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applications (Section 3–8) in surface passi-
vation, electronics, doping, optics, biomed-
ical devices and sensors. For each applica-
tion area, the drivers for oxide-free func-
tionalization are highlighted, of which the 
main reasons include stability in aqueous 
environment and air,[3] and the avoidance 
of an insulating layer.

2. Methods

The routes toward covalent, oxide-free 
functionalization of silicon are summa-
rized only briefly here, since numerous 
reviews exist on these methods.[4] All 
routes start from H-terminated Si and 
continue with direct or indirect coupling 
of the desired monolayer (Scheme 1). 
H-terminated Si is formed by removing 

the native oxide layer, which is mostly achieved by wet chem-
istry, although exposure to molecular hydrogen under ultrahigh 
vacuum is possible as well.[4b,5] In the case of Si(111) surfaces, 
immersion in a 40% aqueous ammonium fluoride (NH4F) solu-
tion results in Si monohydride sites. For Si(100), an aqueous 
1% hydrogen fluoride (HF) solution is usually used for Si–H 
formation, which predominantly results in Si dihydride sites, 
but also mono hydride and trihydride sites are formed because 
of the different crystal lattice compared to Si(111).[4a-b]

After Si–H formation (Scheme 1a), different routes have been 
reported for monolayer formation (Scheme 1b–i). All of these 
reactions should be performed under water-free and oxygen-
free conditions in order to avoid the regrowth of silicon oxide 
before Si–R bonds are formed. One of the main functionaliza-
tion routes onto Si–H is hydrosilylation, in which unsaturated 
carbon–carbon bonds, i.e., 1-alkenes or 1-alkynes, are grafted 
onto H-terminated Si, and Si–C bonds are thus directly obtained 
(Scheme 1b).[4a-b,6] For 1-alkenes Si–C–C–R bonds are obtained, 
whereas 1-alkynes result in Si–C=C–R on Si(111) and Si–C–C–R 
on Si(100) due to twofold coupling to the Si dihydride sites.[4a-b]  
The hydrosilylation reaction can be performed under heat 
(thermal hydrosilylation)[7] or light (photochemical hydrosilyla-
tion)[8] or even in the dark,[9] in diluted[10] or pure 1-alkene/1-
alkyne solutions,[7] optionally in the presence of a Lewis acid 
catalyst, such as C2H5AlCl2. This hydrosilylation route is advan-
tageous due to the direct coupling of versatile molecules, and can 
be performed under mild conditions. Another variant applies an 
electrical potential to couple 1-alkenes or 1-alkynes to the surface, 
which is called anodic electrografting when a positive bias is 
applied and cathodic electrografting when using a negative bias 

Silicon is an attractive semiconductor material for wide-ranging applications, 
from electronics and sensing to solar cells. Functionalization of H-terminated 
silicon surfaces with molecular monolayers can be used to tune the proper-
ties of the material toward a desired application. Several applications require 
the removal of the, often insulating, silicon oxide between the silicon surface 
and a monolayer, thus precluding the more conventional silane-based chem-
istry. Here, the applications of monolayer-functionalized silicon surfaces are 
surveyed starting from H-terminated silicon. The oxide-free routes available 
for Si–C, Si–N, Si–O–C, and Si–S bond formation are described, of which the 
most commonly used techniques include hydrosilylation and a chlorination/
alkylation route onto H-terminated silicon. Applications are subdivided into the 
areas of surface passivation, electronics, doping, optics, biomedical devices, 
and sensors. Overall, these methods provide great prospects for the develop-
ment of stabilized silicon micro-/nanosystems with engineered functionalities.

1. Introduction

Silicon is a commonly used material due to its earth abun-
dance, the availability of fabrication methods, and its semi-
conductor properties. Self-assembled monolayer formation of  
(in)organic molecules is a feasible way to tune the functionality 
of the desired substrate toward a specific device.[1] In several 
fabrication processes of silicon-based devices, the presence of 
silicon oxide leads to lower quality or nonfunctioning devices. 
For example, in electronic applications, silicon oxide acts as 
an insulating layer and should thus be avoided when electrical 
contact is required. Here, we summarize the applications of 
silicon surfaces, i.e., planar substrates, nanowires and nano-
particles, which require the use of oxide-free functionalization.

Since the formation of Si–C alkyl monolayers originally 
reported by Linford and Chidsey,[2] many more routes have been 
developed. An overview of the routes toward covalent, oxide-
free formation of molecular monolayers on silicon is given 
in Section 2. This is followed by an overview of the reported 
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(Scheme 1d).[11] The hydrosilylation reaction can also be applied 
to bind aldehyde or alcohol molecules onto SiH directly, which 
results in SiOC linkages (Scheme 1c).[4a,12]

The other main technique toward oxide-free functionaliza-
tion includes a chlorination/alkylation route (Scheme 1g–i), 
in which H-terminated Si is first converted into Si–Cl using 
PCl5 or chlorine gas. This monolayer subsequently reacts with 
an alkyl Grignard reagent (RMgX, with X = Cl, Br, or H) or an 
alkyl lithium reagent (RLi) to result in SiC bonds and MgClX 
or LiX as a byproduct (Scheme 1g).[13] This reaction can also 
proceed through Si–Br or Si–I or even directly;[4b,14] however, a 
SiCl monolayer is the most commonly used intermediate.[4a] 
The advantage of this route is its ability to use short molecules, 
for example to make monolayers of single methyl groups. In 
this case, every SiH site is reacted and thus the surface is 
fully passivated.[4b] The route can also be used to create SiN 
bonds by the reaction of ammonia[5,15] or other primary amines 
(R–NH2) onto SiCl, where the amino group reacts with two 
SiCl groups and thus forms, at most, a half-packed monolayer 
(Scheme 1h).[4a,16] Reacting a primary alcohol (ROH) onto Si–Cl 
results in a Si–O–C bonded monolayer (Scheme 1i).[4a,17]

Another option for Si–C bond formation includes the reduc-
tion of diazonium salts (N2

+–phenyl–R, with R = Br, NO2, 
COOH, CN, CnH2n+1), either by applying a potential or spon-
taneously, which gives an aryl radical that binds to the surface 
along with N2 as a byproduct (Scheme 1e).[18] Alkylphosphonic 
acids have rarely been used for SiOP bond formation.[19] 
SiS bond formation has been investigated in a few reports, 
by reacting thiols (R–SH) onto SiH;[20] this has recently been 
expanded to the use of disulfide, diselenide, and ditelluride rea-
gents for SiS, SiSe, and SiTe bond formation, respectively 
(Scheme 1f).[21] Also, direct SiIr bond formation has been 
reported;[22] however, despite all these recent reports on SiSe/
Te/Ir, no applications have been reported yet.

3. Surface Passivation

When the presence of silicon oxide is undesired, the removal of 
silicon oxide is easily carried out by immersion in NH4F or HF, 
but the resulting H-terminated surface is not stable in air. To 
prevent the regrowth of the native oxide, oxide-free monolayers 
can be used to passivate the surface. Passivation effects can be 
divided into two subtypes, i.e., chemical and electrical passiva-
tion. Chemical passivation includes resistance against oxida-
tion, whereas electrical passivation implies the reduced surface 
recombination of charge carriers, which is reflected by lower sur-
face recombination velocities and longer charge-carrier lifetimes.

The chemical passivation effect is mostly studied by pro-
longed exposure to air or water. For saturated alkyl chains on 
silicon nanowires, the highest resistance against oxidation 
(>300 h in air) was observed for the shortest (C1) monolayers 
due to their high surface coverage.[23] Assad et al. functional-
ized silicon nanowires by the chlorination/alkylation route 
to obtain methyl (CH3), propenyl (CHCHCH3) or pro-
pynyl (CCCH3) monolayers in almost full coverage.[24] 
X-ray photoelectron spectroscopy (XPS) showed that the pro-
penyl monolayers were the most resistant to oxidation during 
exposure to ambient air (Figure 1). For these samples, the 

oxidation started after ≈100 h, increased to 0.15 monolayers of 
oxide after ≈150 h, and was then stable until ≈700 h. This higher 
stability, as compared to the methyl and propynyl monolayers, 
was attributed to the favorable π–π interactions between the 
mole cules. Ciampi et al. studied the chemical passivation effect 
of 1,8-nonadiyne monolayers in aqueous environments.[25] 
After ≈200 cycles of cyclic voltammetry in an aqueous solution, 
no oxidation could be detected by XPS (<0.07 SiOx monolayers). 
Again, the π–π interactions between the alkyne head moie-
ties resulted in a stabilizing factor, which was disrupted when 
diluting the monolayer with 1-heptyne molecules. Different 
headgroups to methyl could be used as well. For example, 
fluorinated 1-hexadecyne-derived monolayers on silicon nano-
wires showed a proper chemical passivation effect, since the 
contact angle hardly changed during exposure to acidic (pH 3) 
or basic solutions (pH 11) for 1 week.[26] Next to the beneficial 
passivation effect observed for unsaturated end groups, these 
moieties allow for secondary functionalization. Depending 
on the desired application, catalysts, redox-active moieties, or 
biomolecules can be coupled onto the surface.[24,25,27]

The electrical passivation effect is often confirmed by a high 
minority-charge-carrier lifetime and a low surface recombination 
rate.[28] Also in this case, a high surface coverage is beneficial, 
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as shown by a surface recombination velocity <30 cm s−1 for 
methyl monolayers, compared with <60 cm s−1 for other linear 
alkyl chains, and <80 cm s−1 for bulky alkyl groups.[29] Alderman 
et al. used Kelvin probe measurements to study the electrical 
passivation of several monolayers, from methyl to butyl, made 
by the chlorination/alkylation route.[30] On SiH and SiCl 

surfaces, the minority-carrier recombina-
tion lifetime was extremely low as expected 
(<10 µs), which is equal to a surface recom-
bination velocity of >2700 cm s−1. A better 
electrical passivation, i.e., a higher minority-
charge-carrier lifetime (200–250 µs), was 
observed for methyl, butyl, and tert-butyl 
monolayers due to a higher surface coverage 
and a lower number of surface states. The 
recombination lifetime was measured during 
storage in air (Figure 2), and it decreased to 
about 50 µs after 600 h. After 500 days, the 
values decreased to 10–15 µs.

The reaction route does influence the effec-
tiveness of passivation effects, which is mainly 
reflected by differences in surface coverage.[31] 
Yaffe et al. reacted 1-alcohols onto Si–H, which 
led to SiOCH2-R bonds by heating at 80 °C 
(nucleophilic substitution) or SiCH(OH)R 
by UV irradiation (radical chain reaction).[32] 
The nucleophilic-substitution reaction resulted 
in a better electrical passivation, as observed 
by less surface band bending and an extended 
lifetime of minority carriers. In contrast, the 
reaction mediated by UV light gave more 
densely packed monolayers, and thus showed 
a higher chemical passivation effect. This 
trade-off could be balanced by reacting the 
1-alcohols at room temperature under UV 
irradiation. Comparably, Webb and Lewis 
compared monolayers made by chlorination/
alkylation, Lewis acid catalysis, or anodiza-
tion of CH3MgI.[33] The chlorination/alkylation 
route showed the best passivation properties 
of this series, with surface recombination 
velocities of <200 cm s−1 after 24 h air expo-
sure. On the other hand, the Lewis-acid-based 
route resulted in surfaces with high recombi-
nation values (>1200 cm s−1), which oxidized 
as quickly as Si–H surfaces. The anodization 
route gave stable, but high recombination rates 
(460 cm s−1), but also suffered from extensive 
oxidation in air.

Passivation layers are attractive for use 
in solar applications, for example.[34] Solar 
cells are often 3D structured to improve 
the absorption of light, but the concomitant 
increase in surface area also introduces more 
dangling bonds at the surface. These surface 
defects create undesired recombination sites 
for electron–hole pairs, which lowers the 
solar-cell output.[35] Applying a monolayer 
as an electrical passivation layer reduces this 

negative effect of dangling bonds. Zhang et al. investigated the 
use of oxide-free monolayers to electrically passivate a silicon/
polymer hybrid solar cell.[36] A methyl/allyl monolayer was 
created on a silicon nanowire array, after which a poly(3,4-eth-
ylenedioxythiophene)/poly(styrenesulfonate) (PEDOT:PSS) film 
was deposited to function as a Schottky diode. The total power 
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Scheme 1. Schematic overview of methods for oxide-free monolayer formation on H-termi-
nated silicon.
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conversion efficiency were equal to 9.4%, 9.7%, and 10.2% 
when using allyl, methyl or methyl/allyl monolayers, respec-
tively. This trend originated from an increasing surface cov-
erage, since any uncovered Si–H sites act as a recombination 
center. This was also reflected by a trend in the density of trap 
states for the three different monolayers (Figure 3). Accordingly, 
the charge-carrier lifetime increased from 17 to 25 and 29 µs for 
allyl, methyl, and methyl/allyl monolayers, respectively. For 
solar-to-fuel applications, the use of a passivation layer can be 
combined with catalyst immobilization. For example, a nickel-
bisdiphosphine-based hydrogenase mimic was immobilized as 
a hydrogen-evolution catalyst onto an oxide-free amine-termi-
nated monolayer on silicon substrates.[37] Recently, we reported 
the electrical passivation effect of monolayers of 1-tetradecyne 
and 1,8-nonadiyne on planar and micropillar-based silicon solar 
cells.[38] For micropillar-based solar cells with a radial junction, 
the efficiency increased from 8.7% to 9.9% for n+/p junctions 
and from 7.8% to 8.8% for p+/n junctions upon addition of a 
1-tetradecyne monolayer. The 1,8-nonadiyne monolayer was 

still available for secondary functionalization with a model 
catalyst, which facilitates simultaneous passivation and catalyst 
coupling.

At the same time, chemical passivation is required to avoid 
oxidation of solar cells in air or photoelectrochemical cells in, 
mostly acidic or alkaline, aqueous environments. Bashouti et al. 
exposed both silicon-nanowire arrays and planar silicon sub-
strates functionalized with a methyl monolayer to air for 45 days, 
and found a higher oxidation resistance for the silicon nanowire 
arrays.[34b] This difference was at least a factor of two, and was 
attributed to stronger Si–C bonds on the nanowire samples. 
Shen et al. studied methyl-terminated silicon nanowire arrays as 
an electrode in a photoelectrochemical cell.[39] When using these 
cells in an ionic liquid as the electrolyte, only a little surface oxi-
dation was observed. The stability in water was, however, very 
poor due to corrosion of the silicon surface within 4 h.

4. Electronics

The miniaturizing trend in electronic devices puts stringent 
requirements on the fabrication of silicon-based devices. 
Molecular monolayers are suitable for adding functionalities 
at these small scales. Oxide-free layers are often strictly neces-
sary, since silicon oxide functions as an insulating layer and 
thus prevents the transfer of charges from/to the surface. The 
doping of silicon substrates and electrical sensors is discussed 
separately in Section 5 and 8, respectively.

Extensive literature is available on the coupling of electro-
active moieties onto oxide-free silicon substrates, as reviewed 
recently.[40] Such moieties can have two stable redox states, 
such as ferrocene[41] and quinones,[42] or more than two redox 
states, such as metal-complexed porphyrins,[41a,43] tetrathiaful-
valene (TTF),[44] and fullerene (C60).[45] These systems are com-
monly used as model systems to investigate the charge transfer 
at surfaces, for example to study the influence of the linker 
length.[41] Ferrocene is frequently studied because of its proper 
electrochemical characteristics, such as fast electron transfer, 
low oxidation potential, and stability of both the neutral ferro-
cene and oxidized ferrocenium cation species.[40] Nonetheless, 
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Figure 2. The recombination lifetime of minority charge carriers for mono-
layer-functionalized silicon substrates during exposure to air. Reproduced 
with permission.[30] Copyright 2013, The Royal Society of Chemistry.

Figure 3. Number of density trap states (N) versus the open-circuit 
potential (Voc) of Si NWs/PEDOT:PSS devices with different passivation 
monolayers. Reproduced with permission.[36] Copyright 2013, American 
Chemical Society.

Figure 1. Ratio of the SiO2 to Si2p peak areas from XPS for silicon nano-
wires with different monolayers, exposed to air for prolonged periods. Repro-
duced with permission.[24] Copyright 2008, American Chemical Society.
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molecules with multiple-electron-transfer processes are also 
gaining more interest because of their potential for high-storage 
memory devices and more sophisticated logic gates.

Molecular monolayers are commonly used in metal–semi-
conductor junctions, in order to saturate the dangling bonds 
and avoid direct contact between the metal and semiconductor, 
for example as a gate insulator.[46] This results in a metal–insu-
lator–semiconductor (MIS) structure, where a drop of Hg is 
often used as a metal contact on top of the monolayer, and the 
current across the monolayer is measured. The monolayers can 
be based onto either majority carriers (metal–semiconductor 
junctions) or minority carriers (behaving like p–n junctions).[47] 
The MIS junctions that are used for doping applications are 
described in Section 5, whereas the other reports are treated in 
this section.

Changes in the monolayer, e.g., variations in the surface 
bond,[48] the terminating group,[49] or molecular length,[46b,49d] 
are of large influence on MIS junctions. In general, the junc-
tion characteristics improve at higher monolayer quality, which 
depends on the packing density, the coverage, and the number 
of defects of the monolayer.[50] Changing the monolayer head-
group from –Br to OH strengthened the interactions between 
the terminal groups, which increased the packing density 
of the monolayer.[49a] This led to a better ideality factor for 
the OH monolayer, which was equal to 1.30, whereas 1.85 and 
1.50 were found for –Br- and CH3-terminated monolayers, 
respectively. The lower ideality factor indicates a more homo-
geneous junction. Faber et al. studied MIS junctions based on 
several alkyl lengths.[46b] The J–V data were characteristic of 
Schottky diodes, and showed the insulating properties of the 
molecular monolayers (Figure 4). For example, the C16 mono-
layer (1.78 ± 0.02 nm) was thinner than the SiO2 insulator 
(1.99 ± 0.06 nm), but showed lower currents and thus better 
insulating properties. The current density could be tuned by 
changing the length of the 1-alkene used, since the insulating 
properties increased for longer alkyl lengths. This corresponds 
to an exponential increase in series resistance from 0.49 Ω cm2 
for C10 layers to 22.84 Ω cm2 for C22 alkyl chains.

Redox-active molecules are investigated for application in 
memory devices, where oxidation results in charge storage in the 
monolayer and reduction erases the stored charge. The molecules 
used should thus be redox-active, easily switchable, and stable 

for numerous switching cycles. Porphyrin-based molecules, 
for example, do fulfill these requirements, as they are stable at 
high temperature (400 °C) for ≈1 h under inert atmosphere.[51] 
Moreover, 1012 switching cycles can be performed without deg-
radation. Also ferrocene has been studied for storage devices 
in which the two redox states constitute two memory states.[40] 
The potential to oxidize ferrocene is <1.0 V, which allows charge 
storage with low power consumption. The surface coverage of 
ferrocene monolayers typically equals 2–5 × 10−10 mol cm−2, 
which allows relatively high charge densities (20–50 µC cm−2) as 
compared to Si/SiO2 capacitors conventionally used in dynamic 
random-access-memory devices (5–10 µC cm−2).[52]

Fabre et al. studied micropatterned ferrocene-functional-
ized areas as light-activated memory cells with capacitance 
performance.[52] SiH substrates were functionalized with an 
acid-fluoride-terminated monolayer by thermal hydrosilyla-
tion, after which an amine-functionalized ferrocene derivative 
was microcontact-printed onto this monolayer. In this way, 
square patterns of 5 µm × 5 µm with ferrocene molecules 
were created, and the areas in between were backfilled using 
butylamine. Under white-light illumination, these monolayers 
showed a maximum capacitance of 120–140 µF cm−2 at 50 Hz, 
which is a significant improvement compared to maximally 
tens of µF cm−2 for conventional devices. The electrodes could 
be switched between the ON and OFF states by light illumina-
tion (Figure 5), and only a 10% decrease in capacitance den-
sity was observed after 1000 ON/OFF cycles. The devices based 
on 5 µm × 5 µm patterns performed better than those with 
10 µm × 10 µm or 20 µm × 20 µm regions, which is beneficial 
for miniaturization.[53] Li et al. extended the use of ferrocene for 
memory devices by adding porphyrin moieties.[54] Due to the 
separated potentials of these two molecules, the mixed mon-
olayers could be used as a four-state memory element.

Redox-terminated surfaces can also be used for binary logic 
gates when using the electrical voltage as an input function. 
Then, a high capacitance density is desired, which should 
remain constant over many ON/OFF switching cycles. An AND 
gate was constructed for a ferrocene-terminated monolayer 
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Figure 4. J–V characteristics for several alkyl monolayers on p-type Si, 
including Si–H and SiO2 as references. Reproduced with permission.[46b] 
Copyright 2005, Wiley-VCH.

Figure 5. Capacitance density of micropatterned ferrocene-terminated 
silicon surfaces measured at 50 Hz at different applied potentials, under 
white-light illumination (ON state) or in the dark (OFF). Reproduced with 
permission.[52] Copyright 2013, Wiley-VCH.
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based on a light-induced switch in capacitance, where the 
two inputs consisted of the illumination level and the applied 
potential.[52] The output signal was based on the capacitance 
measured at 50 Hz, which could be set at “0” when the capaci-
tance was <2 µF cm−2 and at “1” when the capacitance was 
>80 µF cm−2. Output “1” was only achieved when both the sur-
face was illuminated and the potential was set at the required 
value (0.06 V, close to the formal potential of the ferrocene/fer-
rocenium redox couple). All the other combinations yielded an 
output signal “0”, as required for an AND gate.

5. Doping

Silicon devices often require doping, i.e., the addition of foreign 
atoms into the silicon lattice to create an excess of holes (p-type) 
or electrons (n-type), to modulate its electrical properties or 
create a p–n junction. The majority of doping methods are based 
on volume doping, such as ion implantation or chemical vapor 
deposition. Downscaling of devices, however, requires lower 
amounts of dopant atoms. Oxide-free monolayers are perfectly 
suitable for this purpose, in a process called monolayer doping 
(MLD) (Figure 6), as has been reviewed recently.[55] In the MLD 
process, a monolayer of dopant-rich molecules is assembled 
onto the surface by thermal hydrosilylation (SiC bonds), after 
which a capping layer (silicon oxide) is added to prevent loss of 
the organic monolayer during heating. A short heating step, i.e., 
rapid thermal annealing (RTA), breaks up the molecular struc-
ture and diffuses the dopants into the silicon substrate. After 
removal of the capping layer, a shallow junction (<100 nm) is 
achieved without causing crystal damage. MLD results in uni-
form junctions, since it is based on the self-limiting monolayer 
formation. This process has been pioneered by Ho et al., who 

studied p-type and n-type doping by monolayer formation of 
allylboronic acid pinacol ester and diethyl 1-propylphosphonate, 
respectively.[56] After RTA for 5 s at 900–1050 °C, secondary-
ion mass spectrometry (SIMS) measurements showed a 
junction depth of <50 nm, and surface concentrations of 
≈5 × 1020 atoms cm−3 and ≈1 × 1022 atoms cm−3 for boron and 
phosphorus, respectively. The use of an oxide-free monolayer is 
needed to make the dopant diffusion more efficient.[56]

The MLD method allows tunability of the doping concentra-
tion and dopant dose tailored to the desired device. The junc-
tion depth can be regulated by the RTA step and temperature, 
which results in shallow junctions even down to ultrashallow 
sub-5 nm junctions.[57] The total doping dose can be tuned 
downward by the use of a bulkier precursor[56] or by mixing in 
alkene molecules without dopant atoms.[58] The latter technique 
tuned the surface concentrations from 2 × 1019 atoms cm−3 
for 100% dopant molecules (boron and phosphorus) down to 
4 × 1018 atoms cm−3 (boron) and 2 × 1018 atoms cm−3 (phos-
phorus) for 0.1% dopant adsorbates, i.e., a variation over one 
order of magnitude. Conversely, the total amount of doping 
can be regulated upward by the use of dopant-rich molecules, 
for example using carborane molecules that have 10 boron 
atoms per molecule, which resulted in surface concentra-
tions of ≈5 × 1019 atoms cm−3.[59] The MLD method has been 
expanded to the use of arsenic atoms as n-type dopants using 
triallylarsine,[60] methylarsenic acid,[61] or arsenic azide by click 
chemistry.[62] Recently, the use of nitrogen-containing precursor 
molecules has also been reported,[63] since nitrogen atoms have 
a lower thermal-diffusion coefficient than phosphorus or boron. 
This allows for a more accurate annealing process, as longer 
annealing times, i.e., 1050 °C for 2 min, can be used while still 
obtaining shallow junctions (<50 nm). From the in-diffused 
atoms, however, only 0.5% was electrically active, which makes 

www.small-methods.com
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Figure 6. Schematic representation of the monolayer doping (MLD) process on silicon substrates. Reproduced with permission.[56] Copyright 2008, 
Nature Publishing Group.
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this route unacceptable for device applications. Alternatively, 
alkylphosphonic acids can be used for n-type doping; these 
form monolayers through a SiOP bond.[19] These bonds are 
stable up to high temperatures, so the need for a capping layer 
is avoided. Alkyl chains were released at 500 °C, i.e., before the 
dopant diffusion occurs, which avoids any carbon contamination.

The MLD process is compatible with 3D nanostructure 
doping, which makes MLD suitable for doping electronic 
devices, amongst others, fin field-effect transistors (FinFETs).[64] 
For example, Ho et al. applied MLD to dope Si nanowires, of 
which a two-terminal device was constructed.[56] The doping of 
the nanowires lowered the resistance at 1 V from ≈100 GΩ for 
undoped nanowires to ≈2 MΩ for nanowires doped by n-type 
MLD. The MLD process was also found to be suitable for fab-
ricating FETs from Si-on-insulator substrates. Photolithography 
was used to make heavily doped p-type Si regions underneath 
the Si-metal source/drain contacts only, whereas the channel 
remained intrinsically doped. This changed the FET perfor-
mance from a ≈0.1 µA source–drain current at 0.5 V for a 
device with undoped contacts to more than 1.0 µA for a doped 
device.[56] If local functionalization is required on a smaller 
scale, nanoimprint lithography can be used to perform MLD at 
a nanoscale resolution.[65] This makes MLD a technique that is 
compatible with the downscaling trend in the semiconductor 
industry.

As another example of device fabrication, O’Connell et al. 
fabricated Si nanowires with a diameter from 20 to 1000 nm, 
which were doped with arsenic atoms by MLD.[60] Even the 
20 nm devices showed a proper current conduction, which indi-
cates that the MLD process can be applied to small feature sizes 
as well. The resistivity of the nanowires was decreased by five 

orders of magnitude for nanowires with a width >40 nm, and 
by seven orders of magnitude for smaller nanowires.

A variation of the MLD process includes monolayer contact 
doping (MLCD) (Figure 7), in which the dopant-containing 
monolayer is formed on an external substrate. This dummy 
substrate is brought into contact with the target substrate, 
after which the stack of substrates is annealed. The formation 
of a monolayer and a capping layer on the target substrate 
is avoided by this strategy, which can thus be used when the 
target substrate is not compatible with HF etching, which is 
usually required to remove the native oxide and the capping 
layer. Hazut et al. first employed this technique using phos-
phine oxide monolayers on intrinsic dummy substrates with 
native oxide.[66] In a nanowire device, n-type doped nanowires 
were obtained by MLCD, which resulted in a highly uniform 
dopant distribution along the nanowire length (Figure 7). The 
starting intrinsic nanowires performed as an inactive source–
drain channel with a resistance of ≈20 GΩ at 2 V, which was 
lowered to ≈20 kΩ after MLCD. MLCD was thus confirmed 
to be a successful alternative to MLD. The technique was also 
used to create parallel pin junctions inside nanowires,[67] 
where Hazut et al. applied MLCD to undoped nanowires by 
sandwiching the nanowires between two dummy substrates, 
including one boron-containing (phenylboronic acid) and one 
phosphorus-containing (tetraethyl methylenediphosphonate) 
donor substrate. The junction formation was confirmed by 
scanning tunneling microscopy measurements in combination 
with scanning tunneling spectroscopy.

Whereas the applications of ML(C)D described above have 
focused on electronic devices, Puglisi et al. used MLD for 
Si-nanowire-based solar cells.[68] Here, doping can be used to 
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Figure 7. Schematic representation of the monolayer contact doping (MLCD) process on silicon nanowires. Reproduced with permission.[66] 
Copyright 2012, American Chemical Society.
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create p–n junctions for solar-light-induced charge separa-
tion. Vertical Si-nanowire arrays with a nanowire diameter of 
<70 nm and a length of about 500 nm were grown by metal-
catalyzed chemical vapor deposition. After removal of the gold 
catalyst, the H-terminated Si nanowires were dip-coated in a 
solution of diethyl 1-propylphosphonate. Thermal annealing 
at 900 or 950 °C for 500 s led to a phosphorus concentration 
of 1019 atoms cm−3, and doping of the entire nanowires. The 
substrates were measured as solar cells, of which a rectifying 
junction behavior was observed as expected. Electrical charac-
terization showed an increase in the fill factor from 10 to 35% 
for the MLD solar cells compared to planar control samples 
treated equally, although the open-circuit voltage decreased 
from 0.42 to 0.27 V. The solar-cell performance can be increased 
even further when using 3D micropillars/nanowires with a 
radial p–n junction, since the larger surface-to-volume ratio and 
larger junction area enhance the efficiency. The use of MLD to 
create radial junctions was also reported in solar cells based on 
nanohole arrays,[69] where the doping was also found to be con-
formal in the vertical direction.

Surface transfer doping has been used to obtain p–n junc-
tion behavior without physically implementing foreign atoms 
into the silicon lattice. In this technique, the coupling of mole-
cules onto the surface is used to tune the electrical properties of 
silicon, so that the charge transfer between the semiconductor 
surface and the monolayer can be used to locally manipulate 
the silicon conductivity.[70] The changes depend on the electron-
donating ability, work function, and/or dipole moment of the 
grafted molecules.[71] To study this effect, Zhang et al. coupled 
an azobenzene-containing molecule to a silicon surface by 
hydrosilylation, after which the dipole moment of the azoben-
zene moiety was changed by switching between UV (to create 
the cis configuration) and visible light (to create the trans state) 
illumination.[72] This changed the electrical properties of the 
silicon surface, as the conductivity was higher when the mole-
cules were in the trans state. Whereas surface transfer doping is 
already effective for adsorbed molecules,[73] covalent monolayer 
formation is beneficial for allowing close contact between the 
dopants and the substrate and for avoiding dopant removal. 
When the adsorbate molecules are electron-withdrawing, the 
surface behaves as a p-type semiconductor, whereas electron-
donating molecules result in n-type conductivity. For example, 
the binding of terpyridine molecules onto silicon nanowires 
resulted in a shift of the Fermi level toward the conduction 
band, which is similar to n-type doping.[74]

The field of surface transfer doping on silicon is still in its 
infancy, especially regarding the study of possible applications. 
Since surface transfer doping is compatible with 3D nano-
structures, a few reports are available on the use of molecular 
monolayers on field-effect transistors (FETs).[74,75] For example, 
He et al. used electrografting to create monolayers that influ-
enced the conducting properties (drain current and threshold 
voltage) of the channel region of metal-oxide-semiconductor 
FETs (MOSFETs).[76] Molecules with different electron-donating 
abilities were used, i.e., N2

+–phenyl–X with X = N(CH3)2, NH2, 
NO2, or a Mo6 oxide cluster (Figure 8a). These molecules were 
grafted onto H-terminated silicon by exposing the sample 
to a 0.5 × 10−3 m solution of the diazonium salts, resulting 
in aryl–silicon bonds (Figure 8b). For the electron-donating 

molecules 1–3, molecular grafting led to a lower drain current 
with the highest decrease for molecule 1, and a more nega-
tive threshold voltage. The opposite effect was observed when 
grafting electron-withdrawing molecule 4. The channel conduct-
ance was reduced by grafting 1–3, and increased by 4, which 
scaled directly with the relative electron-donating abilities of the 
molecules. Similarly, Bashouti et al. modulated n-type Si nanow-
ires in FETs by monolayers with 1,3-dioxan-2-ethyl, butyl, 
allyl, and propylalcohol moieties by the chlorination/alkylation 
route.[75a] Here, the channel conductance showed a trend in the 
order Si–propylalcohol < Si–SiO2 < Si–allyl < Si–butyl < Si–1,3-di-
oxan-2-ethyl, which was correlated to a decreasing change in 
work function.

Similar to surface transfer doping, metal–insulator–semi-
conductor (MIS) junctions can result in inversion of the doping 
carriers, i.e., the carrier type that is dominant at the surface 
is opposite from the bulk carrier type.[47] The inverted region 
then behaves like a p–n junction.[77] This is reflected in asym-
metric J–V characteristics with semiconductor-limited transport 
at reverse bias up to low forward bias, and monolayer-thick-
ness-dependent transport at high forward bias. Har-Lavan et 
al. studied the electrical properties of hydroquinone/1-alcohol 
monolayers on Si–H, which led to a surface with SiOC 
bonds, of which 95% were methoxy and 5% were hydroquinone 
groups.[46a] After bringing the surface in contact with Hg, the 
junction behavior was measured to be close to the Schottky–
Mott model, which represents ideal metal–semiconductor 
junctions. The molecular surface dipole could be changed by 
400 mV by changing the length of the alkyl molecules, which 
resulted in a near-ideal effective electron affinity. The shortest 
alcohol, i.e., methanol, resulted in the largest surface dipole. 
The silicon n+ substrate was then inverted, so that the mon-
olayer region behaved like a p+-type semiconductor and the 
substrate could be measured as a photovoltaic device (Figure 9). 
The open-circuit voltage, i.e., the cross section at the x-axis, 
shifted toward higher values for substrates with higher sub-
strate doping concentrations (Figure 9a).

6. Optics

For optical or optoelectronic applications, silicon is used in 
either its porous[78] or nanoparticle[79] form, since both pos-
sess bright photoluminescence properties at room tempera-
ture. These light-emission properties can be beneficial for 
displays, sensing devices, or solar cells. Both silicon configura-
tions, however, suffer from instability and loss of photolumi-
nescence by oxidation.[80] For planar porous silicon, oxide-free 
monolayers of 1-alkenes, nonconjugated dienes, and aldehydes 
are the most suited, since monolayers of 1-alkynes or conju-
gated molecules tend to quench the photoluminescence to 
large extents.[81] The reaction route is also of importance, since 
the use of alkyllithium reagents does result in Si–alkyl and 
Si–Li surface species, of which the latter are easily hydrolyzed 
by water, which thus results in surface oxidation and a reduced 
photoluminescence.[82] Similarly, the reaction of 1-alcohols onto 
Si nanoparticles first quenches the photoluminescence almost 
completely, which can then be slightly recovered until 10–50% 
of the original intensity by a heating step.[83] Choi and Buriak 
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studied the influence of different monolayer-formation routes 
on the electro-chemiluminescence properties, i.e., luminescence 
by bias-induced charge injection from a hole/electron source, 
of porous silicon substrates.[84] When comparing cathodic/
anodic electrografting and Lewis-acid-based hydrosilylation, 
anodic electrografting yielded the brightest emission, but this 
intensity was only half the value of unfunctionalized Si–H sur-
faces. The emission lifetime was, however, twice as long for the 

functionalized samples, and could be recov-
ered by 10 s application of a cathodic bias.

On porous silicon substrates, ethyl unde-
cylenate,[85] 1,7-octadiene,[81] octyl alde-
hydes,[81] and 1-dodecene,[86] amongst others, 
have been shown to passivate the surface and 
preserve the photoluminescence properties. 
Stewart and Buriak further explored the sta-
bility of these photoluminescent surfaces.[87] 
To make a distinction between functionalized 
and unfunctionalized regions, they function-
alized porous silicon with 1-alkenes/1-alkynes 
by local light-promoted hydrosilylation 
through a photomask. In three steps, dif-
ferent regions of the substrate were function-
alized with monolayers of 1-decene, styrene, 
and 1,5-cyclooctadiene, as patterned in their 
corresponding names (Figure 10a). After 15 s 
immersion in a boiling KOH solution (pH 12), 
which would normally dissolve micro meter-
thick porous silicon layers, UV-light irradia-
tion revealed that the patterned areas were 
still photoluminescent (Figure 10b). The 
untreated background areas were dark and 
had lost their photoluminescence. Thus, the 
monolayers stabilized the photoluminescent 
properties, even when subjected to severe 
etching conditions by hydroxide ions. This 
effect appeared to depend on the nature of 
the monolayer, since the photoluminescence 
intensity was still at its original value with 
a monolayer of 1-dodecene, whereas the 
intensity dropped to ≈34% when adding an 
aliphatic alkenyl group (a monolayer from 
1-octyne) or was even completely quenched by 
a monolayer of conjugated molecules, such as 
phenylacetylene (Figure 10c).

Luminescent silicon nanoparticles (3–6 nm) 
also need surface passivation to prevent 
oxidation and loss of photoluminescence 
properties.[80a] Although silane monolayers 
have been investigated for this purpose,[80a,88] 
oxide-free monolayers are more suited for sur-
face passivation, especially when aqueous envi-
ronments are needed. For example, Li et al. 
applied the thermal-hydrosilylation technique 
to stabilize the photoluminescence properties 
of silicon quantum dots.[80a] After nanoparticle 
fabrication, etching in a HF/HNO3 solution 
was used to downsize the particles. Although 
these particles already showed bright visible 

photoluminescence, the stability was significantly increased 
when adding a 1-octadecene or undecylenic acid monolayer onto 
the Si–H surface. These monolayers prevented oxidation of the 
surface, particle agglomeration, and a blueshift of the photolu-
minescence (Figure 11). The 1-octadecene-treated nanoparticles 
did not show a change in photoluminescence intensity and peak 
position after 60 days storage in air, whereas the untreated sam-
ples showed a decrease in intensity (factor of ≈24) and a blueshift 
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Figure 8. a) Chemical structures of the diazonium salts used for electrografting on the channel 
of a MOSFET. b) The mechanism of the electrografting reaction onto H-terminated Si. Repro-
duced with permission.[76] Copyright 2006, American Chemical Society.
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in peak position within 12 days. This stabilization was attributed 
to the passivation of the surface, since any surface oxidation was 
observed by a blueshift. Correspondingly, nanoparticles with a 
monolayer of undecylenic acid were less stable than those func-
tionalized with 1-octadecene, since the undecylenic acid mono-
layer was less densely packed.

As well as the packing density of the monolayer, the presence 
of a π-electron system also influences the luminescence prop-
erties of the silicon nanoparticles.[89] The use of π-conjugated 
monolayers, e.g., styrene or 1-vinyl naphthalene, not only sta-
bilizes the luminescence properties but also increases the radia-
tion rate as compared to 1-decene monolayers. This is opposite 
to the effect described above for porous silicon substrates, where 
any conjugated monolayer quenches the photoluminescence. 
Rosso-Vasic et al. studied the influence of the monolayer length 
on the luminescence properties.[90] They synthesized monodis-
perse silicon nanoparticles (1.57 ± 0.21 nm) functionalized with 
alkyl monolayers by immersing the nanoparticles in a degassed 
alkene solution with H2PtCl6 as a catalyst. Infrared spectros-
copy and X-ray photoelectron spectroscopy showed no surface 
oxidation for alkyl monolayers longer than twelve carbon atoms. 
The surface coverage was about 50%, which is close to the value 

observed for planar substrates. The fluorescence quantum yield 
increased for monolayers of longer alkyl chains, i.e., from 13% 
for 1-decene to 23% for 1-hexadecene monolayers.

www.small-methods.com
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Figure 10. a–c) A porous silicon substrate locally functionalized with 
1-decene, styrene, and 1,5-cyclooctadiene, as imaged under UV (365 nm) 
illumination after monolayer formation (a), immersion in a boiling pH 12 
KOH solution (b), and the photoluminescence spectra of several mon-
olayers on porous silicon (c), in order of decreasing intensity: Si–H (- –), 
dodecyl (– –), phenethyl (- - -), octenyl (—), styrenyl (·····). Reproduced 
with permission.[87] Copyright 2001, American Chemical Society.

Figure 9. a) J–V measurements for n-Si(100) substrates with different 
doping concentrations, with a hydroquinone/methanol monolayer on 
top, measured under 561 nm illumination and, for comparison, adjusted 
to Jph = 10 mW cm−2. b) Cartoon of the metal–insulator–semiconductor 
junction. Reproduced with permission.[46a] Copyright 2012, AIP Publishing.
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Should an optical device be made from a nonporous silicon 
substrate, monolayers can be used to add luminescent proper-
ties by the immobilization of metal complexes. For example, 
a nickel(II)-based complex was grafted onto Si–H by thermal 
hydrosilylation, which was confirmed by scanning near-field 
optical microscopy.[91] As another option, a multiple-step reac-
tion is often used to prevent degradation of the metal complexes 
during the hydrosilylation reaction, for example for lanthanide 
complexes. Since the optical properties of these complexes 
are highly influenced by the geometry of the molecules, a 
europium(III) complex was coupled indirectly to an N-hydroxy-
succinimide (NHS) monolayer by nucleophilic substitution by 
Condorelli et al.[92] This multistep process preserved the lumi-
nescent properties of the complex.

7. Biomedical Devices

For biological applications, a device is required to be stable in 
biological fluids or aqueous environments. Si–C linkages are 
perfectly suited for this purpose, as opposed to silane-based 
monolayers, for example, of which the Si–O bonds are suscep-
tible to hydrolysis.[93] Porous silicon degrades in aqueous envi-
ronments into nontoxic silicic acid within hours to months, 
depending on its porosity.[93] The degradation can be advanta-
geous in the case of drug-delivery applications, for example, 
but is undesired for longer-term applications. Canham et al. 
studied the use of oxide-free monolayers to stabilize porous 
silicon under in vivo conditions: in this case, in human blood 
plasma.[94] A Lewis-acid-based hydrosilylation route was used 
to bind 1-dodecyne onto porous silicon, which was then sub-
jected to physiological conditions for several weeks. Whereas 
the porous film of Si–H control samples was already dissolved 
within 70 h, the monolayer-functionalized samples hardly 
changed upon 4 weeks of immersion in simulated body fluid. 
The oxygen detected along the depth of the sample was just 
slightly higher for a monolayer sample after 4 weeks under 
physiological conditions compared to a monolayer sample that 
had been stored in air for 6 weeks. In addition, Böcking et al. 
reported the influence of the monolayer coverage on the sta-
bility of the porous silicon and its secondary functionalities.[95] 
As expected, the higher the surface coverage of the 10-unde-
cenoic acid monolayer, the slower the oxidation and thus dis-
solution of silicon in aqueous environments. For the samples 
with the highest monolayer coverage, however, the majority of 

the carboxylic acid moieties were not available anymore for sec-
ondary functionalization by 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC)/NHS coupling with a tripeptide. This 
difference was attributed to steric hindrance of the densely 
packed headgroups. An optimum was found in an intermediate 
level of alkylation, which showed both a low amount of oxida-
tion and a high functionalization yield.

The immobilization of biomolecules has been a topic of wide 
interest, e.g., for sensor applications (as described in Section 8) 
or cell studies. Monolayer formation of biomolecules has to 
be carried out by a mild functionalization technique to avoid 
deterioration of these mostly labile molecules. For direct cou-
pling onto Si–H, the mild photochemical route is commonly 
used, for example to make monolayers of carbohydrates[96] or 
NHS–biotin combinations.[97] Alternatively, an indirect route 
can be used to first establish a densely packed monolayer, onto 
which the bulkier biomolecules are reacted by, for example, 
click chemistry,[98] thiol-ene chemistry,[99] or EDC/NHS cou-
pling.[100] The latter methods have led to the immobilization 
of DNA,[100,101] peptides,[102] biotin–avidin sequences,[103] anti-
bodies,[104] or other proteins.[93,105] The desired application then 
determines the functionality to be used. For example, Qin et al. 
created an alkyne-functionalized monolayer, protected with a 
trimethylgermanyl group, which could be reacted subsequently 
with azide-containing mannose molecules in order to capture 
Escherichia coli bacteria.[98] The same platform was used to bind 
azide-functionalized biotin or mannose onto the surface, which 
was backfilled with oligo(ethylene glycol) moieties to prevent 
nonspecific adsorption (Figure 12). Protein immobilization 
was achieved by specific biotin–avidin and mannose–conca-
navalin A interactions, respectively. The higher the amount of 
oligo(ethylene glycol) units, the lower the fluorescence inten-
sity of the immobilized proteins, as was expected. The optical 
properties of porous silicon or silicon nanoparticles can also 
be used for biological applications. The stabilizing effect of the 
oxide-free monolayer on the photoluminescence (Section 6) 
is then combined with the monolayer’s opportunities for sec-
ondary functionalization. For example, amino-modified oli-
gonucleotides[106] or biotin/streptavidin[107] were coupled onto 
monolayers with an NHS ester in order to enable the use of 
Si nanoparticles in biological applications, where both solubility 
and stability in aqueous environments are required.

Apart from the targeted attachment of (bio)molecules or 
(bio) compounds described above, antifouling properties could 
be desired as well. Antifouling is mostly achieved by monolayers 
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Figure 11. Silicon nanoparticles with or without a 1-octadecene monolayer under ambient illumination (left two pictures) or UV illumination (right two 
pictures). Reproduced with permission.[80a] Copyright 2004, American Chemical Society.
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that contain oligo(ethylene glycol) moieties.[93,108] Sweetman 
et al. studied the antifouling properties of Si–C-bound mono-
layers on porous silicon.[93] Thermal hydrosilylation was used to 
bind two alkenes, which were identical apart from a tri(ethylene 
glycol) group. The oligo(ethylene glycol) group exhibited low-
fouling properties toward bovine serum albumin (BSA), but 
not toward fibronectin (Figure 13, “adsorbed BSA” or “adsorbed 
fibronectin”). As a comparison, the fluorescence intensity of 
covalently bound proteins was added as well, which was con-
sequently higher than that of the adsorbed proteins. They 
expected the oligo(ethylene glycol) moiety to be too short to pre-
vent adsorption of the bulkier fibronectin, which contains two 
dimer subunits of 250 kDa as compared to 66 kDa for BSA. 
Flavel et al. observed that the small protein lysozyme (15 kDa) 
tended to penetrate into the poly(ethylene glycol) monolayer, 
which made the antifouling properties less effective in repelling 
this small protein.[108a] Kilian et al. showed that hexa(ethylene 
glycol) groups not only lead to antifouling properties, but also 
to a higher stability.[108b] Surfaces functionalized with 10-unde-
cylenic acid only withstood exposure to blood plasma at 37 °C 
(physiological conditions) for less than 50 h, whereas samples 
with hexa(ethylene glycol) had not changed after 72 h.

Porous silicon is an attractive platform for drug-release appli-
cations, because of the tunability of its pore size and volume, 
its large surface area, its biodegradability, and its biocompat-
ibility.[109] Oxide-free monolayer functionalization of these sur-
faces can be of added value, mainly because of the stabilizing 
effect on porous silicon, as described earlier in this section, and 
thus a more controlled drug-release rate.[109b] The drug can be 
loaded into the pores of porous silicon[110] or covalently bound 
to the substrate.[109a,111] As an example of the first type, Anglin 
et al. created monolayers of 1-dodecene on porous silicon sub-
strates and studied the release of the steroid dexamethasone by 
a change in optical reflectivity.[110a] The 1-dodecene monolayer 
prevented, however, loading of the steroid molecules into the 
pores due to steric hindrance. This was solved by pore widening 
in the porous silicon preparation step. Release of the steroid was 
tested in a phosphate-buffered saline solution, and turned out 
to be more controlled for the 1-dodecene-functionalized samples 
(Figure 14). About 90% of the drug was released over 3 days for 
the modified samples, whereas the unmodified substrates were 
already dissolved within 3 h. Alternatively, the drug can be cova-
lently bound to the silicon surface in order to control the release 
by bond breaking. Wu et al. attached the anticancer drug doxoru-
bicin covalently to mesoporous silicon microparticles by a linker 
of 10-undecenoic acid.[111] The release was then triggered by 
oxidation of the Si–Si substrate bonds in water, leading to slow 
release of the drug. This process was accelerated by adding per-
oxynitrite as oxidizing species. Similarly, the controlled release 
was studied for the covalently bound drug daunorubicin,[109a] 
which is used to treat a specific ocular disease or as an anticancer 
drug. By degradation of the porous silicon substrate, the drug 
was released in a linear fashion over 30 days, which is longer 
than can be obtained by injection of the pure drug.

8. Sensors

For chemical-sensing applications, an analytical signal is gener-
ated as a consequence of the recognition process between the 
receptor and the analyte. For this purpose, Si–C linkages are 
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Figure 12. Schematic overview a trimethylgermanyl-protected alkyne monolayer with subsequent click chemistry of azide-functionalized biotin for 
interactions with avidin (left), and azide-functionalized mannose for interactions with concanavalin A (right). Both substrates were backfilled with azide-
containing oligo(ethylene glycol) moieties and measured using fluorescence microscopy. Reproduced with permission.[98] Copyright 2010, American 
Chemical Society.

Figure 13. Relative fluorescence intensities of adsorbed or covalently 
bound proteins, i.e., fluorescently labeled BSA or fibronectin, on an alkyl 
monolayer (“4”), an alkyl monolayer with tri(ethylene glycol) (“5”), or 
unfunctionalized porous silicon (“ox. pSi”). Reproduced with permis-
sion.[93] Copyright 2011, Elsevier.
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beneficial because of the improved signal transfer to the sub-
strate. In biosensing applications, the SiC linkages improve 
the stability in biological fluids or aqueous environments (see 
Section 7). Sensing devices can be based on a variation in fluo-
rescence, optical, or electrical properties, or a mass change, of 
which several examples are listed in this section.

Sensors based on supramolecular chemistry are advanta-
geous because of the inherent reversibility of noncovalent inter-
actions, which allows a repeated use of the sensor. For example, 
Condorelli et al. have studied monolayers of quinoxaline cav-
itands to detect aromatic compounds in the vapor phase, for 
example in a benzene-detection device.[112] The quinoxaline 
cavitand possessed four decenyl groups which were bound by 
photochemical hydrosilylation, because the chance of retaining 
the molecular-recognition properties were the highest for this 
mild functionalization method. Because of the bulkiness of the 
cavitand molecules, 1-octene was added to the reactant solution 
(mole fraction 0.8) in order to fully cover the SiH sites and 
thus prevent surface oxidation (Figure 15a). The sensing prop-
erties were tested using α,α,α-trichlorotoluene (TCT), the chlo-
rine moieties of which were used for detection by XPS. When 
the functionalized silicon surfaces were exposed to TCT vapor, 
XPS indeed confirmed complexation of about 80% of the host 
molecules, which did not occur for control samples with an 
inactive methylene-bridged cavitand. The molecular recognition 
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Figure 14. Percentage of dexamethasone released as a function of time 
as measured by UV absorbance in solution. The circles and squares rep-
resent unmodified (H-terminated) and modified (1-dodecene) samples, 
respectively. The open and solid shapes denote duplicate batches for 
comparison. Reproduced with permission.[110a] Copyright 2004, American 
Chemical Society.

Figure 15. Molecular recognition steps as measured by XPS, including the quinoxaline-cavitand-functionalized silicon surface (a), competition between 
chlorine-tagged aromatic compounds and bromine-tagged linear and cyclic alkanes in the vapor phase (b), and decomplexation of the host–guest 
complex by heating (c). Reproduced with permission.[112] Copyright 2010, The Royal Society of Chemistry.
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was selective toward aromatic compounds, as tested by a mix-
ture of TCT and bromo-containing linear and cyclic alkanes 
(Figure 15b). The host–guest interactions were reversible by 
heating up to 80 °C for 15 min (Figure 15c), and the receptors 
could be reused thereafter. Similarly, Biavardi et al. covalently 
bound a tetraphosphonate cavitand onto Si–H, which is able to 
complex positively charged ions, such as ammonium and pyri-
dinium salts, or neutral molecules, such as alcohols.[113] The 
recognition of ammonium and pyridinium salts was confirmed 
using XPS and fluorescence spectroscopy. The complexation 
was reversible by using a base.

Another type of sensor is based on a change in optical prop-
erties, e.g., optical-reflectivity changes after DNA hybridiza-
tion[114] or protein–protein interactions.[115] Trojan et al. used 
the photoluminescence of porous silicon (see Section 6) to 
build a sensor device.[116] They attached alkene-functionalized 
β-cyclodextrin molecules with different spacer lengths (C4, C7, 
or C11) onto H-terminated porous silicon. The photolumines-
cence signal of the porous silicon substrate without function-
alization was quenched for several concentrations of analytes in 
the vapor phase (Figure 16a). When using a cyclodextrin-func-
tionalized substrate, however, the photoluminescence changed 
depending on the analyte concentration and the complexation 
strength (Figure 16b). The strongest recognition was observed 

for aromatic molecules, for which the photoluminescence was 
even enhanced for low analyte concentrations. These guests fit 
most optimally into the cyclodextrin host molecules and could 
thus not penetrate into the porous silicon matrix to quench the 
photoluminescence. The highest photoluminescence enhance-
ment was observed for molecules with a C7 spacer. For a shorter 
spacer length (C4), the packing density of the cyclodextrin mol-
ecules was lower, while for a longer spacer (C11) the electron 
transfer was less efficient. Although the stability of the mon-
olayer-containing substrates was significantly higher, the limit 
of detection was increased by one or two orders of magnitude.

Zhu et al. investigated the use of porous silicon rugate fil-
ters, i.e., one-dimensional photonic crystals, as an optical 
sensor, which detects changes in the refractive index upon a 
reaction occurring inside the pores.[117] The porous silicon sub-
strate was functionalized with a monolayer of 1,8-nonadiyne by 
hydrosilylation. To be able to detect any changes, the pores were 
functionalized locally, i.e., only a part of freestanding alkyne 
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Figure 16. Relative photoluminescence intensities for a porous silicon 
substrate: a) as prepared, and b) with a β-cyclodextrin monolayer, with 
different analyte concentrations in the vapor phase. Reproduced with 
permission.[116a] Copyright 2007, Springer.

Figure 17. a,b) Real-time sensing of different concentrations of comple-
mentary DNA in 0.165 m electrolyte by silicon nanowires, functionalized with 
an amine-terminated silane on SiO2 (a), and amine-terminated alkyl mole-
cules on Si–H (b). The black line in (a) represents exposure of the silicon 
nanowire sensors to 100 × 10−9 m noncomplementary DNA. Reproduced 
with permission.[122] Copyright 2006, American Chemical Society.
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moieties was reacted further by copper-catalyzed click-chem-
istry, while selectively blocking the other areas with a titanium 
mask. The reflectivity spectra of the differently functionalized 
regions showed a redshift from 702.1 (alkyne moieties) to 
720.5 nm (tetra(ethylene glycol) moieties). After mask removal, 
a second click-chemistry reaction functionalized the initially 
masked 1,8-nonadiyne monolayer thus resulting in a chemical 
pattern. Functionalization with a tetra(ethylene glycol) chain 
with a hydroxyl moiety was successful, and could potentially be 
used for biomolecule immobilization. This sensing platform 
has been used to detect cell adhesion[118] and protease activity, 
which is a marker of immune response.[119]

Assad and Haick built a sensing device based on a silicon-
nanowire FET that responds to analyte binding by changing 
conductivity.[120] Any oxide layer lowered the response of the 
FET sensors, probably due to charge trapping.[121] Therefore, 
SiC bonds of the alkyl groups were formed on the silicon 
nanowires by the chlorination/alkylation route. This device 
could detect polar and apolar compounds in the gas phase 
down to concentrations of 40 ppb. The apolar analyte mole-
cules were adsorbed between the alkyl chains of the monolayer, 
which resulted in a conformational change of the monolayer, 
and thus a change in conductivity of the silicon nanowire. For 
polar gas-phase molecules, the sensor response was higher and 
depended on the dipole moment of the analyte. When using 
an array of several monolayers, the device could discriminate 
between simulated vapors of “healthy” and “cancerous” breaths, 
which is a step toward an electronic nose for cancer diagnosis.

FETs are also commonly used for biosensing applications, 
mostly for DNA detection. Bunimovich et al. compared mon-
olayers of amine-terminated silane and amine-terminated alkyl 
molecules, onto which single-stranded DNA was electrostati-
cally adsorbed.[122] For this research, physiological conditions 
were mimicked by a 0.165 m electrolyte 
solution, which promotes hybridization. On 
the other hand, the Debye screening length 
is lowered to about 1 nm in this medium, 
which requires the hybridization to occur 
close to the surface in order to be detected. 
Nonetheless, hybridization could be detected 
by a decrease of the resistance of the silicon 
nanowires. The devices based on oxide-free 
Si–C layers showed better FET characteristics 
and an increased sensitivity by one order of 
magnitude from 1 × 10−9 m to <0.1 × 10−9 m 
(Figure 17). Another way to improve the sen-
sitivity based on SiC[123] or SiN[124] bonds 
was explored by Masood and co-workers. 
They created nanowire biosensors with selec-
tive functionalization of the nanowires only, 
in order to avoid the loss of analyte, and 
thus sensitivity, at the nondetected regions. 
Oxide-free functionalization was used to 
create amine-terminated monolayers at the 
silicon nanowire regions, onto which biotin 
groups were coupled, whereas the silicon 
oxide surroundings were not functional-
ized. Streptavidin-functionalized gold nano-
particles could then be selectively bound onto 

the silicon-nanowire regions. Alternatively, selectively function-
alized sensor areas can be achieved by immersion in a silane/
alkene mixture,[125] or by applying a potential on silicon wires 
to locally activate a hydroquinone monolayer.[126] This oxi-
dized benzoquinone form was then able to react with a biotin-
functionalized cyclopentadiene in a Diels–Alder reaction, after 
which streptavidin molecules could only react onto the wired 
areas.

Other electrical sensors are based on electrochemistry[127] or 
impedance measurements,[128] e.g., for the detection of DNA 
hybridization[128b-c] or antigen–antibody interactions.[127,128] As 
an example, Wei et al. reported the coupling of a a single-strand 
DNA sequence to a SiC alkyl carboxylic acid monolayer for a 
DNA sensor based on impedance measurements, which avoids 
the use of an auxiliary redox couple or fluorescent labeling.[128c] 
A solution with 10 × 10−6 m complementary oligo DNA strands 
resulted in a real-time change in the capacitance, which was not 
observed for noncomplementary strands (Figure 18a). When 
starting from a substrate already saturated with complementary 
DNA, no signal change was observed as expected (Figure 18b). 
Dehybridization with a mixture of formamide and SDS at 60 °C 
for 10 min recovered the chip, which could then be reused 
(Figure 18c). This sensor was further optimized by the use of a 
hairpin strand as probe on the surface, since any hybridization 
would then open the hairpin structure and result in a higher 
sensitivity.[129]

Based on mass-adsorption properties, Boiadjiev and co-
workers built a cantilever-based sensor for Cr(VI) detection, 
which is relevant because the chromate anion (CrO4

2−) is 
toxic to animals and humans.[130] They created a monolayer 
of a quaternary ammonium salt on SiH by photochemical 
hydrosilylation, which kept its affinity for chromate ions after 
functionalization. When an aqueous solution of 10−9–10−4 m 

Figure 18. Real-time capacitance monitoring upon addition of (non)complementary DNA 
strands at an electrode modified with single-strand DNA: as prepared (a), pre-hybridized 
with its complementary strand (b), and dehybridized for repeated use (c). Reproduced with 
permission.[128c] Copyright 2003, Elsevier.
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chromate was passed over the microcantilever, deflection of the 
cantilever was detected upon adsorption of the ions onto the 
monolayer.

9. Conclusions and Outlook

Oxide-free monolayer functionalization of silicon surfaces 
is a highly attractive method for the formation of stable, oxi-
dation-resistant monolayers. As a consequence, the amount 
of applications reported has rapidly expanded during the last 
two decades, as here subdivided into the fields of surface pas-
sivation, electronics, doping, optics, biomedical devices, and 
sensors. A wide range of molecules can be coupled to oxide-
free molecules by the different routes available, including 
mild routes to avoid damage to labile molecules. Most of these 
routes lead to SiC bonds, but SiN, SiOC, and Si–S have 
been frequently reported as well. The monolayer headgroup can 
involve the desired functional moiety or a reactive group avail-
able for secondary functionalization. Any functional bulky mol-
ecules are mostly reacted on the surface by the latter multi-step 
procedure. These routes result in silicon surfaces that are either 
modulated at the silicon–molecule bond and/or obtain a new 
functionality due to the addition of a specific chemical group. 
Owing to this versatility, the number of applications is expected 
to keep increasing, especially in the area of silicon micro-/nano-
structures where molecular monolayers go beyond the limits of 
conventional fabrication and functionalization techniques.
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