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A B S T R A C T

Localized p-doped nanojunctions (200–300 nm in diameter) were formed in n-type crystalline silicon substrates
and were characterized using scanning electron microscopy (SEM) and conductive-probe atomic force microscopy
(C-AFM). Localized doping was performed by diffusion through sub-micron sized holes in a silicon-oxide mask
defined using self-organized polystyrene nanoparticles. After oxide removal, a significant brightness contrast in
the SEM top and side view images strongly suggested the successful local doping of these areas. Furthermore,
local current-voltage measurements performed by C-AFM revealed an open circuit voltage and a short-circuit
current only in the areas defined as nanojunctions. This photovoltaic effect is driven by the laser used to control
cantilever deflection in the AFM.

1. INTRODUCTION

The passivated emitter and rear cell (PERC) is an attractive structure
for cost-effective, high-efficiency photovoltaic (PV) devices. The main
feature of this solar cell design is a rear surface partially contacted by
periodical openings in the dielectric film that provides surface passiva-
tion. As a result, lower effective rear surface recombination velocity (Seff,
rear) values are observed compared to the classical aluminum back-sur-
face field (Al-BSF) design, as well as a higher rear internal reflectance
leading to improved short-circuit current (ISC) and open-circuit voltage
(VOC) in the resulting finished devices.

This type of solar cell was developed by Blakers et al., in 1988, and
using thermally grown silicon oxide as a passivating layer, they demon-
strated a record (at the time) efficiency for silicon cells of 22.8% [1].
In order to passivate the contacts, a local BSF at the contacted regions
was later introduced. This passivated emitter rear locally diffused cell
(PERL) was demonstrated by the University of New South Wales in Aus-
tralia in 1999 to be capable of a new record efficiency of 25% [2].
Although such designs were unveiled in the 90's, it is only in recent
years that PERC/L solar cells have been introduced into the PV mar-
ket for p-type substrates. The original designs used photolithography
to pattern the contacts and thermal oxide for passivation, and only the
subsequent development of aluminum oxide/silicon nitride passivation
and laser ablation/doping has led to the required considerable reduc

tion of the fabrication costs [3]. In recent years, the research focus for
PERC devices has been improving efficiency at industrial scales and
throughputs, while maintaining the reduced costs necessary to remain
competitive [4,5].

When the rear contact of a solar cell is defined as a pattern of points,
as in a PERC device, an optimization must be made to maximize the con-
version efficiency; a greater contacted area fraction (fc), leads to lower
ohmic losses (and a greater Fill Factor, FF), but a higher surface recom-
bination rate (and lower VOC and Isc). Examples of such optimization can
be found in the literature [6,7]. Due to the characteristics of the conven-
tional, laser-based procedure to locally open the contacts in the passiva-
tion layer, typical dimensions for the contacts are in the range of tens
of microns while optimized fc values are well below 10%. As a conse-
quence, the distance between neighboring contacts (or pitch, p) is on the
order of hundreds of microns, introducing a significant series resistance.

In previous work, we have explored the electrical benefits of using
contact openings with sizes in the range of 1 μm [8]. We have demon-
strated that at constant fc, lower ohmic losses can be obtained with
smaller contacts due to the shorter pitches. This advantage for small
contact openings can be also exploited by using longer pitch values
with reasonable ohmic losses resulting in less of the surface being cov-
ered by contacts. The benefit of this will clearly depend on the passiva-
tion quality of the contacts, quantified by their contact surface recom



bination velocities (Scont). Indeed, as Scont takes on increasing values
from 102-105 cm/s, PC-1D simulation results indicate that smaller con-
tacts result in a possible optimized efficiency gain of almost 1% ab-
solute.

Following the advantages pointed out by simulations, in this work
we demonstrate the formation of an array of locally p-doped nanojunc-
tions in n-type crystalline silicon (c-Si) wafers that could be applied to
the rear surface of a solar cell. The array of regularly distributed con-
tacts is formed using nanoscale holes in an oxide diffusion mask, cre-
ated through a multi-step process employing self-organized polystyrene
(PS) nanoparticles (NPs). The use of spun-on, randomly distributed PS
spheres as a mask to make point contacts has been previously demon-
strated for PERC cells, but with sphere sizes comparable to those of laser
openings (40 μm) [9]. In this work, after oxide removal, the presence of
localized doping at the nanometer scale is examined using scanning elec-
tron microscopy (SEM) and conductive probe atomic force microscopy
(C-AFM). Interest in the latter technique, also called CP-AFM, has grown
since the 1990s due to its ease of use, enabling the investigation of a
wide range of materials in different forms (thin films, bulk, nanostruc-
tured …) and over a wide range of electrical conductivities (metals, insu-
lators and semiconductors) [10–15]. Semiconductor nanostructures and
devices have also greatly benefited from this technique to probe their
electrical properties and heterogeneities, leakage current paths, carrier
transport mechanisms, as well as photoelectric properties [16–25]. In
particular, in the field of PV, local scale C-AFM investigations (in dark
and illuminated conditions) have demonstrated added value in under-
standing charge transport and in improving the performance of the final
device. Numerous C-AFM studies have been carried out on different so-
lar cell configurations (planar, nanowires, cross-section, …) and in par-
ticular, on the layers or structures of which they are composed [26–32].
In this work, the C-AFM method will be used to directly probe the pho-
tovoltaic properties of nanojunctions formed in a c-Si wafer.

2. Materials and methods

2.1. Chemicals and materials

The PS NPs used in this work had nominal diameters of 607 nm
and 784 nm, and were obtained as an aqueous suspension of 5 wt %
(from microParticles GmbH). For simplicity, these will be referred to as
600 nm and 800 nm NPs. The suspension was first diluted by mixing it
with an equal volume of methanol as the spreading agent. Then, a 5-min
ultrasound bath at low power was performed to prevent NP agglomer-
ation and give a more uniform dispersion of the NPs in the suspension.
The c-Si wafers (100) with a 120 nm or 240 nm thick passivation layer
of thermally grown silicon oxide were cleaned with acetone, isopropanol
(IPA) and de-ionized (DI) water. The wafers were exposed to a UV ozone
treatment for 10 min to temporarily obtain a highly hydrophilic surface
prior to use.

2.2. NP monolayer formation and etching

In this work, the floating-transfer technique was used to deposit a
compact monolayer of PS NPs on n-type c-Si substrates, as described in
previous publications [33,34]. This technique involves forming a mono-
layer of self-assembled, hexagonally close-packed PS NPs on the surface
of a water-filled Petri dish, then slowly lifting a pre-immersed c-Si sub-
strate out of the water, so that the PS NPs monolayer is transferred onto
the substrate surface.

However, the compact monolayer of NPs produced by the float-
ing-transfer technique is not suitable generating a mask for point-con-
tacts due to the high level of surface coverage. The NPs were there-
fore etched using an O2 plasma process in a Matrix Distributed Electron
Cyclotron Resonance (MDECR) reactor. To avoid melting the NPs, the
plasma was cycled (15 s ON and 30 s OFF). After the etching process,
the 600 nm and 800 nm diameter NP's were found to have diameters

of 125 17 nm and 240 13 nm, respectively. A summary of the sample
parameters is given in Table 1.

2.3. Forming contacts through the oxide layer

After reducing the size of the NPs and thus decreasing the surface
coverage, a thin Aluminum (Al) film was evaporated over the entire sur-
face. After removing the NPs using a toluene bath, a CHF3+Ar plasma
etching step was used to create the holes in the SiO2 layer. Finally, the
sample was immersed in baths of H3PO4+IPA to etch the Al mask, and
underwent an RCA2 cleaning and a 1-min dip in a 1% solution of HF in
order to ensure that no metals are left on the sample. Thermal diffusion
was then performed in order to locally dope the c-Si through the oxide
masking layer, after which the sample again underwent RCA1 and RCA2
cleanings. Each of these cleaning steps was followed by a 20 s dip in HF
(2%). Boron diffusion was then performed at 875 °C in an N2 ambient
during 2 h and 30 min in a quartz tube furnace using planar diffusion
sources of boron nitride (Saint Gobain Advanced Ceramics) between the
wafers to be doped. For the boron diffusion, we followed the same pro-
cedure as reported in Ref. [35] including the low temperature oxidation
(LTO) that helps in boron rich layer (BRL) removal.

In order to be able to fully characterize the sample surface without
the SiO2 layer, a long, multiple minute dip in a 2% diluted HF solution
was performed, until the surface became completely hydrophobic. Just
before C-AFM measurements, a further 1 min 1% HF dip was done to
remove any native oxide that would have formed.

2.4. Nanoscale characterization

The samples were observed using a Hitachi S-4800 scanning elec-
tron microscope (SEM). This microscope is equipped with two detectors:
the upper detector, which detects only secondary electrons (SE), and the
lower detector, which detects mainly back-scattered electrons (BSE). A
mixed detection mode (SE + BSE, using both detectors) can be used to
obtain topological information, as can the SE-only mode (but only at
high beam voltages). Furthermore, the SE-only mode at low voltages can
be used to observe localized doping, since the contrast in this mode is
sensitive to the doping type of the material [36–41].

The samples were also characterized using a Digital Instruments
Nanoscope IIIa Multimode Atomic Force Microscope (AFM) using a
C-AFM electrical extension named “Resiscope”, which allows one to get
an electrical map in parallel to the topography when measuring the cur-
rent flowing through the tip [42,43]. For these measurements a bias
voltage is applied between the tip and the back side of the sample. In
addition, contact current-voltage (I–V) measurements at a desired point
on the sample are also possible. It should be noted that the AFM de-
flection system uses a laser at a wavelength of 670 nm. Finally, for this
study the AFM tips employed were highly p-doped polycrystalline dia-
mond (3–5 mΩ cm, CDT-FMR) with a “macroscopic” radius in the range
of 100 nm and a spring constant around 3 N/m for the batch used. Be-
cause of their polycrystalline structure, the apex of these tips are char-
acterized by microscopic single diamond grains providing an electrical
tip radius of 10 nm. The estimated force applied for scanning measure-
ments where around 100 nN and in the range of 100–500 nN for point
contact current-voltage (I–V) measurements.

Table 1
Sample properties before diffusion step.

Sample
ID

Wafer
resistivity (Ω
cm)

Thickness of SiO2
passivation layer

Initial NP
diameter

NP diameter
after etching

A 1 120 nm 600 nm 125 nm
B 2.2 240 nm 800 nm 240 nm
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3. Results and discussion

3.1. Scanning electron microscopy

Fig. 1 shows SEM images of Sample A acquired at various points of
the process used to form the doped nanojunctions, as described above.
Similar images for Sample B are provided in the Supplementary Mater-
ial. All of these images were taken using the SE-only mode at high volt-
ages.

Fig. 1a is a SEM image of the c-Si covered with oxide and the
125 nm etched NPs, and Fig. 1b shows the sample after Al evapora-
tion and NP removal (after which holes of 200 nm were formed
in the Al). Fig. 1c–d shows the holes formed in the oxide layer after
plasma etching and Al removal, and after which holes with diameters
around 220 nm remain, giving an fc of around 10%. Fig. 1e–f shows
the sample after diffusion and LTO. Around 30 nm of thermal oxide re-
mained on the sample from the original oxide layer of 120 nm, this re-
duced thickness being due to the HF steps done at various points in the
process, and the oxide etching that occurs during the diffusion.

Fig. 1g–h shows the sample after SiO2 removal. From the top view
image, it can be seen that the areas around the holes appear brighter
than both the holes and the surrounding areas. In addition, it can be seen
that there are craters formed in the Si. From the SEM cross sectional im-
age, it can be seen that the depth of these craters is around 35 nm and
that they have a “dinner plate” shape. This particular shape is due to the
process of boron glass formation during the doping process and etching
inside the hole.

The areas shown in cross section in Fig. 1f–h were examined more
closely. SEM images were acquired at 1 kV using either SE-only mode
or the mixed mode, and are shown in Fig. 2. The equivalent images for
Sample B are provided in the Supplementary Material.

Fig. 2a–b shows the same location on Sample A after the LTO step,
but Fig. 2a is acquired in SE-only mode, whereas Fig. 2b was acquired
in mixed mode. Fig. 2c (SE-only) and 2d (mixed) were acquired after
SiO2 removal. The bright areas under the holes appear only when the
SE-only mode is used, while the mixed mode gives only topographical
information.

In previous reports, a greater brightness was observed for p-type re-
gions compared to n-type regions when SEM images were obtained us-
ing "SE-only" detectors and at low beam voltages [36–41]. This obser-
vation is therefore consistent with the areas below the openings being
doped p-type.

3.2. Conductive probe atomic force microscopy analysis

C-AFM measurements were then performed on Sample A, after sub-
mitting the sample to an additional HF dip. Fig. 3a and b presents the
topography and the local resistance maps, respectively. The latter was
obtained by applying first a voltage of −1 V (first half of the top of the
image) and then switching to +1 V (second half). The equivalent image
for Sample B measured at +1 V is provided in the Supplementary Ma-
terial. The resulting local resistance map is obtained through Ohm's law
by dividing the applied voltage by the measured local current through
the AFM tip. Note that for this mapping measurement, the voltage was
applied to the n-type c-Si substrate through an ohmic contact to the bulk
on the rear surface of the sample.

Fig. 3c and d shows examples of profiles taken at the upper (black
dotted lines) and lower (black dashed lines) part of the image. The
topography profiles confirm the previous cross-sectional SEM images,
and reveal craters with depths varying in the range 20–40 nm. The re-
sistance profiles taken along the same locations show resistance values
inside the craters in the range 107–109 Ω for −1 V (upper part) and
106–107 Ω for +1 V (lower part). The difference in resistance between
these two voltages suggests a rectifying behavior, whose origin can be
explained by the local p-type doped region inside the craters forming
a p-n junction with the n-type c-Si substrate. Similar behavior can also
be observed in the areas surrounding the craters; however, in that case
the rectifying junction is between the boron-doped diamond of the AFM
tip and the n-type c-Si substrate. Note, that the homogeneous colors ob-
served in the electrical image suggest that the doping is rather uniform
in the craters and that the variations observed in some profiles may re-
sult from a variation in the electrical contact area.

To illustrate these points, Fig. 4 displays an example of a cur-
rent-voltage (I–V) measurement performed inside a crater (filled black
circles) and around the craters (red line). The absolute value of the cur-
rent is used to allow its representation on a semi-log scale. For the black
curve, measured within the crater, a typical diode-like rectification be-
havior is indeed observed, in addition to an unexpected zero-crossing
in current occurring for a negative applied voltage. The I–V character-
istic obtained outside the crater shows an asymmetric behavior, also
with large variations of the electrical current level depending on the
applied voltage. These two point contact I–V curves clarify the pre-
vious local resistance mapping (Fig. 3b) and specifically the differ-
ences between the reverse and forward operation regimes. In addition,
these local I–V characterizations further reveal the presence of a PV ef

Fig. 1. SEM images of c-Si sample A at various points of localized diffusion process. (a) Oxide covered with NPs, (b) holes formed in the Al covering the oxide layer, (c) top and (d) tilted
view of holes formed in the oxide before diffusion. Also shown are (e) top and (f) tilted view of oxide with holes after diffusion and LTO steps, as well as (g) top and (h) tilted view of
surface after oxide removal.
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Fig. 2. SEM cross sectional images of localized dopant diffusion areas in c-Si (contrast enhanced). Sample A after the LTO step, taken in (a) SE-only mode, and (b) mixed mode. The same
sample is shown after SiO2 removal, images acquired in (c) SE-only mode, and (d) mixed mode. Inset of (c): contrast enhanced zoom of area under hole in oxide.

fect when performed inside the crater, with a short-circuit current (ISC)
around 0.1 μA and an open-circuit voltage (VOC) of 500–600 mV.

The preceding results underline an important insight: not only is it
unambiguously confirmed that the craters are indeed locally p-doped
areas forming p-n nanojunctions with the n-type c-Si, but that a pho-
tovoltaic effect is also present. The diameter of the red (670 nm) laser
beam involved in the optical beam deflection system is large compared
to the size of the AFM cantilever and the light is also scattered by the
cantilever edges. This implies that mostly areas quite far (microns away)
from the tip are strongly illuminated. Despite the well-known shadowing
effect by AFM cantilevers [44], the light is here absorbed by the c-Si ab-
sorber and the photogenerated e-h pairs are able to diffuse toward their
corresponding collection sites. Real dark conditions are not achievable
due to the feedback loop which is required during the scanning for the
stabilization of the tip setpoint in this AFM setup [45]. Consequently,
an additional experiment was done to minimize the effect of the laser by
changing the excitation wavelength to the infrared (λ = 1300 nm) be-
yond the optical bandgap of the c-Si. The dramatic decrease in the mea-
sured Isc and VOC confirmed that photogeneration is mainly caused by
the red laser (these results are included in the Supplementary Material).

Taking advantage of the unexpected light source, we have char-
acterized and compared the different samples and especially the PV
characteristics extracted through the locally p-doped craters, or nano-
junctions. Fig. 5 displays the I–V curves acquired for both Sample A,
which has smaller junction areas spaced closer together (230 nm diam-
eter junctions spaced at least 600 nm apart), and Sample B (250 nm di-
ameter junctions spaced at least 800 nm apart). The graphs in the left
column are plotted on a semi-log scale and show several examples of
I–V measurements obtained within the nanojunctions (empty symbols)
and outside the nanojunctions (full and dashed grey lines). The graphs
on the right are linear scale replots of the I–V curves obtained inside

the nanojunctions. The semi-log plots clearly demonstrate the presence
of the PV effect for both samples, embodied by the presence of a VOC,
which is similar for both samples, and an ISC. An s-shape behavior indi-
cating a non-ohmic contact was observed for both sample A (Fig. 5b,
green hexagons) and B (Fig. 5d, pink rectangles); however, it has been
minimized by simply increasing the applied force between the AFM tip
and the nanojunction from 100 nN to 500 nN (as shown), producing an
ohmic contact between the tip and the p-type area, and giving the mo-
notonic curves expected for a PV device (red circles in both figures).
Note that in these figures, the I–V measurements were acquired while
increasing the applied force, but were collected at the same location.

The best I–V characteristics measured inside the nanojunctions for
the two samples are compared on the same linear scale in Fig. 6. The
photovoltaic parameters extractable from these curves are presented in
Table 2. The samples show a similar VOC (within the precision of the
measurement) and a similar series resistance is observed for both sam-
ples. However, Sample A shows both a larger ISC and a smaller shunt
resistance (a greater slope around ISC). The higher ISC for Sample A is
counterintuitive, as the nanojunction areas is slightly smaller. This re-
sult can be explained by a combination of the collection area being
much larger than the nanojunction itself, along with a slightly different
alignment of the laser that introduces some scatter in the results. Al-
though the AFM tip cantilever will shadow the area around the nano-
junction under test, notice that the high quality of the c-Si substrate
along with the H-termination of the surface after the final HF dip (or a
thin layer of native oxide) can lead to relatively high effective lifetimes.
This low recombination permits the collection of holes photogenerated
in the n-type c-Si bulk several microns away from the nanojunction un-
der test. Furthermore, one should consider that a total ISC of ~0.5 μA
corresponds to a total laser power of ~1 μW at 670 nm, so we are only
collecting a tiny fraction of the incident laser power, the rest being re
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Fig. 3. C-AFM measurements of Sample A. a) Topography image, and b) local resistance mapping while applying a bias of −1 V (upper part) and +1 V (lower part), c) topography and d)
local resistance profiles corresponding to the black dotted line (upper profile) and the black dashed line (lower profile).

Fig. 4. Example of C-AFM I–V measurement. Measurement was performed on Sample A
inside a crater (black filled circle) and around the craters (red full line). Absolute value of
current is shown. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

flected by the cantilever, or producing photocarriers that recombine be-
fore collection.

As well, due to the configuration of the measurement, the signifi-
cance of the shunt resistance may not be straightforward. Two possible
explanations are real shunting effects related to the perimeter (which
can have a very strong impact in such small nanojunctions), or photocur-
rent collected through a much more resistive pathway (such as an inver-
sion layer at the surface) giving the appearance of a shunt.

Although interpretation of the details of the I–V curve remains diffi-
cult, the clear appearance of a VOC and an ISC for both samples shows
without a doubt that photovoltaic nanojunctions have been formed in
both samples.

4. Conclusions

We have demonstrated the formation of p-doped, nanoscale junc-
tions in n-doped crystalline silicon wafers through the observation of a
local photovoltaic effect. The necessary photoexcitation is provided by
the red laser used to determine tip position for conductive-probe atomic
force microscopy (C-AFM) measurements. By acquiring local I–V curves
rather than pseudo-resistance mapping, clear evidence of photovoltaic
behavior due to the formation of a nanojunction could be observed,
which was consistent with cross-sectional SEM images using low beam
voltages and the secondary-electron-only detector, wherein a brightness
contrast consistent with a localized p-type doping could be observed.
From a purely prospective point of view, acquiring I–V measurement
in dark conditions and/or under a well-defined and calibrated illumi-
nation would be a major advantage for the electrical characterization
of these nanojunctions, and notably for statistical analyses. Such studies
would impose that the laser required for tip alignment no longer inter-
acts with the sample (either by being turned off, diverted, or having a
longer wavelength), and that the illumination is not shadowed by the
AFM tip (possibly by being injected from the other side of the sample).
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Fig. 5. Local I–V curves measured using C-AFM. Curves are measured on Sample A (figs a) and b)), and Sample B (figs c) and d)). Left column a) and c) illustrates the I–V curves on a
semi-log scale performed inside the nanojunctions (empty symbols) and outside the nanojunctions (grey full and dashed lines). Right column (b), and d)) replots the I–V measurements
obtained inside the nanojunctions (empty symbols) on a linear scale. Improved characteristics are due to increased tip force from 100 nN to 500 nN, as indicated by arrow.

Fig. 6. Comparison of photovoltaic effect in both samples. I–V curves measured by C-AFM
measured within the p-type nanojunctions for Samples A and B.

Table 2
PV parameters.

Sample
ID

Contact Area
(μm 2)

Thickness of SiO2 passivation
layer

VOC
(V) ISC

A 0.04 120 nm 0.57 363 nA
B 0.05 240 nm 0.57 236 nA
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