of the International Technology Roadmap
for PVs (ITRPV) states that phosphorus-doped silicon (n-Si)
has the potential to compete with p-Si.6,28 N−Si offers some
distinctive advantages compared to p-Si (e.g., boron’s
propensity to form defects with oxygen and greater stability
of n-Si against metal impurities).29,30

In this work, we have performed the surface engineering of
electrochemically etched p- and n-type SiNCs. We report on
how the same surface engineering process can lead to drastically
different outcomes due to different doping and how this
impacts the corresponding optical properties. We then report
for the first time on Fermi level measurements for SiNCs and
demonstrate the p- and n-type character of electrochemically
etched SiNCs. Our measurements also demonstrate that surface
engineering can tune the band energy levels and in particular
the Fermi level. Finally we fabricate device test structure with
p-/n-type SiNCs and with varying surface chemistry to
demonstrate the resulting effects. In particular it is noted that
band alignment, dissociation efficiency and transport are all
directly affected by the interplay of varying surface chemistry
and doping levels.

■ EXPERIMENTAL DETAILS
p-Type (boron-doped, 0.1 Ω cm, thickness 0.5 mm) and n-type
(phosphorus-doped, 0.1−0.5 Ω cm, thickness 0.5 mm) silicon wafers
are electrochemically etched to produce a porous film composed of
aggregated SiNCs. The porous film is mechanically pulverized and
SiNCs are then collected as powder.19 While electrochemical etching
of p-type silicon wafer can be carried out in ambient conditions,
electrochemical etching of n-type silicon also requires the wafer to be
illuminated during the process to produce positive carriers (i.e., holes).
The crystallinity, size, chemical composition, and surface character-
istics of our p-type SiNCs have been extensively studied in our
previous reports which included transmission electron microscopy
(TEM),26,27 X−ray photoelectron spectroscopy (XPS)31 and Fourier
transform spectroscopy (FTIR).32−34 These studies have been
consistent and confirm that these SiNCs are hydrogen-terminated

for the most part, with possible dangling bonds and silicon dimers and
with a degree of oxidation that depends on the storage conditions.
Also the SiNCs are expected to present strong quantum confinement
features as their average diameter was shown to be between 2 and 3
nm. We report in the Supporting Information additional material
characterization for n-type SiNCs. Following, 3 mg of p-type SiNCs
and 3 mg of n-type SiNCs were dispersed into separate 3.5 mL
quantities of ethanol. Surface engineering of the two colloids was then
carried out for 30 min using a radio frequency (RF) microplasma as in
our previous work;19 corresponding control colloidal samples, referred
to as as-prepared SiNCs, were also prepared, which did not undergo
any surface engineering and were instead aged in ethanol for 30 min.
Briefly, the RF microplasma was generated within a quartz capillary
(0.7 mm internal diameter and 1 mm external diameter) and sustained
by 450 MHz power at 45 W applied between ring RF/ground
electrodes kept at a distance of approximately ∼1 mm. Pure argon at
150 sccm was used. The distance between the capillary end and the
SiNCs/ethanol colloid was maintained at about 1 mm.

Room temperature photoluminescence with 350 nm excitation
wavelength (Horiba Jobin Yvon Spectrofluorometer-Fluoromax-4) and
ultraviolet−visible absorption (UV−vis; PerkinElmer Lambda 35)
spectra of as-prepared (AP) and surface-engineered (SE) p- and n-type
colloidal SiNCs were recorded. The surface chemistry of all samples
was studied by Fourier transform infrared spectroscopy (FTIR,
PerkinElmer Spectrum 2000). For these measurements, SiNCs/
ethanol colloids were drop-casted on silicon substrates and allowed
them to dry in atmosphere. Quantum yield measurements (Horiba
Scientific QY system-Horiba Jobin Yvon Spectrofluorometer-Fluo-
romax-4) were taken from samples, which were drop-casted and dried
on quartz substrates (Supporting Information). Kelvin probe (KP)
measurements (SKP Kelvin Probe Version Delta 5+, Version 5.05 from
KP Technology Ltd., U.K.) were performed to determine the Fermi
energy levels of the SiNCs. The technique measures the contact
potential difference (CPD) between the sample surface and a vibrating
tip.15 Full details on the working principles of KP measurements are
reported elsewhere13,16 (see also Supporting Information). For KP
measurements, AP- and SE-SiNCs colloids were drop-casted on glass
substrates which had an indium−tin-oxide (ITO) coating; the ITO
layer was connected to ground during measurements. For comparison,
we have also measured the Fermi level of the electrochemically etched
wafers with the porous film still attached to the substrate, that is,
before producing the SiNCs powder by mechanical pulverization; in
this case, the silicon wafer was grounded directly.

To evaluate the impact of doping and surface engineering, we have
fabricated photovoltaic device test structures with p-type and n-type
AP- and SE-SiNCs. Each one of the SiNCs colloid sample was used to
produce the corresponding devices. A poly(3,4-ethylenedioxythio-
phene) doped by poly(styrenesulfonate) (PEDOT:PSS) filtered
solution was spin coated on O2 plasma-cleaned ITO-patterned glass
substrates and annealed at 135 °C for 15 min. Then, 8 mg of
polythieno[3,4-b]thiophenebenzodithiophene (PTB7) polymer is

Figure 1. Fourier transform infrared (FTIR) transmission spectra of as-prepared (AP) and surface-engineered (SE) n-type silicon nanocrystals. (a)
FTIR signal from 550 to 1200 cm−1 and (b) FTIR signal of the same samples from 1200 to 4000 cm−1.
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dissolved into 3.5 mL of chlorobenzene and mechanically agitated for
one night. SiNCs were first dried inside a fume hood, and then 5.4 mg
of SiNCs was mixed with 3.5 mL of the PTB7/chlorobenzene solution
and kept in a mechanical agitator for one night. The PTB7/
chlorobenzene/SiNCs colloid (1 mL) was then spin-coated on the
PEDOT:PSS layer previously deposited on the ITO-coated glass
substrates; finally, ∼ 100 nm of aluminum metal was thermally
evaporated on the spin-coated film to form the contacts. Current
density−voltage (J−V) characterization of the solar cells was measured
under AM 1.5G (with Sub Femtoamp Keithley 6430), which was
calibrated against a standard a-Si solar cell.

■ RESULTS AND DISCUSSION

The FTIR spectra of n-type AP- and SE-SiNCs are shown in
Figure 1. H-terminations, Si dimers and surface defects are
common for electrochemically etched SiNCs.26,27,35 In AP-
SiNCs, Si−H absorption peaks are observed at 611, 619, 738,
976, and 2073 cm−1. The lower absorption signal of Si−H
bending and stretching with back-bond oxidation is found at
877 and 2239 cm−1.26,27 These revealed that Si dimers and
dangling bonds of the few outer monolayers are likely oxidized
when SiNCs are dispersed in ethanol or exposed to humid air
(e.g., while drying before measurements).26 After surface
engineering, n-type SiNCs are passivated by Si−Hx, Si−O−Si,
and O2SiH2 bonds. The absorption at 877 cm−1 and at 2235
cm−1 associated with the back-bond have disappeared and
decreased, respectively; this suggests limited inward oxidation
in the n-type SE-SiNCs. The absorption peak at 828 cm−1 and
1000−1100 cm−1 for Si−O−Si is very prominent for both the
n-type samples before and after surface engineering (Figure 1),
but their shape highlight differing oxide stoichiometry. FTIR for
p-type SiNCs was reported and discussed elsewhere,26 where
AP- and SE-SiNCs were compared; in this case, a direct-current
(DC) microplasma treatment was used for surface engineering;
however, we also demonstrated that both DC and RF
microplasmas produce the same surface chemistry on
SiNCs.33 p-Type AP-SiNCs have multiple peaks assigned to
Si−Hx and Si−O−Si, similarly to n-type AP-SiNCs. P-type
SiNCs have H-terminations completely removed and short
organic ligand of the type Si−O−R established with a higher
quality oxide under-layer.19,26

P-type SiNCs also present a broad OH related absorption
between 3000 and 3750 cm−1 very likely associated with C−
OH groups.26 FTIR of n-type SE-SiNCs, however, does not
present this OH absorption. Although the same SE process is
applied, it is clear that SiNCs doping has an impact on the
surface reactions. The mechanisms leading to these differences
are depicted in Figure 2.
The chemical reactions induced at the plasma-liquid interface

are still debated in the literature26,33,36,37 (see also Supporting
Information); however evidence exist that given species are

produced in the liquid phase due to the plasma-induced
chemistry. In particular, in this context OH, H2O2, and
CH3CH2O

− radicals are formed.4,26,27,33 p-Type SiNCs can
present surface holes, so that negatively charged ions (i.e.,
CH3CH2O

−) can readily react and replace the Si−H
terminations with Si−O-R passivation preventing any further
oxidation.21 In the case of n-type SiNCs, negatively charged
ions will not be reacting with the electron-rich surface of the
SiNCs leaving the way to slower reactions with OH and H2O2.
For instance, the replacement of H-terminations with Si−OH,
can then lead to condensation, via (SiOH)2 → Si2O + H2O,
and the formation of a surface oxide network of the type Si−
O−Si; in the initial stages, hydrogen peroxide and water can
also oxidize Si back-bonds and contribute to inward surface
oxidation.4,27 This analysis is supported by the FTIR spectra
presented in Figure 1 and highlights the importance of doping
for surface engineering strategies; therefore, chemical function-
alization developed for intrinsic SiNCs are expected to produce
different results for doped SiNCs and new chemical strategies
will need to be devised.
The different surface chemistries induced by the same surface

engineering approach on p-type and n-type SiNCs are also
evident in the SiNCs optical properties. The PL spectra of n-/
p-type AP- and SE-SiNCs are reported in Figure 3 (see also
corresponding UV−vis absorption spectra in the Supporting
Information). n-Type SiNCs show (Figure 3a) a 26-fold
increment shortly after surface engineering, with a 110 nm red-
shift of the peak wavelength. However, the high intensity PL of
n-type SE-SiNCs is not stable and is subject to a degree of
degradation over time; nonetheless, the PL intensity is still
twice as high the PL of AP-SiNCs after 7 days (Supporting
Information). After surface engineering, the PL intensity of p-
type SE-SiNCs increases by a factor of ∼9 (Figure 3b) and with
a 65 nm red-shift of the peak wavelength. Surface passivation
with Si−O−R for p-type SiNCs also enhances the PL stability,
which is almost constant and with not much shift in the peak
wavelength after 7 days (Supporting Information).26

The PL results are closely related to the surface properties of
the SiNCs. The dramatic PL increase for n-type SE-SiNCs is
linked to the surface oxidation, which is known to provide
radiative recombination paths for excited electron−hole pairs.
The surface of small SiNCs plays an important role for their PL
spectrum35 and also the surface species and degree/type of
oxidation defines the blue or red shifts of the PL.38,39 The
surface transition from H-passivation to oxygen-based
passivation is known to result in the red shift of the
photoluminescence peak, where carriers recombination occurs
via oxygen-related localized states.4,26,35,39−43 The oxide
configuration and coordination has also dramatic effects on
the extent of the red-shift and for instance larger red-shifts can
be determined by a higher degree of oxidation.35 This is also
related to the strong electronegativity of oxygen, as the valence
electrons from Si atoms are transferred to the oxygen causing a
weakening of the nearest neighboring Si−Si bond.
Therefore, p-type SiNCs with Si−O−H or Si−O−C surface

terminations present limited coordination of Si−O bonds.
From the FTIR results of n-type SE-SiNCs, the absence of Si−
O−H/−O−C passivation, but an extended Si−O−Si oxide
network, leads to a dramatic increment of PL with a marked
red-shift. The increased surface concentration of Si−O bonds in
n-type SiNCs resulting from the plasma-induced surface
chemistry is therefore responsible for the larger red-shift
where dopant density also favors tunneling to ionize oxygen

Figure 2. Schematic diagram depicting the dopant-dependent
microplasma stimulated surface reactions: (a) n-type silicon nano-
crystals (SiNCs) and (b) p-type SiNCs. RF stands for radio frequency.
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atoms and the formation of oxygen-related localized states.8

However, over time, back-bond oxidation is not fully prevented
in n-type SiNCs, which causes both the formation of strain
bonds (resulting in a decreasing PL intensity) and a reduction
of the silicon core diameter that results in a gradual blue shift
(see Supporting Information for PL after 7 days).4,26,39 p-Type
SiNCs show a well-passivated surface after SE where the Si−
O−R terminations provide both chemical and steric stability
(see also Supporting Information for PL spectra after 7 days).
The microplasma processing results not only in the

modification of surface characteristics as it also has an effect
on the aggregated state of the SiNCs.26,27 Transmission
electron microscopy (TEM) image of AP and SE n-type
SiNCs are shown in Figure 4; this clearly shows that after
surface engineering, the SiNCs aggregates are more fragmented
and SiNCs are better dispersed. However, while 2−3 nm
diameter SiNCs are now clearly visible, some larger aggregates
are still present (Figure 4b). Electron-induced electrostatic
force may have been responsible for the fragmentation of
SiNCs aggregates or through interface passivation.26,27

These SiNCs, due to their size, are expected to present an
electron wave function overlapping with the surface states.
Therefore, in addition to the optical properties, the band
energy structure is expected to be affected by surface
engineering schemes. Consequently, we have assessed the
Fermi level of SiNCs, deposited as films, by Kelvin Probe
measurements. Mapping of the Fermi level (ϕ) with respect to
vacuum level for porous films, AP- and SE-SiNCs is shown in

Figure 5. The probe scans the surface of the SiNCs film
producing a 2-dimensional map of Fermi level values (note that

absolute values are reported and discussed here below). Local
variations are due to intrinsic measurement errors, as well as
actual morphological and chemical surface irregularities.
To produce the Fermi level of each sample, we have

therefore averaged each corresponding measurement over the
scanned surface area; both average values and corresponding

Figure 3. Photoluminescence (PL) spectrum of the as-prepared (AP) and surface engineered (SE) (a) n-type SiNCs and (b) p-type SiNCs in
ethanol (PL maxima is denoted by dotted lines in each spectra).

Figure 4. Transmission electron microscopy images of (a) as-prepared and (b) surface engineered n-type silicon nanocrystals (SiNCs); (b, inset)
high-resolution TEM image of n-type SiNCs.

Figure 5. Fermi levels (ϕ) of p-/n-type (a) as-prepared (AP) silicon
nanocrystals, (b) surface engineered (SE) silicon nanocrystals, and (c)
porous Si film. (Table) Corresponding average ϕ values and respective
standard deviations.
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standard deviations for each sample are reported in the table of
Figure 5 (see also Supporting Information and refs 13, 15, and
16 for more details). The average Fermi level for n-type porous
Si is 4.5 eV and for AP- and SE-SiNCs it is 5.1 and 5.4 eV,
respectively. The measured average ϕ value of p-type porous Si
is 4.9 eV, and it is 5.4 and 5.6 eV for corresponding AP- and SE-
SiNCs, respectively. The effect of doping is evident in all
measurements where the Fermi level (absolute values) is
consistently higher for p-type SiNCs compared to n-type
SiNCs, as expected. The Fermi levels for all increase with aging
(i.e., AP-SiNCs) and after surface engineering. This can be
explained in terms of surface oxidation or, in general, the
formation of Si−O bonds, which can be viewed as surface
dipoles. Due to different electronegativity, electrons will shift
from Si toward the oxygen atoms causing the increment of the
Fermi level.44,45 The Fermi level difference due to aging
compared to the porous film is 0.6 and 0.5 eV for n-type and p-

type SiNCs, respectively. Similarly, the Fermi level of SE-SiNCs
is higher than the porous film by 0.9 eV (n-type) and 0.7 eV (p-
type); therefore, both aging in ethanol and surface engineering
produce a larger shift in the Fermi level for the n-type SiNCs
which maybe the result of mobile surface electrons contributing
to a stronger dipole. As suggested above, variations of the
measured Fermi level values over the scanned area are
observed. Sadewasser et al. reported that the crystal
orientations and grain boundaries (e.g., defects between the
grains) also affect the ϕ of the semiconductors,13 resulting in
fluctuation across the sample area.
To examine further the impact of different surface

chemistries due to doping, we have integrated p-type and n-
type SiNCs in test PV devices. The structure of the devices and
n-/p-type band alignments are depicted in Figure 6a−c,
respectively; the active area considered for the measurements
is 0.04 cm2.

Figure 6. (a) Device structure of the bulk heterojunction and corresponding band alignment for devices with (b) n-type Si nanocrystals (NCs) and
(c) p-type Si-NCs. Dotted lines in panels b and c represent the Fermi level value of the as-prepared (AP) and surface engineered (SE) n-/p-SiNCs.

Figure 7. Current density−voltage characteristics of the devices under (a and c) dark or (b and d) AM 1.5G illumination condition with (a and b) n-
type Si nanocrystals (NCs) and (c and d) p-type Si NCs.
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J−V graph measured under dark conditions and under light
illumination are shown in Figure 7. All the devices exhibit a
rectifying behavior (Figure 7a,c). Open-circuit voltage (VOC)
short-circuit current density (JSC) fill factor (FF) and efficiency
(η) values from the J−V graph are tabulated in Table 1.

Figure 7a,b reports the J−V of devices with n-type SiNCs.
The corresponding VOC and JSC of devices with AP-SiNCs is
0.92 V and 0.19 mA/cm2, respectively; devices with n-type SE-
SiNCs exhibit both a lower VOC and a lower JSC, the first is 0.84
V and the second is reduced by a factor of ∼10. It is possible
that the high quality oxide layer formed during surface
engineering has contributed to create a detrimental barrier for
effective dissociation and transport. Si-oxide, sufficiently thick,
is expected all together to reduce the electron mobility of
SiNCs46,47 that could result in an unbalanced carrier mobility
and consequently in a space charge limited photocurrent.48,49

This is sufficient to impact the collection ability of the carriers
resulting in a dramatic current reduction and minor losses in
the VOC. Figure 7c,d show the J−V characteristic of devices
produced with p-type SiNCs. In this case both VOC (from 0.72
to 0.8 V) and fill factor are improved. The effect of surface
engineering also in this case reduces the short-circuit current,
however only by about 0.01 mA/cm2. Surface passivation might
have also in this case a detrimental effect on the interface
interactions, possibly reducing the dissociation efficiency due to
the formation of an interface barrier. However, the VOC and fill
factor improvements are a clear sign of reduced interface trap
states with improved transport properties. The changes in the
Fermi level also impact the device performance. n-Type SiNCs
with the higher Fermi level closer to that of PTB7 can
contribute to carrier generation; however when the Fermi level
is lowered in the SiNCs (p-type AP-SiNCs and even more for
SE-SiNCs), electron barriers are heighten for electrons formed
in SiNCs and the dissociating field at the PTB7/Al junction is
also reduced. The analysis above indicates the strong influence
of a number of factors in determining device performance
parameters, making it difficult to draw definitive conclusions.
While the device efficiency is yet too low to extrapolate the
overall impact on a high-performing device, the use of such
devices as test structures has revealed dramatic effects due to
the strong interplay between surface effects and doping. The
possibility of manipulating the Fermi level via surface
engineering is therefore in this context an important aspect
that requires careful attention in the design of fully aligned
devices.

■ CONCLUSION
The surface chemistry plays a crucial role in the optoelectronic
properties as demonstrated by related photoluminescence and

quantum yield measurements and supported by FTIR results.
We have reported how doping can impact the outcome of
surface functionalization schemes and consequently result in
dramatic effects on the performance of test photovoltaic
devices. Furthermore, we have reported for the first time Kelvin
probe measurements on SiNCs aimed to determine exper-
imentally their Fermi level. These measurements have
confirmed the p- and n-type character of the respective
SiNCs. We have also demonstrated and reported important
results that evidence the impact of surface states on the band
energy structure and specifically on the Fermi level of the
SiNCs. All this was achieved by surface engineering by
atmospheric pressure microplasma, which confirms to be a
powerful method for surface functionalization of nanoparticles.
Overall, we have demonstrated that the same surface
engineering, surface functionalization scheme, or both can
lead to vastly different results for doped SiNCs. This was
evident from the surface chemical composition with clear
impact on optical properties, energy band structure, interface
interaction, and carrier transport.
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