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ABSTRACT: Silicon-based solar fuel devices require passivation for optimal
performance yet at the same time need functionalization with (photo)catalysts for
efficient solar fuel production. Here, we use molecular monolayers to enable
electrical passivation and simultaneous functionalization of silicon-based solar cells.
Organic monolayers were coupled to silicon surfaces by hydrosilylation in order to
avoid an insulating silicon oxide layer at the surface. Monolayers of 1-tetradecyne
were shown to passivate silicon micropillar-based solar cells with radial junctions, by
which the efficiency increased from 8.7% to 9.9% for n+/p junctions and from 7.8%
to 8.8% for p+/n junctions. This electrical passivation of the surface, most likely by
removal of dangling bonds, is reflected in a higher shunt resistance in the J−V
measurements. Monolayers of 1,8-nonadiyne were still reactive for click chemistry
with a model catalyst, thus enabling simultaneous passivation and future catalyst coupling.
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■ INTRODUCTION

Silicon solar cells have gained increasing attention for electricity
production, due to silicon’s ease of fabrication, wide availability,
and charge separation by using a p/n junction.1−3 Due to the
intermittent presence of sunlight, however, a steady power
output is not feasible by photovoltaic cells only. Therefore, it is
much more attractive to use sunlight to produce solar fuels, in
which solar energy can be stored until needed.4,5 Examples of
solar fuels include hydrogen from water splitting6,7 or carbon-
based fuels, such as CO, CH4, or CH3OH, from water splitting
and CO2.

8 One of the envisioned solar-to-fuel devices consists
of a tandem configuration, containing two semiconductors
assembled with a membrane in between and catalysts on each
side to assist water splitting.9,10 In this way, the solar cell
converts sunlight into power, the catalysts use this power
output to split water, and the evolved gases are kept separate by
the membrane. To obtain the most efficient, integrated solar-to-
fuel device, both an efficient solar cell and catalysts coupled to
the surface are required. We focus here on devices that use
silicon as one of the semiconductors, primarily for the hydrogen
production side.
Structuring of silicon solar cells can increase the solar cell

output by a higher surface area for light absorption and less
reflection, e.g., using micropyramids or nano/micropillars with
radial junctions.11−13 Nano/microstructuring increases the
surface area but inevitably also the amount of dangling bonds
at the surface. This constitutes undesired recombination sites
for electron−hole pairs, thus lowering the output of the solar
cell. The negative effect of dangling bonds can be suppressed by

applying an electrical passivation layer,14−16 e.g., an inorganic
layer of silicon oxide, silicon nitride, or aluminum oxide.11,16−18

A solar-to-fuel device requires catalyst functionalization and
passivation at the same time. For catalyst coupling to silicon,
numerous literature examples have shown hydrogen produc-
tion.10,18−21 In such an architecture, combining passivation and
catalyst coupling can only be obtained in two steps, i.e., first
catalyst deposition and then selectively applying a passivation
layer via a bottom-up method that does not overgrow the
catalyst22 or vice versa.18 Molecular monolayers, however, offer
the solution to fulfill both surface passivation and subsequent
catalyst coupling. Monolayer-forming adsorbates can be bound
to silicon by direct Si−C bonds in order to avoid the presence
of silicon oxide as insulating layer and function as an electrical
passivation layer.23−27 A few articles have reported the
combination of passivation and secondary functionaliza-
tion,28−30 but to our knowledge, this method has not been
applied to silicon solar cells yet.
Here, we use organic molecular monolayers for electrical

passivation and simultaneous functionalization of silicon solar
cells. Covalent monolayer coupling has been achieved by
hydrosilylation, which is a one-step reaction in which molecules
with unsaturated carbon−carbon end groups are coupled to
hydrogen-terminated silicon.31,32 1-Tetradecyne has been used
to study the passivation effect on silicon solar cells by J−V
measurements. Silicon solar cells have been fabricated with
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planar junctions in 2D and radial junctions in 3D micropillars
in order to assess the effect of Si microstructuring on the
passivation effect. To test the versatility of this platform, the
passivation effect was investigated on both n+/p and p+/n
junctions. A monolayer of the dialkyne 1,8-nonadiyne has been
studied to demonstrate that the passivation layers are still
available for further functionalization. As a proof of concept, a
fluorescent dye has been coupled as model catalyst by the well-
developed click chemistry.33

■ RESULTS AND DISCUSSION

Monolayer Passivation. Silicon solar cells with a junction
were fabricated in 2D substrates and 3D micropillars (4 μm
diameter, 6 μm pitch, about 40 μm length, Figure S1). Planar
and pillared Si substrates were doped to create planar and radial
junctions, respectively, according to a procedure reported
before.34 Both n+/p junctions (defined as p-type base with
phosphorus doping) and p+/n junctions (n-type base wafers
doped with boron) were created, with a junction depth of
approximately 1 μm.
In order to passivate the surface, monolayers were coupled to

these substrates by a thermal hydrosilylation method in which
chemical compounds with unsaturated end groups are grafted
onto oxide-free silicon (Scheme 1).31,35 To that purpose, the
silicon substrates were immersed in an aqueous 1% hydro-
fluoric acid (HF) solution to remove the native oxide layer and
create a hydrogen-terminated surface. An alkyne-terminated
molecule, i.e., 1-tetradecyne with a methyl end group, was
coupled to hydrogen-terminated silicon to create a
Si−CC−R monolayer. This molecule was chosen because
of its hydrophobic nature, enabling easy proof of monolayer
presence by contact angle measurements.

The contact angle of hydrogen-terminated silicon was 42−
44° (Table 1) and increased upon hydrosilylation with 1-
tetradecyne to ∼108° for n+/p junctions and ∼95−98° for p+/n
junctions, as measured on the planar substrates or planar
regions next to the pillar arrays. These values are characteristic
for hydrophobic surfaces, thus indicating that the monolayer
coupling was successful. The large difference in contact angle
between n+ and p+ surfaces has been reported before for a
visible light-induced hydrosilylation reaction36 and was
attributed to the formation of more electron−hole pairs in n+

substrates, which speeds up the radical chain mechanism. The
control samples without a monolayer were processed through
all steps, but their hydrosilylation step was mimicked with
solvent only. For these control samples, the contact angle was
∼91−94° for n+/p junctions and ∼84−87° for p+/n junctions,
which is (inexplicably) higher than the values of the hydrogen-
terminated samples.
Attenuated total reflection infrared spectroscopy (ATR-IR)

spectra of dummy substrates, functionalized simultaneously
with the solar cell samples, confirmed the presence of a 1-
tetradecyne monolayer by disappearance of the Si−Hx
stretching modes at 2112 cm−1 and the appearance of CH3,
CH2 (antisymmetric), and CH2 (symmetric) peaks at 2961,
2922, and 2853 cm−1, respectively (Figure 1). As expected, no
peaks appeared in the spectra of the control samples, thus
indicating that no monolayer was formed on these bare
samples.
In order to characterize the substrates as solar cells, Ohmic

contacts of an aluminum/silicon alloy were fabricated at the
front and back side. The presence of a monolayer at the
interface between the solar cell interface and the metal contact
suppressed the conductance significantly, probably due to a
poor contact between the aluminum and the silicon (data not
shown). Therefore, to fabricate an Ohmic contact at the front

Scheme 1. Schematic Representation of Monolayer Coupling to Planar and Radial Junctions at Planar and Pillared Si
Substrates, Respectively, By Hydrosilylation. Aluminum Contacts Are Created in Order to Assess the Solar Cell Properties of
the Substrates

Table 1. Static Water Contact Angle Values before and after Monolayer Formation

1% HF control 1-tetradecyne 1,8-nonadiyne

n+/p planar 42.3° ± 0.8 94.1° ± 1.1 108.0° ± 2.6 76.0° ± 2.3
n+/p radial 91.4° ± 0.5 108.5° ± 0.4
p+/n planar 43.6° ± 2.3 87.1° ± 2.7 98.0° ± 0.5 82.6° ± 2.0
p+/n radial 84.8° ± 2.3 95.4° ± 0.8
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side of the samples, the active solar cell area (0.5 × 0.5 cm2)
was first protected by photoresist masking. The 1-tetradecyne
monolayer was then selectively removed outside the active solar

cell areas by oxygen plasma, followed by removal of the resist.
The thin silicon oxide layer induced by the oxygen plasma
treatment was removed in 1% HF. The monolayers on the
active solar cell areas were still intact after this treatment, as
indicated by the high hydrophobicity on the planar junctions.
Hereafter, aluminum/silicon alloy was sputtered outside the
solar cell areas and on the back side of the samples.
J−V measurements were performed to investigate the effect

of the monolayers on the solar cell performance. The efficiency
(η) of a solar cell can be calculated by eq 1

η =
V J FF

P
oc sc

in (1)

where Voc is the open-circuit voltage, Jsc is the short-circuit
current density, FF is the fill factor, and Pin is the input power
(100 mW/cm2, AM 1.5G). An ideal solar cell would show
rectangular J−V behavior, with Voc, Jsc, and FF as high as
possible. FF mainly depends on two resistances, i.e., the shunt
resistance (Rsh) and the series resistance (Rs). Rsh equals the
inverse slope of the J−V curve at Jsc, which becomes higher
when there are less leaking pathways for the current as is
achieved by more effective surface passivation.37,38 Rs equals the
inverse slope of the J−V curve at Voc and reflects the resistance
in the materials through which the current passes, and Rs
should be as low as possible.

Figure 1. ATR-IR spectra of silicon substrates without functionaliza-
tion (control) and functionalized with 1-tetradecyne or 1,8-nonadiyne,
all referenced to a H-terminated silicon sample.

Figure 2. J−V measurements of Si samples with (a) planar and (b) radial n+/p junctions (p-type base wafer) and (c) planar and (d) radial p+/n
junctions (n-type base wafer) with and without a 1-tetradecyne monolayer. Shaded areas indicate the 1σ range around the average (at least four
samples were analyzed for each configuration).

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.6b12997
ACS Appl. Mater. Interfaces 2017, 9, 413−421

415

http://dx.doi.org/10.1021/acsami.6b12997


J−V measurements were performed on both planar and
micropillar array samples with n+/p and p+/n junctions (Figure
2). The overall performance of planar n+/p (Figure 2a, Table 2)
and p+/n junctions (Figure 2c, Table 3) did not change
significantly after functionalization with a 1-tetradecyne
monolayer. Internally, however, Rsh increased by 15% and
4%, respectively, thus indicating the expected positive effect of
surface passivation. The J−V response for micropillar arrays
with radial n+/p (Figure 2b, Table 2) and p+/n junctions
(Figure 2d, Table 3) did improve significantly. Adding a
monolayer enhanced all characteristic parameters, so that the
efficiency increased from 8.7% to 9.9% for n+/p junctions and
from 7.8% to 8.8% for p+/n junctions. Notably, Rsh increased
from 0.21 to 0.32 kΩ·cm2 (57% increase) for n+/p junctions
and from 0.91 to 1.6 kΩ·cm2 (74% increase) for p+/n junctions,
thus confirming surface passivation by the monolayer. The
improved efficiencies mainly originate from these differences in
Rsh, whereas the Voc and Jsc values changed only slightly, which

shows that this passivation method results in an intrinsic
change in material properties.
The passivation effect can also be derived from plotting the

local ideality factor versus the potential (Figure S2), as
extracted from the J−V behavior in the dark. The local ideality
factor is expected to decrease when the number of defect sites is
lowered upon applying a passivation layer.39,40 This effect was
indeed observed for n+/p junctions, where the local ideality
factor decreased for both planar and micropillar array samples
with a 1-tetradecyne monolayer compared to unfunctionalized
samples. For p+/n junctions, no difference in local ideality
factor was observed, but the more pronounced differences in
Rsh already confirmed the passivation effect on these junctions.
The passivation effect is most clearly visible on the

micropillared solar cells, which can be explained by the
difference in absolute surface area compared to a planar solar
cell. With the micropillar layout used the total surface area has
increased by a factor of ∼17. As stated before, dangling bonds
at the silicon surface provide undesired recombination sites for

Table 2. J−V Characteristics of n+/p Planar and Radial Junctions with and without a 1-Tetradecyne Monolayer

planar p+/n junctions radial p+/n junctions

control 1-tetradecyne ± control 1-tetradecyne ±

Rs (Ω·cm2) 1.5 ± 0.1 1.5 ± 0.1 −2%a 1.6 ± 0.1 1.5 ± 0.1 9%a

Rsh (kΩ·cm2) 0.61 ± 0.59 0.69 ± 0.02 15% 0.21 ± 0.03 0.32 ± 0.08 57%
Voc (V) 0.47 ± 0.01 0.47 ± 0.01 −1% 0.43 ± 0.01 0.45 ± 0.01 4%
Jsc (mA/cm

2) 26.9 ± 0.8 27.4 ± 1.1 2% 32.7 ± 1.2 33.5 ± 1.5 2%
FF (%) 71 ± 4 70 ± 2 −1% 62 ± 8 66 ± 4 7%
η (%) 9.0 ± 0.4 9.0 ± 0.6 0% 8.7 ± 1.0 9.9 ± 1.1 14%

aRs should be as low as possible, so a lower value is shown as positive difference

Table 3. J−V Characteristics of p+/n Planar and Radial Junctions with and without a 1-Tetradecyne Monolayer

planar p+/n junctions radial p+/n junctions

control 1-tetradecyne ± control 1-tetradecyne ±

Rs (Ω·cm2) 2.2 ± 0.1 2.3 ± 0.1 −2%a 1.9 ± 0.3 1.5 ± 0.1 27%a

Rsh (kΩ·cm2) 1.4 ± 0.2 1.4 ± 0.2 4% 0.91 ± 0.11 1.6 ± 0.1 74%
Voc (V) 0.45 ± 0.01 0.45 ± 0.01 −1% 0.45 ± 0.01 0.45 ± 0.01 0%
Jsc (mA/cm

2) 17.6 ± 0.3 17.3 ± 0.6 −2% 25.6 ± 2.6 26.4 ± 1.0 3%
FF (%) 74 ± 3 74 ± 1 0% 67 ± 6 73 ± 1 9%
η (%) 5.9 ± 0.3 5.7 ± 0.3 −3% 7.8 ± 1.5 8.8 ± 0.4 12%

aRs should be as low as possible, so a lower value is shown as positive difference

Figure 3. J−V measurements of planar (a) n+/p junctions (p-type base wafer) and (b) p+/n junctions (n-type base wafer) with and without a 1,8-
nonadiyne monolayer. Shaded areas indicate the 1σ range around the average (at least four samples were analyzed for each configuration).
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electron−hole pairs, which can be suppressed by coupling a
molecular monolayer onto the surface. The micropillar solar
cells contain more dangling bonds due to both their 3D
structuring and the introduction of scallops during the pillar
fabrication.11,41 This makes the effect of a molecular passivation
layer more pronounced, thus making the need for passivation
more evident.
Dual Passivation and Functionalization. To allow both

passivation and functionalization, an adsorbate with two
functional groups, at the head and tail of the molecule, is
required. A suitable choice is the dialkyne 1,8-nonadiyne, where
one alkyne group can be coupled to the solar cell by
hydrosilylation and the other alkyne group can be function-
alized subsequently with an azide-containing molecule using the
well-studied copper-catalyzed click chemistry33 or thiol−yne
chemistry.42

Because we expected a very similar passivation effect of 1,8-
nonadiyne compared to 1-tetradecyne, the electrical passivation
effect of 1,8-nonadiyne was tested only on planar silicon solar

cells. The hydrosilylation reaction was carried out in pure 1,8-
nonadiyne in order to suppress back bending of the second
alkyne group toward the hydrogen-terminated silicon surface.
The contact angle of 1,8-nonadiyne-terminated surfaces was
76.0° and 82.6° for n+/p and p+/n planar junctions, respectively
(Table 1). The latter value is similar to the literature, where 82°
was reported for a 1,8-nonadiyne monolayer on p+ silicon.43

ATR-IR further evidenced the monolayer formation by the
disappearance of Si−Hx stretching modes at 2110 cm

−1 and the
appearance of CCH, CH2 (antisymmetric), and CH2
(symmetric) peaks at 3310, 2934, and 2858 cm−1, respectively
(Figure 1), similar to spectra reported in the literature.42

After aluminum/silicon contact formation, J−V measure-
ments on the planar junctions did not show a significant
difference of the efficiencies (Figure 3, Table 4). Looking at the
individual parameters, however, Rsh was improved, which
indicates a passivated surface. The largest increase was observed
for n+/p junctions (Figure 3a), similarly as described above for
1-tetradecyne. The values of Rsh for the 1,8-nonadiyne-

Table 4. J−V Characteristics of Planar n+/p and p+/n Junctions with and without a 1,8-Nonadiyne Monolayer

planar n+/p junctions planar p+/n junctions

control 1,8-nonadiyne ± control 1,8-nonadiyne ±

Rs (Ω·cm2) 1.5 ± 0.1 1.5 ± 0.1 4%a 2.2 ± 0.1 2.3 ± 0.1 −6%a

Rsh (kΩ·cm2) 0.61 ± 0.59 1.74 ± 0.01 188% 1.4 ± 0.2 1.6 ± 0.1 19%
Voc (V) 0.47 ± 0.01 0.47 ± 0.01 −1% 0.45 ± 0.01 0.45 ± 0.01 −1%
Jsc (mA/cm

2) 26.9 ± 0.8 27.2 ± 0.7 1% 17.6 ± 0.3 16.7 ± 0.8 −5%
FF (%) 71 ± 4 73 ± 1 3% 74 ± 3 74 ± 1 1%
η (%) 9.0 ± 0.4 9.3 ± 0.2 3% 5.9 ± 0.3 5.5 ± 0.3 −5%

aRs should be as low as possible, so a lower value is shown as positive difference

Figure 4. (a) Schematic representation of 1,8-nonadiyne coupling to silicon by hydrosilylation and subsequent click chemistry with an azide-
functionalized dye, (b) fluorescence microscopy image after microcontact printing, exposure time 10 s, brightness increased by 30% (inset shows
fluorescence intensity profile of the original image), and (c) XPS spectrum of the N 1s region after microcontact printing, including deconvoluted
signals.
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functionalized samples were higher than those obtained with 1-
tetradecyne, indicating a better electrical passivation effect. This
trend was also observed by a decrease of the local ideality factor
(Figure S2), which was for planar n+/p junctions even close to
ideal diode behavior, as featured by a local ideality factor below
2 under forward bias.39

As a proof of concept to confirm that the alkyne headgroup is
still available for further functionalization, click chemistry was
performed with an azide-functionalized dye as a model catalyst
(Figure 4a). Microcontact printing was used to provide contrast
with the background signal in fluorescence microscopy. A
planar silicon substrate was successfully functionalized with
azide-fluor 488 (Figure 4b). A line pattern is observed with a
periodicity equal to that of the stamp used. X-ray photoelectron
spectroscopy (XPS) of the monolayer after click chemistry
showed the presence of the triazole moiety by two character-
istic bands at 400 and 402 eV in the N 1s region (Figure 4c) in
the expected 2:1 ratio. Any physisorbed azide species would
have appeared at 405 eV,33 which was not observed in this
spectrum (data not shown). Further evidence for the formation
of the dye monolayer is the appearance of a peak at 288 eV in
the C 1s spectrum owing to the introduction of carbonyl
groups (Figure S3).

■ CONCLUSIONS

In summary, we have shown the electrical passivation of silicon
solar cells using molecular monolayers of 1-tetradecyne and 1,8-
nonadiyne. The passivation effect was particularly observed by a
substantial increase of the shunt resistance, which increased by
57% and 74% for n+/p and p+/n micropillar solar cells,
respectively, when adding a monolayer of 1-tetradecyne. The
molecular monolayers suppressed dangling bonds at the silicon
surface, thus preventing recombination at those sites. This
passivation effect was less pronounced in the case of planar
junctions, because of their lower surface area and thus lower
number of dangling bonds. Nevertheless, an increasing trend in
shunt resistance was observed from control samples toward
samples with monolayers of 1-tetradecyne and 1,8-nonadiyne.
The latter monolayer was still available for further functional-
ization, as shown by coupling to a model catalyst. Since the
length of the nonadiyne is less than 1 nm, we expect still a
decent electrical contact between silicon and any catalyst bound
on top of the monolayer, as indicated by the use of alkyl

monolayers to prepare molecular junctions44,45 and the
successful detection of redox-active groups on silicon bridged
through alkyl monolayers.46,47 In the same manner, it should
therefore be possible to functionalize silicon solar cells with an
azide-functionalized photocatalyst toward a solar-to-fuel device.
The resistance of the monolayer could be lowered by the use of
conjugated molecules as passivation and functionalization
layer.48,49

■ MATERIALS AND METHODS
Materials. Silicon wafers (⟨100⟩ oriented, 100 mm diameter, single

side polished) were obtained from Okmetic (Finland) as p-type
(boron, resistivity 5−10 Ω·cm, thickness 525 μm) or n-type
(phosphorus, 1−10 Ω·cm, 375 μm). For infrared spectroscopy,
double-sided p-type silicon wafers were used with parameters equal to
the single-side-polished p-type wafers. Mesitylene (>98%, Sigma-
Aldrich) and 1,8-nonadiyne (98%, Sigma-Aldrich) were dried over
molecular sieves (0.3 nm). Acetone (VLSI, BASF), acetonitrile (ACS
grade, CH3CN, Merck), azide-fluor 488 (>90%, Sigma-Aldrich),
buffered hydrogen fluoride (VLSI, BHF, 7:1, Technic France),
dichloromethane (99.7%, Actu-All), ethanol (absolute, VWR), ethyl-
enediaminetetraacetic acid disodium salt dihydrate (>99%, EDTA,
Sigma-Aldrich), hydrofluoric acid 1% (aqueous, VLSI, Technic
France), phosphate-buffered saline powder (pH 7.4, results in 10
mM PBS with 0.138 M NaCl, Sigma-Aldrich), photoresist AZ9260
(Merck Microchemicals), photoresist OiR 906-12 (Fujifilm), 2-
propanol (VLSI, BASF), resist developer OPD 4262 (Fujifilm), 1-
tetradecyne (>97%, Sigma-Aldrich), tetrakis(acetonitrile)copper(I)
hexafluorophosphate (Cu(I) (CH3CN)4PF6, Sigma-Aldrich), and
Tween - 20 (A ld r i c h ) we r e u s ed a s r e c e i v ed . T r i s -
(benzyltriazolylmethyl)amine (TBTA) was synthesized according to
a procedure from the literature.50 Hexane was obtained from a solvent
purification system (MB SPS-800). Milli-Q water with a resistivity >
18 MΩ·cm was obtained from a Milli-Q Integral water purification
system (Merck Millipore). Glassware used for the hydrosilylation
reactions was dried overnight at 120 °C.

Fabrication of Silicon Micropillars. Silicon micropillars were
fabricated as reported before34 but without the use of silicon dioxide as
a hard mask (Scheme 2). In short, cleaned silicon substrates were
covered with a 100 nm thick silicon-rich silicon nitride layer (SiRN)
using low-pressure chemical vapor deposition (LPCVD). The SiRN
layer was removed from the front side using reactive ion etching,
leaving a protective SiRN layer at the back side. After cleaning, a
photoresist layer (OiR 906-12) on the front side was patterned by
standard photolithography, resulting in 0.5 × 0.5 cm2 hexagonal arrays
of dots (diameter 4 μm, spacing 2 μm, packing density 35%) for each 2
× 2 cm2 sample. This resist layer functioned as a mask during deep

Scheme 2. Schematic Fabrication Process with (a) Micropillar Fabrication Using Deep Reactive Ion Etching, (b) Radial
Junction Formation by Dopant Deposition and in-Diffusion, Followed by Silicon Nitride Removal, (c) Organic Monolayer
Coupling by Hydrosilylation, (d) Photoresist Coverage and Photolithography, (e) Monolayer Removal Outside the Active Solar
Cell Areas and Ohmic Contact Formation at the Front and Back Sides
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reactive ion etching of silicon using the Bosch process. This process
resulted in micropillars with a length of approximately 40 μm, which
were cleaned by an O2/CF4 plasma before further processing.
Junction Fabrication. Planar silicon substrates and the silicon

micropillars fabricated as described above were doped as reported
before.34 Doping was performed on freshly cleaned substrates by
depositing a dopant containing oxide layer, followed by a thermal
drive-in step to diffuse the dopant into the silicon. In the case of n+/p
junctions, p-type substrates were covered with a phosphorus oxide
layer by LPCVD. Thermal diffusion was performed at 1050 °C for 15
min under nitrogen flow. Opposite p+/n junctions were created by
doping n-type substrates with boron by solid-source dotation (SSD). A
boron oxide (B2O5) layer was grown from boron nitride source wafers
and simultaneously diffused into the silicon at 1050 °C for 15 min.
After removal of the remaining B2O5 layer by 10 min immersion in
BHF, the wafers were further oxidized at 800 °C for 30 min to remove
the Si−B bonds. The back side of these wafers was doped with
phosphorus (similarly as described above) to create n+ Si, which was
needed to create Ohmic contacts later on. In all cases, the SiRN
protection layer was removed, and the samples were cleaned before
further processing.
Monolayer Coupling. To couple the alkyne-terminated molecules

to the silicon substrates, first a hydrogen-terminated surface was
created by 2 min immersion in an aqueous 1% HF solution.
Subsequently, the wafers were transferred into a full-wafer setup,
equipped with a capillary as nitrogen inlet and a reflux condenser,
which was flushed with nitrogen for 10 min. The adsorbate solution
(80 mL), consisting of a 5% v/v solution of 1-tetradecyne in
mesitylene or pure 1,8-nonadiyne, was added to the setup via a septum
after degassing the solution by four freeze−pump−thaw cycles. The
control samples were processed through the same steps as the samples
with a monolayer, but the reaction step was performed in pure
mesitylene, i.e., in the absence of adsorbate. The hydrosilylation
reactions were performed overnight under continuous nitrogen flow at
180 °C for 1-tetradecyne, 170 °C for 1,8-nonadiyne, and 180 °C for
the control samples in pure mesitylene. The wafers were cleaned by
immersion in hexane, rinsing with ethanol, 10 min ultrasonication in
dichloromethane to remove any physisorbed material, and sub-
sequently dried in a stream of nitrogen. The functionalized samples
were sealed in a nitrogen glovebox and stored under nitrogen prior to
characterization.
The monolayer was removed outside the active solar cell areas in

order to make a proper Ohmic contact. Therefore, the active areas
were first protected with photoresist. The planar junctions were
protected by spin coating photoresist (OiR 906-12, 6000 rpm, 30 s)
on top of the monolayer. The resist layer was baked at 95 °C for 90 s,
patterned using standard photolithography (3 s UV exposure), and
immersed in resist developer (OPD 4262, 45 s). The micropillar arrays
were protected by spin coating photoresist (AZ9260, 1000 rpm, 30 s)
in between the pillars, overnight drying in a desiccator at 1 × 10−3

mbar, photolithography (3 cycles of 10 s UV exposure and 10 s delay),
and resist development (OPD 4262, 7 min). In all cases, the wafers
were exposed to oxygen plasma (Tepla 300E, 0.25 mbar, 300 W) for 2
min to remove the monolayer from the nonactive areas. On the planar
junctions, the solar cell area was marked before resist removal in order
to align the Ohmic contacts later on. The resist was removed by 15
min ultrasonication in acetone. Afterward, the samples were rinsed
with 2-propanol and dried under nitrogen.
Click Chemistry by Microcontact Printing. Poly-

(dimethylsiloxane) (PDMS) stamps were prepared by casting the
precursor and curing agent (Sylgard 184, Dow Corning) at a 10:1
volume ratio onto a silicon master. Air bubbles were removed by
vacuum for 30 min, and the stamps were cured overnight at 60 °C.
Before microcontact printing, the cut stamps (10 μm lines and 5 μm
spacing) were oxidized by oxygen plasma (power tuned to 40 mA) for
30 s. The stamps were inked with 75 μL of azide-fluor 488 solution (2
mM in CH3CN) and 25 μL of catalyst solution (2 mM Cu(I)-
(CH3CN)4PF6 and 2 mM TBTA in CH3CN/EtOH, ratio 2:1 v/v) for
4 min. After drying in a stream of nitrogen, the stamp was brought into
conformal contact with a planar substrate (functionalized with a

monolayer of 1,8-nonadiyne) for 2 h. Subsequently, the printed
substrate was rinsed with acetonitrile and ethanol and sonicated in
PBS with 0.05% v/v Tween-20 for 1 min. After rinsing with a 0.05%
w/v EDTA solution in water to remove any copper traces, the
substrate was dried under nitrogen.

Contact Angle Measurements. Static contact angles were
measured with Milli-Q water droplets on a Krüss G10 Contact
Angle Measuring Instrument equipped with a CCD camera. Contact
angle values were determined automatically by a drop shape analysis
software. Contact angles were measured immediately after the
hydrosilylation. At least three drops were measured and averaged.
On the micropillar arrays, the contact angle was measured on the
planar regions next to the pillars.

Attenuated Total Reflection Infrared Spectroscopy. Infrared
spectra were measured on double-side-polished silicon wafer pieces
treated similarly to the solar cell samples. Spectra were collected with a
Bruker spectrometer (Vertex 70v) equipped with an attenuated total
reflection accessory (L = 15 mm) and MCT detector. The spectra
were recorded with a resolution of 4 cm−1 and 1024 scans. Each
spectrum was referenced to a hydrogen-terminated silicon sample. A
spline baseline correction was applied.

J−V Measurements. Ohmic contacts were made in order to study
the electrical properties of the formed junctions by recording J−V
curves. Native oxide was removed from the wafers by a 1% HF dip,
followed by sputtering a 1 μm thick layer of aluminum/silicon alloy
(99/1% Al/Si, Oxford PL400, 500 W, 8:24 min) at the front side and
500 nm at the back side. At the front side, the active solar cell areas
were protected by a stainless steel mask. The wafers were diced into
single solar cells with 0.5 × 0.5 cm2 active area and surrounding
aluminum up to 2 × 2 cm2. Samples were positioned perpendicular to
a 300 W xenon arc light source with a filter. The position of the
samples with respect to the lamp was calibrated to 1 sun intensity (AM
1.5G). J−V curves were recorded with a VersaSTAT 4 potentiostat
from −0.7 to 0.7 V at 0.2 V/s. For each setting at least four different
samples were measured and averaged. The current densities were
normalized to the sample area, instead of the actual surface area of the
pillars. The series and shunt resistances were determined by linearly
fitting the inverse slope of the average graph at the x axis (−10 < J <
10 mA/cm2) and y axis (−0.15 < V < 0.15), respectively. The
minimum and maximum series and shunt resistance were acquired by
fitting the average graph ± standard deviation, after which the standard
deviation of the resistances was determined by one-fourth of the range.

The local ideality factor was extracted from the dark J−V
measurements by determining the slope of the ln(J) versus potential
plot for each potential value according to eq 2 and then averaging the
local ideality factor over five points. The relation between current
density (in the dark) and potential is given by the Shockley diode
equation

= + ⎜ ⎟⎛
⎝

⎞
⎠J J

q
nkT

Vln( ) ln( )0 (2)

where J is the current density, J0 is the dark saturation current density,
q is the absolute value of electron charge, n is the ideality factor, k is
the Boltzmann constant, T is the absolute temperature, and V is the
potential.

High-Resolution Scanning Electron Microscopy (HR-SEM).
HR-SEM images of cross sections of micropillar arrays were taken with
a FEI Sirion HR-SEM with a through-the-lens detector (TLD),
operated at an acceleration voltage of 10 kV.

Fluorescence Microscopy. Fluorescence microscopy images were
acquired in air on an Olympus inverted research microscope IX71
equipped with a mercury burner U-RFL-T as light source and a digital
Olympus DP70 camera. Blue excitation (λex = 490−510 nm) and
green emission (λem = 520−550 nm) were filtered using a Chroma
filter cube. Intensity profiles were obtained by averaging the images
from three different places at the surface.

X-ray Photoelectron Spectroscopy. XPS measurements were
performed on a Physical Electronics Quantera SXM setup equipped
with an Al Kα X-ray source (1486.6 eV). A detector angle of 45° was

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.6b12997
ACS Appl. Mater. Interfaces 2017, 9, 413−421

419

http://dx.doi.org/10.1021/acsami.6b12997


used, and collected spectra were calibrated on the C 1s peak at 284.8
eV.
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