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ABSTRACT: Heterojunctions are typically used to generate large photovoltages and to influence the direction of flow of 
charge carriers on photovoltaic and photocatalytic devices. Herein, we propose how heterojunctions can be used as a pathway 
for tuning the peak position of redox active monolayers. This was possible by exploring the principle of contact between 
materials in heterojunctions leading to a common equilibrium Fermi level for both sides of the heterojunction. The phenom-
enon was demonstrated with thin layers of intrinsic amorphous silicon deposited on platinum, indium tin oxide and either n-
type or p-type crystalline silicon electrodes. At fixed light-intensity conditions, the potential required for electron transfer of 
a model redox probe was modulated according to the substrate on which the amorphous silicon was deposited. This allowed 
us to alter peak position of a redox process occurring on the electrolyte side of the junction despite it being isolated from the 
underlying conducting material. We show how such an effect can be explored in a potential range that encompasses any of 
the redox monolayers electroactive in aqueous electrolytes. 

INTRODUCTION 

Energetic aspects of charge-transfer across semiconductor-
aqueous electrolyte interfaces are of great importance to 
applications in energy conversion,1-2 chemical sensors,3-5 bi-
oactive surfaces6 and photocatalysis.7-11 Among semicon-
ductors, industrially relevant silicon has proven a valuable 
material with the development of self-assembled monolay-
ers based on α,ω-dialkynes,12 which are capable of avoiding 
anodic corrosion of silicon in aqueous electrolytes.13-14 Fur-
ther derivatization of the alkyne-terminated monolayer via 
click-chemistry15 allows the design of applications accord-
ing to the redox potential of the clicked electroactive mole-
cules.3, 16  

In this context, for a given redox species attached to a pho-
toactive silicon, modulation of peak positions was described 
possible as a function of light-intensity. This was attributed 
to alterations in the open circuit photovoltage caused by 
changes in the photogenerated current at the semiconduc-
tor|electrolyte junction.17-18 For instance, with increasing 
the light-intensity on a monolayer protected n-type silicon 
derivatized with ferrocene, both oxidation and reduction 
peaks gradually shift to more negative potentials in compar-
ison to an electrode of metallic behavior.19 This is attributed 

to more electron-hole pairs being generated with the in-
crease of light-intensity and as such the quasi-Fermi level of 
silicon moves to higher energy (more negative potentials) 
due to the progressive occupancy of the conduction band. In 
contrast, monolayer protected p-type silicon derivatized 
with anthraquinone had only the cathodic peak shifted with 
increasing illumination intensity. In this case, the quasi-
Fermi level of silicon progressively moves to lower energy 
(more positive potentials). The explanation for the selec-
tively tune of the cathodic peak relied on the fact that sur-
face energetics associated to the electron-transfer from the 
conduction band had a more prominent influence than the 
holes transferred from the valence band.20 

With the effectiveness of modulating the light-intensity to 
control the energetics of photoreactions on semiconduc-
tors, we propose a surface engineering strategy that allows 
one to modulate the peak position of redox monolayers 
without the need of changing illumination conditions. The 
concept is based on the use of heterojunctions, which are 
usually employed to generate large photovoltages and to in-
fluence the direction of flow of charge carriers on photovol-
taic21-25 and photocatalytic devices.26-27 The hypothesis 
tested here is based on the principle that contact of materi-

mailto:*v.goncales@unsw.edu.au
mailto:justin.gooding@unsw.edu.au


 

als in heterojunctions tends to the creation of common equi-
librium Fermi levels (EF) for both sides of the interface.28-29 
Such heterojunctions enable the manipulation of surface 
Fermi energy without the introduction of dopants.30-31 From 
an electrochemical perspective, this principle indicates the 
possibility of tuning the potential required for electron-
transfer of redox monolayers according to the materials 
used to form the heterojunction. 

 

METHODS 

Chemicals and materials 

Purchased H2O2 (Sigma-Aldrich; 30 wt. % solution), H2SO4 
(J. T. Baker, 96 wt. % solution) and HF (Riedel-de Haën, 48 
wt. % solution) were of semiconductor grade. All solvents 
used for cleaning and chemical modification procedures 
were distilled prior to use. 1,8-nonadiyne was redistilled 
from sodium borohydride (Sigma-Aldrich; 99 %) under re-
duced pressure (65-70 °C, 25-30 Torr) and stored under dry 
argon atmosphere prior to use. All aqueous electrolytes 
were of analytical grade. Milli-Q water (>18 MΩ cm, Milli-
pore, Australia) was used to prepare solutions. 

Prime grade double-side polished n-type (phosphorous) sil-
icon wafers, (100) ± 0.5°, 175-225 µm thick, 8-12 Ω cm re-
sistivity were purchased from Siltronix Silicon Technolo-
gies (SST, France). The dopant concentration was ND ~ 
4.5×1014 cm3 and the platform is referred here as lowly-
doped n-type silicon (n-Si(100)). Prime grade single-side 
polished n-type (phosphorous) silicon wafers, (100) ± 0.5°, 
500-50 µm thick, < 0.007 Ω cm resistivity, ND ~ 8 x 1018 cm3 
is referred here as highly-doped n-type silicon (n+Si(100)). 
Prime grade single-side polished p-type (boron) silicon wa-
fers, (100) ± 0.5°, 500-50 µm thick, < 0.003 Ω cm resistivity, 
NA ~ 1 x 1019 cm3 is referred here as highly-doped p-type 
silicon (p+Si(100)). Prime grade single-side polished p-type 

(boron) silicon wafers, (100) ± 0.5°, 500-50 µm thick, 1-10 
Ω cm resistivity, NA ~ 8 x 1014 cm3 is referred here as lowly-
doped p-type silicon (p-Si(100)). Platinum foil, 0.05 mm 
thick, 99.99% trace metals basis was purchased from 
Sigma-Aldrich. ITO coated coverslip (18 x 18 mm, coverslip 
thickness # 1.5, 8 – 12 Ω resistivity) was purchased from SPI 
Supplies. 

 

Preparation of amorphous silicon-based heterojunctions 

The preparation of amorphous silicon-based heterojunc-
tions is summarized in Scheme 1a. Si(100) wafers were 
rinsed with dichloromethane, dried under a stream of ar-
gon, and immersed in Piranha solution (3:1 v/v H2SO4:H2O2) 
for 10 min. Samples were then rinsed with Milli-Q water for 
10 min before being transferred to HF aqueous solution 
(1:10 v/v HF:H2O; T = 30 °C) for 1 min. Finally, the crystal-
line Si-H wafers were rinsed with Milli-Q water for 1 min. 
Intrinsic amorphous silicon was then deposited using an 
Oxford Instruments Plasmalab 100 plasma-enhanced 
chemical vapor deposition system (PECVD). SiH4 25 sccm 
(Coregas, 99.999%) was used as the precursor and Ar 475 
sccm (Coregas, 99.99999%) was employed as the carrier. 
Plasma was generated by using a 13.56 MHz RF generator. 
Deposition of amorphous silicon was performed at 15 W, 
1000 mTorr, 300 oC until the aimed thickness was reached. 

Platinum foils were rinsed with dichloromethane, dried un-
der a stream of argon, and immersed in Piranha solution for 
10 min. Samples were then rinsed with Milli-Q water for 10 
min before deposition of amorphous silicon at the same 
conditions specified for the silicon wafers. 

ITO coated coverslips were sonicated in absolute ethanol 
for 10 min and in 0.5 M K2CO3 solution prepared with 3:1 
v/v methanol:H2O for 30 min. ITO was rinsed with a large 
amount of Milli-Q water, then with acetone and isopropanol, 
before drying. They were then submitted to plasma cleaning 

 

 

Scheme 1. (a) Modification of amorphous silicon-based heterojunctions with ferrocene redox probes. Intrinsic amorphous 
silicon was deposited by PECVD on four types of bulk electronic conductors: n-type Si(100) (< 0.007 Ω cm, dopant concentra-
tion ND ~ 8 x 1018 cm-3), p-type Si(100) (< 0.003 Ω cm, dopant concentration NA ~ 1 x 1019 cm-3), ITO and platinum. (b) For all 
electrodes, hydrogen-terminated amorphous silicon was initially reacted with 1,8-nonadiyne via thermal hydrosilylation. 
Then, the acetylene-terminated surface was further modified with azidomethylferrocene via click Cu(I)-catalyzed azide-al-
kyne cycloaddition to form the redox self-assembled monolayer. 

 



 

for 10 min. Prior to the deposition of amorphous silicon, a 
small piece of Si wafer (about 3 mm x 3 mm) was placed at 
one corner of the ITO coverslip to block the amorphous sil-
icon deposition at that site. This is for preserving a connec-
tion point to the external circuit for the electrochemical 
measurements. Deposition of amorphous silicon was per-
formed at 20 W, 1500 mTorr, 300 oC until the aimed thick-
ness was reached. For ITO, He 475 sccm was used as the car-
rier gas.32 

 

Click-attachment of redox probes onto alkyne-terminated 
amorphous silicon 

Azidomethylferrocene was synthesized from commercially 
available ferrocenemethanol according to a previously re-
ported procedure.33 The redox species 2-(azidomethyl)an-
thracene-9,10-dione was synthesized in one step from 2-
(bromomethyl)anthracene-9,10-dione.20 

The pSi(100)|aSi, nSi(100)|aSi and Pt|aSi electrodes were 
washed with dichloromethane, dried under a stream of ar-
gon, and immersed in Piranha solution (3:1 v/v H2SO4:H2O2) 
for 30 min. Samples were then rinsed with Milli-Q water be-
fore being transferred to HF (2.5 wt. % aqueous solution) 
for 90 s to remove the aged silicon oxide layer and generate 
a hydrogen-terminated surface on amorphous silicon. 
ITO|aSi platforms were washed with redistilled ethanol and 
subjected to plasma cleaning for 1 h to remove any organic 
contaminants on the surface before HF treatment. This 
short etching process is negligibly deleterious to the glass 
substrate, but care was taken for not exposing the uncoated 
ITO corner to HF. After that, the amorphous silicon-based 
electrodes were immediately immersed into deoxygenated 
1,8-nonadiyne in order to form the alkyne-terminated self-
assembled monolayer, as depicted in Scheme 1b. Deoxygen-
ation occurred in a Schlenk flask for a minimum of five 
freeze-pump-thaw cycles performed under 60 mTorr. The 
thermal hydrosilylation was performed under UHP argon 
atmosphere for 3 h into an oil bath set to 165 °C. After cool-
ing to room temperature, the alkyne-terminated amor-
phous silicon surface was rinsed several times with di-
chloromethane and kept still in this solvent at +4 °C under 
argon for 12 h.15 

The alkyne-terminated surfaces were derivatized with az-
idomethylferrocene by placing samples in reaction vials. To 
the vials, it was added (i) 10 mM azidomethylferrocene in 
isopropanol, (ii) 100 mM sodium ascorbate in water and 
(iii) 0.4 mM copper sulphate in water with the volume ratio 
of 4:1:1, respectively. The reactions were carried out for 45 
min at room temperature under argon atmosphere in the 
dark. Surfaces were then rinsed consecutively with copious 
amount of isopropanol, ethanol, 0.5 M HCl and then Milli-Q 
water prior to analyses.34 

For the mixed redox self-assembled monolayer shown in 
Figure 6, the alkyne-terminated surfaces were half-coated 
with a photomask based on a SU-8 2007 photoresist (Micro-
chem). For that, the photoresist was spin-coated at 65 °C for 
2 min followed by 3 min at 95 °C. For the patterning, the SU-
8 2007 photoresist was exposed to UV light for 22 s under a 
photomask that covered half of the surface (Quintel Q6000 
Mask Aligner). The process was followed by repeating the 
baking step. The sample was then developed by immersing 

the amorphous silicon-based surfaces in SU-8 2007 devel-
oper (Microchem) for 2 min, rinsed in isopropyl alcohol and 
dried under nitrogen flow. The SU-8 2007 photoresist lo-
cated in regions not exposed to UV light was then washed 
away from the surface, resulting in the formation of the pho-
toresist pattern that coated 50 % of the area. Az-
idomethylferrocene was clicked on the exposed alkyne-ter-
minated surfaces as previously described. Then, the SU-8 
2007 photoresist was removed with DCM and the revealed 
alkyne-terminated surface was used to click 2-(azidome-
thyl)anthracene-9,10-dione. This was also done via click 
Cu(I)-catalyzed azide-alkyne cycloaddition. For that, the 
amorphous silicon based surfaces were placed in a dimethyl 
sulfoxide solution containing 2 mM 2-(azidomethyl)anthra-
cene-9,10-dione, 9.76 mM copper-(I) bromide, and 20.6 mM 
tetramethylethylenediamine.20 Reactions were carried out 
at room temperature for 20 min under argon environment. 
The prepared silicon samples were rinsed consecutively 
with copious amounts of water, ethanol, and dichloro-
methane.  

 

X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) characterization 
was performed with an ESCALab 250 Xi (Thermo Scientific) 
spectrometer with a monochromated Al Kα source. The 
pressure in the analysis chamber during measurements was 
< 10−8 mbar. The pass energy and step size for narrow scans 
were 20 eV and 0.1 eV respectively, with a take-off angle 
normal to the sample surface. Spectral analysis was per-
formed by using the Avantage 4.73 software and curve fit-
tings were carried out with a mixture of Gaussian–Lo-
rentzian functions. Peaks were calibrated to C-C at 284.8 eV. 

 

Electrochemical measurements 

Cyclic voltammetry measurements were performed using a 
CHI660D potentiostat. A conventional three-electrode cell 
was used with Ag|AgCl|1 M KCl as reference electrode, a 
platinum mesh as counter electrode and the modified amor-
phous silicon-based heterojunctions as working electrodes. 
Ohmic contact to the pSi(100)|aSi, nSi(100)|aSi and Pt|aSi 
electrodes was achieved by rubbing a Ga-In eutectic mix-
ture onto the scratched backside of the Si(100) electrodes 
and pressing it against a copper plate. On the ITO|aSi, the 
electronic contact was done on the exposed ITO corner. A 
white lamp (94 mW cm-2) was used as the light source to 
illuminate the top side of the amorphous silicon-based sub-
strates. 

 

RESULTS AND DISCUSSION 

Three types of heterojunctions were prepared to evaluate 
the influence of the underlying semiconductor in a semicon-
ductor-amorphous silicon heterojunction on the peak posi-
tion of a ferrocene redox probe attached to the junction as 
in Scheme 1. This was achieved by depositing a 200 nm 
layer of intrinsic amorphous silicon onto: highly doped n-
type Si(100), highly-doped p-type Si(100) and indium tin 
oxide. These electrodes are referred hereafter as 
n+Si(100)|aSi, p+Si(100)|aSi and ITO|aSi, respectively. For 
all cases, the underneath substrate acts as the electronic 



 

bulk conductor for the photoactive amorphous layer. The 
rationality of combining these materials is justified in 
Scheme 2, which shows the energy levels associated with 
each semiconductor prior to the formation of the hetero-
junctions. When forming a heterojunction of two semicon-
ductors, when the isolated semiconductors are brought in 
contact, electrons can move from the semiconductor with 
the higher Fermi level to the other, and an electric field is 
produced to balance this transfer.29 Under thermal equilib-
rium conditions, the effect tends to create a common equi-
librium Fermi level for both semiconductors and generates 
an in-built junction potential that reflects the difference in 
work functions of each semiconductor.35 As shown in 
Scheme 2, the EF value associated with n+Si(100) is located 
at more negative potentials than the EF value associated 
with intrinsic aSi, whilst p+Si(100) displays an EF value at 
more positive potentials than aSi. ITO is an intermediate 
case, as its Fermi level is located at similar energies than in-
trinsic aSi. 

 

 

Scheme 2 – Band diagrams describing the interfaces prior 
to the formation of the amorphous silicon-based hetero-
junctions. Energy levels referenced to vacuum level accord-
ing to Table S1. 

 

From an electrochemical perspective, the principle suggests 
that when the amorphous silicon and the ferrocene are 
brought in contact in the absence of light, the energy level 
in which the electrostatic equilibrium36-37 is achieved be-
tween both phases will also depend on the heterojunction. 
This electrostatic equilibrium relies on charge transfer be-
tween unlevelled Eredox (from ferrocene/ferricenium) and EF 
(from amorphous silicon) energy values. Because EF value 
of the thin amorphous silicon layer is affected by charge car-
riers exchanged with the underneath bulk conductor, the 
open circuit photovoltage established under illumination 
will also become influenced by the substrate on which 
amorphous silicon is deposited. Therefore, under constant 
illumination, it is possible to alter the peak position of a 
given redox process occurring on the electrolyte side of the 
junction despite it being isolated from the underlying con-
ducting material. 

 

Figure 1 - Cyclic voltammograms of a ferrocene redox probe 
attached onto the monolayer-protected amorphous silicon. 
Photoactive amorphous silicon (thickness = 200 nm) depos-
ited onto (a) highly-doped n-type Si(100), (b) ITO and (c) 
highly-doped p-type Si(100). Electrolyte = 1 M HClO4; ν = 
100 mV s-1; surface topside illuminated with supra bandgap 
white light at 94 mW cm-2. 

 

In order to demonstrate this possibility, thermal hydrosi-
lylation with 1,8-nonadiyne was performed to provide hy-
drogen-terminated amorphous silicon with the stability 
needed to serve as a photoelectrode in aqueous media.32, 38 
A redox ferrocene probe was grafted to the distal end of the 
1,8-nonadiyne via Cu(I)-catalyzed azide-alkyne-cycloaddi-
tion reaction (Figure S1).33 As shown in the cyclic voltam-
mograms in Figure 1, no notable faradaic current was de-
tected in the dark for ferrocene-modified n+Si(100)|aSi, 
p+Si(100)|aSi and ITO|aSi. When a supra-bandgap light was 
employed to illuminate the surfaces (aSi bandgap ~ 1.7 
eV)39, both oxidation and reduction waves of ferrocene 
were observed. Even though the amorphous silicon|redox 
SAM interface was identical for all functionalized elec-
trodes, the measured E1/2 values were affected by the bulk 
conductor on which amorphous silicon was deposited. The 
E1/2 values were -0.261 V for n+Si(100)|aSi, +0.057 V for 



 

ITO|aSi and +0.204 V for p+Si(100)|aSi (vs Ag|AgCl| 1 M 
KCl). A representation of the band diagrams associated with 
n+Si(100)|aSi, p+Si(100)|aSi and ITO|aSi can be found in 
Scheme 3. The localized electronic states available into the 
amorphous layer bandgap originates from unpaired elec-
trons in distorted sp3 hybrid orbitals.40 

 

 

Scheme 3 - Representation of the band diagrams associated 
to (a) n+Si(100)|aSi, (b) ITO|aSi and (c) p+Si(100)|aSi het-
erojunctions. After formation of the heterojunction, the 
transition at the interface between the two semiconductors 
causes energy discontinuities on the conduction and va-
lence bands, ΔEC and ΔEV. The band discontinuities may be 
expressed as ΔEC = EC1 – EC2 – eVbi and ΔEV = Eg1 – Eg2 – ΔEC, 
where EC1 and EC2 are relative positions of the edges of the 
conduction bands of the two materials with respect to the 
Fermi level, Eg1 and Eg2 are the bandgaps and Vbi is the built-
in voltage at the heterojunction. The in-built voltage is given 
by Vbi = Vb1 + Vb2 + Δφin, where Vb1 and Vb2 are the band-
bending voltages on each side of the interface, and Δφin is 
the potential step due to dipoles at the heterojunction 

 

Further evidence for the influence of the bulk conductor on 
the thin amorphous silicon layer is shown in Figure S2. Fig-
ure S2a shows how E1/2 shifts when highly-doped Si(100) is 
replaced by lowly-doped Si(100) as the bulk electronic con-
ductor on which the intrinsic amorphous layer is deposited. 
At constant temperature, the position of the Fermi level of a 
n-type silicon is displaced to the anodic direction by dimin-
ishing the donor concentration. For a p-type silicon, the 
Fermi level position is displaced in the cathodic direction by 
diminishing the concentration of acceptors. These trends 
are followed by the ferrocene E1/2 positions. Additionally, 
Figure S2b shows cyclic voltammograms of ferrocene redox 
species attached to an insulating glass|intrinsic amorphous 
silicon junction. No electroactivity was observed either in 
the dark or under illumination with the glass- amorphous 
silicon junction. These results corroborate that charge ex-
change with the underlying substrate is essential to modu-
late electrochemistry on the amorphous silicon-based het-
erojunctions. 

 

 

Figure 2 - Cyclic voltammograms of a ferrocene redox probe 
attached onto the monolayer-protected amorphous silicon. 
Photoactive amorphous silicon deposited onto highly-
doped p-type Si(100) with thicknesses of (a) 4 μm, (b) 500 
nm and (c) 100 nm. Electrolyte = 1 M HClO4; ν = 100 mV s-1; 
surface topside illuminated with supra bandgap white light 
at 94 mW cm-2. 

 

The effect of the thickness of the amorphous silicon layer on 
the electroactivity of ferrocene is a relevant parameter to be 
evaluated here. This is because the mechanism of charge-
carriers transport on amorphous silicon is different from 
the crystalline silicon. On crystalline silicon, charge carriers 
can travel through extended electronic states. On amor-
phous silicon, due to the presence of localized electronic 
states into the bandgap (Scheme 3), hopping conduction 
through a multistep tunneling process also takes place.41 
The effect is shown for a p+Si(100)|aSi heterojunction in 
Figure 2. When a 4 μm layer of amorphous silicon is depos-
ited (Figure 2a), a pathway of high-resistance is created for 
charge-carriers to be transferred between ferrocene and 
the p+Si(100) bulk conductor. The consequence of a rela-
tively thick amorphous silicon layer is seen on the un-
matched peak currents and on the observed ohmic slope. By 
diminishing the thickness of the amorphous silicon layer to 



 

500 nm (Figure 2b), the peak position of ferrocene/ferrice-
nium (E1/2 = +0.216 V) is similar to the result reported in 
Figure 1 for a 200 nm layer (E1/2 = +0.204 V). The situation 
changes with a 100 nm amorphous silicon layer, where E1/2 

was found to be +0.321 V and closer to the +0.360 V value 
reported on p+Si(100) without an amorphous silicon 
layer.42 This behavior in Figure 2c is attributed to the inef-
fectiveness of the thin amorphous layer from blocking the 
dark communication between ferrocene tethers and 
p+Si(100). That is, in the case of very thin layers of amor-
phous silicon, the heterojunctions begin to behave electro-
chemically in a similar manner to the underlying bulk con-
ductor. However, the phenomenon is dependent on the ma-
terials forming the heterojunction. As shown in Figure S3, 
for the ITO|aSi heterojunction, only 20 nm of amorphous sil-
icon is enough to prevent dark communication with ferro-
cene.32 

To demonstrate the scope of the methodology, heterojunc-
tions were also formed by depositing intrinsic amorphous 
silicon on platinum (Figure 3). In this case, a much thicker 
amorphous silicon layer of 500 nm was required to block 
dark communication with ferrocene. This indicates the ex-
istence of a large dark leakage current across the barrier be-
tween platinum and amorphous silicon. Such large dark 
leakage current is likely to play a role on defining the E1/2 
position for the ferrocene/ferricenium couple. This is be-
cause OCP values of photodiode can be proportionally af-
fected by the dark leakage current.18 Therefore, even though 
the work function of Pt (-5.35 eV) is higher than the Fermi 
level of p+Si(100) (Table S1), E1/2 observed for ferrocene on 
Pt|aSi (+0.081 V) is less positive than on p+Si(100)|aSi itself. 

 

Figure 3 - Cyclic voltammograms of a ferrocene redox probe 
attached onto the monolayer-protected amorphous silicon. 
Photoactive amorphous silicon deposited onto Pt with 
thicknesses of (a) 200 nm and (b) 500 nm. Electrolyte = 1 M 

HClO4; ν = 100 mV s-1; surface topside illuminated with su-
pra bandgap white light at 94 mW cm-2. 

 

The results presented above show how to control the peak 
position of a model redox monolayer at a constant light in-
tensity condition. Note, for that, electrochemical pre-treat-
ment is required. The pre-treatment consists of cycling the 
ferrocene modified electrodes in 1 M HClO4 for 30 cycles 
(See the change in the CVs for a p+Si(100)|aSi surface in Fig-
ure 4). During the initial cycles, the position of Epa appears 
at potentials more negative than Epc and ΔEp < 0 V. The rea-
son for a peak inversion in ferrocene-modified semicon-
ducting electrodes was previously reported as a manifesta-
tion of attractive electrostatic forces between the positive 
ferricenium moieties and photoelectrons.43 Mainly, the 
static positive charges of the electrochemical generated fer-
ricenium moieties is believed to lift the electronic bands of 
the semiconductor and distort the magnitude of the band 
bending at the semiconductor-electrolyte interface. The 
consequence is an increase of reduction rates and a de-
crease of oxidation rates that leads to the inversion phe-
nomena.  The question that arises here is what is a possible 
cause of this dynamic behavior that leads to the loss of peak 
inversion? As seen in Figure 4, within the first 20 cycles, Epa 
shifts relatively quick towards Epc. After the 30th cycle, the 
peak inversion at 100 mV s-1 disappears and the voltammo-
gram tends to stabilize. All data discussed here was ac-
quired after performing this protocol. 

 

 

Figure 4 – Initial cycles at 100 mV s-1 of a ferrocene redox 
probe attached onto p+Si(100)|aSi 200 nm photoelectrode. 
Electrolyte = 1 M HClO4; ν = 100 mV s-1; surface topside illu-
minated with supra bandgap white light at 94 mW cm-2. 

 

In an attempt to answer this question, XPS was performed 
on the p+Si(100)|aSi system to monitor the evolution of SiOx 
levels after the click-attachment of ferrocene moieties and 
after performing 30 voltammetric cycles. This is because an 
increase in the amount of an insulating SiOx layer could 
mask the inversion of the peaks by reducing electron-trans-
fer rates.43 As shown in Figure 5, the percentage of SiOx on 
the surface [Area SiOx 2p / (Area SiOx 2p + Si 2p3/2)] after 
coupling the ferrocene species was 4.6 %. The SiOx level reg-
istered after 30 cycles was 5.3 %. The similarities between 



 

these results suggests that changes in SiOx levels are not re-
sponsible by the disappearance of the peak inversion. 
Therefore, it is hypothesized that: (i) within the initial cy-
cles the peak inversion disappears because the electronic 
bands of amorphous silicon become pinned by the existence 
of a small amount of SiOx44; (ii) and/or the concentration of 
charge-carriers in the amorphous layer changes during the 
initial cycles and an electrochemical pre-treatment is re-
quired to stabilize its electronic properties.  

 

 

Figure 5 - XPS Si 2p narrow scan of p+Si(100)|aSi surfaces 
after click-attachment of azidomethylferrocene and after 30 
voltammetric cycles in 1 M HClO4. 

 

Finally, Mott-Schottky plots were recorded to understand in 
which potential range, processes of electron-transfer are 
possible to be tuned with heterojunctions. As shown in Fig-
ure S4, flat-band potentials (EFB) were determined as -1.8 V 
for n+Si(100)|aSi, -1.15 V for Pt|aSi and -0.95 V for ITO|aSi. 
Surprisingly, for the p+Si(100)|aSi surface, the dark elec-
trode-electrolyte interface remained depleted of charge 
carriers between -2 V to +1 V. These results imply that any 
redox monolayer that can be monitored in aqueous-based 
electrolytes can be interrogated on these amorphous sili-
con-based heterojunction electrodes. This is contrary to 
what one observes with other semiconducting electrodes 
where the doping level must be chosen depending on the 
redox potential of the species of interest.3 

This finding motivated us to modify amorphous silicon with 
a mixed redox self-assembled monolayer prepared with 
both azidomethylferrocene and azidomethylanthracene-
9,10-dione. Without the use of heterojunctions, photo-
modulation of ferrocene needs to be performed on a n-type 
silicon,19 while anthracene-9,10-dione molecules neces-

sarily requires a p-type electrode.20 This is because photo-
effects are generally not observed at accumulated n-type 
and p-type electrodes for redox couples located at poten-
tials negative and positive of their flat-band potential, re-
spectively.45 As shown in Figure 6a for p+Si(100)|aSi, the use 
of heterojunctions allowed us to observe redox peaks for 
both ferrocene and anthracene-9,10-dione on a single sili-
con-type electrode. That is, the existence of a heterojunction 
expands the potential range suitable for photomodulation 
of redox species. Such capability could have practical impli-
cations for sensors, photocatalysis and platforms for elec-
trochemical mapping and electrochemical patterning.32, 38, 46 
Additionally, as shown in Figure 6b, the replacement of 
p+Si(100)|aSi by an ITO|aSi electrode displaced the E1/2 of 
both redox processes to more negative potentials. Such 
modulation of the E1/2 values follow the same trend pre-
dicted by Scheme 2 and discussed in Figure 1 for the redox 
self-assembled monolayers based exclusively on ferrocene. 

 

 

 Figure 6 – Cyclic voltammetry at 500 mV s-1 in light and 
dark of a mixed redox SAM formed by anthracene-9,10-di-
one and ferrocene covalently attached to (a) p+Si(100)|aSi 
and (b) ITO|aSi. Electrolyte = 1 M NaClO4 + 25 mM NaH2PO4 
(pH = 11). Argon was bubbled during 30 min prior to cyclic 
voltammetry, with blanket kept on the electrolyte surface 
during measurements; surface topside illuminated with su-
pra bandgap white light at 94 mW cm-2. 

 



 

CONCLUSION 

A surface engineering strategy for controlling peak posi-
tions of redox monolayers at a constant light-intensity is 
proposed. This was achieved by exploring the principle that 
contact of materials in heterojunctions tends to create a 
common equilibrium Fermi level for both sides of the inter-
face. In addition to the large potential range on which het-
erojunctions were capable to operate, this work provides a 
helpful capability for the design of more versatile photoe-
lectrodes, on which a great variety of redox monolayers can 
be photomodulated on a unique silicon-type surface. Such 
results could have practical implications for sensors, bioac-
tive surfaces, catalytic devices and for the development of 
light-addressable platforms.47  
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