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The use of iodine as a photolabile passivating agent for photochemical modification of silicon surfaces is
demonstrated. X-ray photoelectron spectroscopy measurements show that iodine termination using iodine
dissolved in benzene leads to Si surfaces exhibiting higher iodine surface coverages and lower levels of
carbon contamination than previous methods. When exposed to 514 nm light in the presence of a suitable
reactive molecule, such as an organic alkene, the surface iodine is removed and the reactive molecule links
to the silicon surface. The results of experiments in which the polarization and angle of the incident light
were varied show that the reaction mechanism is mediated by absorption of light in the bulk Si. A much
greater photoattachment efficiency is obtained on heavily doped n-type silicon than on p-type silicon. It is
proposed that on n-type silicon samples the photogenerated minority carriers (holes) accumulate near the
surface, making the surface more susceptible to nucleophilic attack by the alkene molecules. The use of this
method for photopatterning a Si surface with specific reactive groups is demonstrated.

Introduction

The preparation and patterning of organic monolayers on
surfaces is currently an area of intense interest, because of the
use of organic molecules as active elements in microelectron-
ics20,26 and the development of new molecular7 and bimolecu-
lar15,23electronic devices. To integrate these new organic-based
materials with existing silicon-based microelectronics technolo-
gies, improved strategies for chemical functionalization and
patterning of silicon surfaces must be developed.3,14 Previous
studies have shown that silicon surfaces on which the exposed
surface atoms are passivated with a layer of hydrogen atoms
(hydrogen-terminated silicon surfaces) can serve as a starting
point for further modification, via reaction with functionalized
alkenes.3,9,18,29-31,35 Since hydrogen-passivated Si surfaces are
quite unreactive toward alkene molecules, these reactions must
generally be activated, through the use of radical initiators,17,18

heat,18,27 or light.5,9,29,30

The use of light to activate surface chemical modification is
particularly attractive, because it provides a means for direct
photopatterning of specific functional groups on surfaces. For
example, hydrogen-terminated Si surfaces can be reacted with
ω-functionalized 1-alkenes by initiating the surface reactions
with ultraviolet light.9,29,30This method can be used to produce
Si surfaces terminated with specific functional groups such as
amines and carboxylic acid groups; these modified surfaces can
in turn be used to attach more complex molecules such as DNA
to silicon surfaces.29,30

One drawback to the use of H-terminated silicon, however,
is that previous studies using simple alkenes and alkynes have
shown that attachment of these molecules on H-terminated
silicon only occurs when the excitation wavelength is<350
nm.5 Since many molecules absorb in the ultraviolet (UV)

region, the use of UV excitation has the possibility of inducing
side reactions such as polymerization reactions.4

Recent studies have shown that Si surfaces can also be
terminated with iodine atoms.11,13,16,24Iodosilane compounds
are known to undergo photochemical reactions analogous to
those of organic iodines,8 suggesting that I-terminated Si
surfaces may provide a potentially attractive alternative to
H-terminated Si for photochemical patterning and modification.
In this paper, we report a new method for preparing I-terminated
Si surfaces, and we show that these I-terminated surfaces can
be chemically patterned with specific functional groups using
visible light. The variation in reaction efficiency as a function
of the polarization of the light, the angle of incidence, and the
bulk doping of the substrates provides insights into the mech-
anism of the photochemical reaction.

Experimental Section

All chemicals were reagent grade or better and used as
received unless otherwise specified. Solutions were made with
deionized water (18 MΩ‚cm resistivity). Other reagents include
methanol (Fisher), hydrochloric acid (EM Science), ammonium
fluoride (40%, Merck), Si(001) wafers (Virginia Semiconduc-
tor), Si(111) wafers (Semiconductor Processing Corp.). The
2,2,2-trifluoroethyl ester of 10-undecylenic acid (TFEU) was
synthesized as described previously.29 All other chemicals were
obtained from Aldrich.

Experiments were conducted using both (111)- and (001)-
oriented silicon substrates. These surfaces were first terminated
with H atoms following well-established procedures, and the
H atoms were then replaced with I atoms to produce I-terminated
Si surfaces.13,16,28Because previous studies have shown that the
optimal procedure for H-termination is different for the (111)
and (001) crystal faces,10 a slightly different procedure was
followed for (111) and (001) orientations. Si(111) samples were
first ultrasonically cleaned in acetone followed by methanol (5
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min each) and then oxidized by a 1:1:5 hydrogen peroxide-
ammonium hydroxide-water solution and by a 1:1:5 hydrogen
peroxide-hydrochloric acid-water for 10 min each at 80°C.
The oxidized samples were then immersed in a solution of NH4F
solution (40 wt %) for 5 min and then rinsed for about 1 min
with ultrapure deionized water. Si(001) samples were prepared
by cleaning in acetone followed by methanol and then oxidized
by a hydrogen peroxide-ammonium hydroxide-water solution
(1:1:4) for 5 min at 75°C. After 1 min etching in 1% aqueous
HF solution to H-terminate the silicon atoms, the samples were
rinsed with deionized water and blown dry under a stream of
nitrogen gas.

Because our procedures for I-termination and subsequent
photochemical modification are different from those used
previously, these procedures are presented in the “Results”
section below. The photoreactions were initiated using the 514
nm line from a 100-mW air-cooled Omnichrome argon ion laser.
In some experiments, the 514 nm line (1 W) from a Spectra-
Physics argon ion laser system was used. In all experiments,
the beam was typically expanded to a diameter of approximately
1.5 cm, providing intensities of∼50-500 mW/cm2.

X-ray photoelectron spectroscopy (XPS) was used to char-
acterize the I-termination and the subsequent photochemical
modification of the surfaces. XPS data were obtained using a
Physical Electronics system with monochromatized Al KR
radiation (1486.6 eV). The samples were oriented so that the
detector collected photoelectrons ejected at an angle of 40° from
the surface normal. The Si(2p) peaks were measured and used
as an internal standard for both energy and intensity. Apparent
shifts in binding energy can arise from chemical shifts (i.e.,
changes in binding energy due to local changes in chemical
environment) as well as changes in the bulk Fermi energy with
respect to the energy bands (due, for example, to changes in
bulk doping). Unless stated otherwise, the spectra reported here
are thecorrectedbinding energies, obtained by applying a rigid
shift to all binding energies of each sample to bring the binding
energy of the bulk Si(2p3/2) peak to a fixed value of 99.4 eV.
Differences in the uncorrected Si(2p) binding energies reflect
changes in the bulk Fermi energy of different samples, while
shifts in the corrected binding energies reflect true changes in
local chemical environment. The integrated intensity of the bulk
Si signal was used as an internal standard for quantitative
analysis. XP spectra were analyzed using standard curve fitting
procedures, in which the quality of fit was evaluated through a
“quality-of-fit” parameter based on a reducedø2.2 In general, a
smaller reducedø2 represents a better fit, with values of equal
or less than 1 indicating that the fit and the data are indistin-
guishable within the experimental noise.

Results

(a) Iodine Termination. Previous studies have prepared
I-terminated Si samples by immersing the H-terminated surfaces
into solutions of iodine dissolved in ethanol or methanol.11,13,16,28

However, it was also reported that the resulting surfaces have
strongly adsorbed alkoxy groups, with only∼0.25 monolayer
of iodine.11,16We therefore examined iodine termination in less
reactive solvents. Previous studies under ultrahigh vacuum
conditions have shown that benzene will bond to silicon
surfaces; however, desorption occurs at a relatively low tem-
perature of 350 K with no fragmentation.12,19 This reversible
behavior, together with the high solubility of iodine in benzene,
suggested the possibility of using benzene as an alternative
solvent for iodine termination of Si.

Figure 1 compares the I(3d) and C(1s) spectra of two
I-terminated Si(111) samples that were prepared identically,

except for the solvent used during the iodine termination step.
Parts a and c of Figure 1 show the I(3d) and C(1s) spectra of a
H-terminated Si(111) sample that was immersed in a saturated
solution of I2/benzene for 20 min. Spin-orbit splitting in iodine
leads to distinguishable 3d5/2 and 3d3/2 components from the
3d core level, with a 6:4 intensity ratio. This sample yields strong
iodine peaks at 620.3 eV (3d5/2) and 631.8 eV (3d3/2) with a
full-width at half-maximum (fwhm) of 1.0 eV, close to the
resolution of the XPS system. The narrow width and symmetric
shape indicate there is only one type of iodine adsorbed on the
surface. The C(1s) spectrum (Figure 1c) shows a small amount
of carbon with a binding energy of 285.1 eV and a shoulder at
286.7 eV. For comparison, Parts b and d of Figure 1 show the
I(3d) and C(1s) spectra of a H-terminated Si(111) sample after
immersion in a saturated solution of I2 in methanol for 20 min.
The I(3d) lines from the I2/methanol sample are again relatively
narrow, but they are less intense than those from the I2/benzene
sample. The C(1s) spectrum of the I2/methanol sample (Figure
1d) shows two peaks at binding energies of∼285.7 and 287.1
eV. The C(1s) spectra of the two samples show differences in
binding energies that reflect differences in the type of residual
organic matter on the surface. The more important comparison,
however, is that a quantitative analysis of the peak areas
(normalized to the area of the bulk Si(2p), as an internal
standard) shows that the samples prepared by immersion in I2/
benzene yield an I(3d)/Si(2p) area ratio that is 1.8 times that of
samples prepared by immersion in I2/methanol and a corre-
sponding C(1s)/Si(2p) ratio only 0.5 times as large. Thus, the
XPS data show that iodine-passivated Si(111) surfaces have
higher levels of iodine coverage and lower levels of carbon
contamination when formed in I2/benzene than in I2/methanol.

Figure 1. Iodine(3d) and carbon(1s) XP spectra of Si(111) sample
reacted with saturated solutions of iodine/benzene and iodine/methanol,
for 20 min: (a) I(3d), immersed in iodine/benzene; (b) I(3d), immersed
in iodine/methanol; (c) C(1s), immersed in iodine/benzene; and (d)
C(1s), immersed in iodine/methanol.
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To determine the absolute I coverage, the I(3d)/Si(2p) area
ratio was compared to that obtained from a Si(001) sample that
was prepared in ultrahigh vacuum and then immediately exposed
to a saturation coverage of methyl iodide (CH3I). Previous
measurements have shown that CH3I adsorbs dissociatively to
yield Si-CH3 and Si-I species with a density of (2.9( 0.3)
× 1014 cm-2.6 We find that the I/Si ratio produced by immersing
H-terminated Si(111) in I2/benzene as described above is 0.76
times that of the sample prepared in UHV and then exposed to
CH3I, thereby implying that the density of I atoms at the surface
is 2.2 × 1014 cm-2. Since the bulk-truncated Si(111) surface
has 6.8× 1014 atoms/cm2, we conclude that the samples exposed
to I2/benzene have only approximately one iodine atom per three
surface silicon atoms, and presumably, the remaining Si atoms
remain terminated with hydrogen. The I coverage for samples
immersed in I2/methanol is only∼0.18 monolayer; this number
is comparable to, but slightly smaller than, that obtained in a
previous measurement.11 Thus, the “I-terminated” samples are
in fact only incompletely terminated with I atoms.

While the data in Figure 1 were obtained using a fixed
immersion time of 20 min for replacement of the surface H
atoms with I atoms, experiments were performed to identify
the optimal duration of immersion to achieve the best iodine
termination. Figure 2 shows the XP spectra of H-terminated
wafers that were immersed into a saturated solution of iodine
dissolved in benzene for various periods of time. The I(3d5/2)
and I(3d3/2) peak intensities increase as the reaction time
increases from 5 to 20 min. However, immersion times longer
than 20 min yield almost no further increase in the I coverage.
After long periods of time the O(1s) spectrum (not shown)
shows evidence for surface oxidation, likely due to either minute
traces of water in the benzene or to incomplete removal of
dissolved oxygen in the solvent.

Although the data shown here was obtained on the Si(111)
surface, similar experiments on (001)-oriented Si samples
yielded comparable results. On both (111) and (001) surfaces,
immersion of H-terminated samples in I2/benzene for 20 min
yields surfaces with only low levels of contamination. However,
our data indicates that I-termination using I2/benzene or I2/
methanol yields surfaces at which onlysomeof the surface H
atoms are replaced with iodine, so that the “I-terminated”
surfaces are actually a mixture of Si-I and Si-H species.
Because samples produced via immersion in I2/benzene show
lower levels of contamination by carbon and oxygen and show
significantly more iodine at the surface than samples produced
by immersion in I2/methanol, we used the I2/benzene method
for all subsequent studies.

(b) Photochemical Modification of I-Terminated Samples.
The procedure for photochemical modification of I-terminated
Si samples is similar to that we used previously for photochemi-
cal modification of H-terminated samples,29,30 except that for
the I-terminated samples light of longer wavelength (514-nm)
was used. Each sample of I-terminated Si was placed in a Teflon
cell equipped with a quartz window and a nitrogen purge. A
thin layer of the molecule of interest was formed by depositing
a ∼10 µL aliquot onto the I-terminated Si sample; the liquid
typically spread via nascent wetting over a region∼1 cm× 1
cm in size. The cell containing the sample was then sealed and
purged continuously with a small flow of dry nitrogen and
illuminated with 514 nm light from an argon ion laser (typically
∼50-500 mW/cm2 for 3-4 h). After photoreaction, each
sample was immersed in chloroform and then in methanol (∼10
min each) in an ultrasonic bath to help remove any physisorbed
species.

Figure 3 shows the I(3d) spectra (Figure 3a-c) and the F(1s)
spectra (Figure 3d-f) of iodine-terminated Si(111) surfaces
prepared as above, along with two different control samples.
Figure 3a shows the I(3d) spectrum of a “dark” control surface,
consisting of a sample that was I-terminated and covered with
a layer of TFEU for 4 h, but was not exposed to light. This
sample yields a large I(3d) signal, and analysis of the peak area
shows that the I(3d) area is nearly identical to that observed on
freshly I-terminated samples. Figure 3b shows the I(3d) spectrum
of an identical sample that was I-terminated, covered with
TFEU, and was then illuminated with 514 nm light (0.5 W/cm2)
for 4 h. This sample shows a much smaller I(3d) intensity, only

Figure 2. Iodine(3d) XP spectra of Si(111) reacted with iodine/benzene
solution for different time periods: 5 min, 10 min, 20 min, 30 min, 90
min, and 120 min.

Figure 3. Iodine (3d) and fluorine(1s) XP spectra of Si(111)/I surfaces
exposed to 514 nm light for 4 h and the dark control: (a) I(3d), covered
with 2,2,2-trifluoroethyl ester of 10-undecylenic acid (TFEU) and kept
in the dark; (b) I(3d), TFEU, illuminated; (c) I(3d), benzene, illuminated;
(d) F(1s), TFEU, dark; (e) F(1s), TFEU, illuminated; and (f) F(1s),
benzene, illuminated.
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10% of that observed on the dark control sample. Thus, it
appears that the illumination leads to the loss of iodine from
the surface.

To determine whether iodine could desorb from the I-
terminated surface into a simple solvent, a second control
experiment was performed in which an I-terminated Si(111)
sample was covered by benzene and then illuminated in the
same manner as above (0.5 W/cm2 for 4 h). The I(3d) spectrum
of this sample (Figure 3c) shows almost the same I(3d) intensity
as the dark control (Figure 3a). Thus, even though benzene is
a good solvent for iodine, illumination of the sample covered
with a layer of benzene leads to no significant loss of iodine.

While the I(3d) spectra provide information on the loss of
iodine, the F(1s) spectra provide information on the attachment
of organic molecules to the same samples. The sample that was
exposed to TFEU and illuminated (Figure 3e) yields one strong
peak at 689.0 eV, which we attribute to the fluorine atoms in
the trifluoroethyl ester group of TFEU. However, both control
samples (Figure 3d,f) also show some fluorine at a slightly lower
binding energy of 688.7 eV. Since the benzene control sample
was exposed to F only during the initial NH4F/HF etch, the F
peak from that sample (Figure 3f) must arise from F atoms left
on the surface from the H-termination step. Indeed, previous
studies of silicon wet etching in NH4F/HF have shown that this
process leaves behind a small quantity (∼0.25 monolayer) of F
atoms bonded to the Si surface.25 Since Si has a smaller
electronegativity (Pauling electronegativity) 1.90) than C
(Pauling electronegativity) 2.55) does, the F(1s) binding
energies of F atoms bonded directly to the Si surface are
expected to be slightly smaller than those that are part of the
CF3 group in the TFEU molecule, in agreement with the 0.3
eV decrease in binding energy we observed when comparing
the F signals in Figure 3f (688.7 eV) to those from the TFEU
molecule (689.0) in Figure 3e. The origin of the small,
asymmetric F signal in the TFEU “dark” control sample (Figure
3d) likely arises from a mixture of residual F from the NH4/HF
termination step and some small attachment (physisorbed or
covalently linked) of the TFEU molecule. Nevertheless, the very
significant increase in intensity of the F(1s) peak when exposed
to TFEU and illuminated shows that the illumination with 514
nm light induces attachment of the TFEU molecule to the
surface.

The absence of reaction with benzene, even when illuminated,
suggests that the iodine removal and molecular attachment may
require the presence of a reactive group in the liquid-phase
molecule. To identify whether the reactivity of TFEU is directly
associated with the vinyl group, another set of experiments was
performed to compare the reaction efficiencies of two molecules
that have very similar structures but differ in whether there is
an alkene group. The molecules chosen for this comparison are
1H,1H,2H-perfluoro-1-dodecene (PFD) and perfluorononane.
Figure 4a shows the I(3d) spectrum of an I-terminated sample
that was covered with PFD, while Figure 4b shows the I(3d)
spectrum of an identical sample that was illuminated (∼0.5
W/cm2, 4 h). Comparing the PFD sample that was illuminated
(Figure 4b) with the sample left in the dark (Figure 4a) shows
that illumination in the presence of this alkene results in nearly
complete disappearance of the iodine signal. Figure 4c shows
the I(3d) spectrum from an I-terminated surface that was covered
with perfluorononane and then illuminated. In contrast to the
results from the PFD, the sample covered with perfluorononane
and illuminated exhibits a high I(3d) signal. Thus, the XPS data
show that the vinyl group (or some other suitable reactive group)
is necessary in order for I to be removed from the surface.

The changes in I(3d) intensity are accompanied by changes
in the F(1s) intensity. Some F(1s) intensity is observed even
on the control sample left in the dark (Figure 4d); we again
attribute this F signal to a combination of persistently bound F
atoms from the NH4F/HF treatment25 and a small quantity of
physisorbed or chemisorbed PFD molecules. The F(1s) signal
of the sample exposed to light and the 1H,1H-2H-perfluoro-1-
dodecene (Figure 4e) shows by far the largest F(1s) peak, with
an area ratioAF(1s)/ASi(2p) 3.4 times that of the sample left in the
dark. As expected, the saturated alkane, perfluorononane, shows
the smallest F(1s) signal, which is not significantly different
from that of the dark control. Thus, the XPS data show that
photoattachment and the loss of iodine both require lightanda
suitable reactant molecule, such as an alkene.

(c) Chemical Photopatterning.To demonstrate the use of
this reaction to photopattern specific chemical groups on a
surface, we performed experiments in which a hydrophilic
molecule (TFEU, subsequently hydrolyzed to the free acid form)
and a hydrophobic molecule (dodecene) were selectively bonded
to specific regions of the sample. In this experiment, an iodine-
terminated surface with an area of 1.5 cm2 was put in the
reaction cell and covered with a thin layer of TFEU. A stainless
steel mask with two circular openings of 2.3 mm diameter, 5.4
mm apart, was placed on top of the sample and ester layer and
was held in place by surface tension. The reaction cell was
covered with a quartz window and illuminated with 514 nm
laser light (40 mW/cm2, directed perpendicular to the surface)
for 3 h under dry nitrogen. The mask was then removed and
the sample was rinsed with dodecene. In a second stage, the

Figure 4. Iodine (3d) and fluorine (1s) XP spectra of I-terminated
Si(111) surfaces exposed to PFD or perfluorononane and exposed to
514 nm light for 4 h and the controls: (a) I(3d), PFD, dark; (b) I(3d),
PFD, illuminated; (c) I(3d), perfluorononane, illuminated; (d) F(1s),
PFD, dark; (e) F(1s), PFD, illuminated; and (f) F(1s), perfluorononane,
illuminated.
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sample was returned to the cell, and the entire sample was
covered with a thin layer of dodecene and irradiated for another
2 h, to attach dodecene to the remainder of the sample. At this
stage the modified surface was expected to have the trifluoro
ester termination in the two spots and alkane termination from
dodecene in the surrounding periphery. To hydrolyze the ester-
terminated regions to the free acid form, the entire sample was
then immersed in a 250 mM solution of potassiumtert-butoxide
in dimethyl sulfoxide for 3 min at room temperature, followed
by rinsing in HCl solution (pH 2.0), in accordance with a
previously developed procedure for forming acid-terminated Si
surfaces.29

The resulting spatial variations in chemical composition led
to very different wetting properties that can be observed by
direct visual inspection. After the sample is cooled to 0°C,
when it is returned to ambient conditions, moisture in the air
condenses readily in the central acid-terminated regions, while
little or no condensation occurs in the outer areas, where the
more hydrophobic dodecene molecules were attached. Figure
5 shows a photograph of a sample prepared as described above
and then illuminated at an oblique angle. The central spots are
bright because water condensation in the hydrophilic central
two spots leads to increased scattering of obliquely incident light.
When the sample is dry, however (not shown), there is no
detectable difference between them.

(d) Mechanism of Iodine Removal and Molecular Attach-
ment. Because previous experiments on H-terminated silicon
have shown that bonding of alkenes can be induced ther-
mally,18,27 we conducted a set of experiments to test for any
thermal effects arising from illumination of the I-terminated Si.
To measure the temperature rise, a very small thermocouple
junction was attached directly to the front face of the sample
with a clear adhesive, and the temperature was measured during
illumination. At 1 W total power (∼0.5 W/cm2), a temperature
rise of ∼15 °C was observed. To determine whether this
temperature rise might induce a thermal reaction, a control
experiment was performed in which an I-terminated sample was
covered with TFEU and heated to 47°C for 2 h under dark
conditions, and a second identical sample was covered with
TFEU and maintained in the dark at room temperature (26°C).
Analysis via XPS of the sample that was heated yielded an I/Si
area ratio of 1.3, a F/Si ratio of 0.18, and a C/Si ratio of 0.59.
For comparison, the sample that was maintained at room

temperature yielded an I/Si area ratio of 1.3, a F/Si ratio of
0.19, and a C/Si ratio of 0.78. These values are close to each
other and close to those of the other “dark” control experiments.
The absence of any decrease in the I/Si ratio or any increase in
the F/Si or C/Si ratios for the warmed sample demonstrates that
although there is a small temperature rise, it does not induce
any significant loss of iodine or attachment of TFEU to the
sample.

Experiments were also conducted to identify whether the
angle of incidence and the polarization of the light affect the
reaction efficiency. The traces in parts a and b of Figure 6 show
the measured values of reflectance from a clean, I-terminated
surface as a function of incidence for s- and p-polarized 514
nm light, respectively. Also shown (dash lines) are the values
of reflectivity calculated using the Fresnel equations and the
bulk optical constants for pure (undoped) Si. The good agree-
ment between the experimental values measured on the doped
Si samples and the calculated values using the values for
undoped Si show that the optical properties of Si do not depend
on the doping of the sample.

Figure 5. Si(001) sample that was prepared as described in text and
then photographed using oblique illumination. Water condensation in
the central spots, where acid-terminated, leads to increased scatter and
makes them appear light. The remaining surface areas were function-
alized with dodecene; these areas do not condense water vapor and
therefore appear dark.

Figure 6. (a) Measured reflectance of I-terminated n-type (0.005Ω‚
cm) Si(111) sample as a function of incidence angle, using s-polarized
light. Experimental points are shown as diamonds. Calculated values
using optical constants for pure (undoped) Si are shown as a dashed
line. (b) Reflectance of I-terminated n-type Si(111) sample using
p-polarized light. Experimental points are shown as squares. Calculated
values using optical constants for pure (undoped) Si are shown as a
dashed line. (c-h) I(3d) XP spectrum of I-terminated Si(111) surfaces
that were covered with TFEU and exposed to p- and s-polarized light
at different incident angles: (c) dark control (not exposed to light); (d)
exposed to light at an incidence angle of 0° (from surface normal); (e)
exposed to s-polarized light, incidence angle) 60°; (f) exposed to
p-polarized light, incidence angle) 60°; (g) exposed to s-polarized
light, incidence angle) 75°; and (h) exposed to p-polarized light,
incidence angle) 75°.

2660 J. Phys. Chem. B, Vol. 106, No. 10, 2002 Cai et al.



Figure 6c-h shows the residual I(3d) signals from samples
that were covered with TFEU and illuminated with s- and
p-polarized light at various angles of incidence, along with a
control sample left in the dark. Measurements of photoattach-
ment efficiency at different angles of incidence are difficult to
compare quantitatively because of the cell geometry used and
the need to maintain the sample in a horizontal position.
However, at any fixed angle, comparison of s- and p-polarized
light can be achieved using a polarizer and a1/4-wave plate
(which rotates the polarization vector of the light). At normal
incidence, the I signal is almost the same as that of the dark
control. In other experiments, however, we have observed that
illumination at normal incidence does induce loss of iodine and
subsequent molecular attachment, but at a comparatively slow
rate. While the data in Figure 6 show only one “dark” control,
quantitative analysis and normalization of the individual sets
of measurements summarized there show that at high angles of
incidence s-polarized light produces no significant loss of iodine,
while p-polarized light does. The loss of iodine is significantly
more effective at an incidence angle of 75° than closer to the
surface normal and is most effective with p-polarized light.

The reflectivity data in Figure 6a,b show that at 75° incidence
angle, the reflectivity from clean silicon for p-polarized light
reaches a minimum, while the s-polarized light still has a
reflectance of∼0.7. Thus, the amount of light absorbed by the
sample (1- R) is approximately 3 times higher when using
p-polarized light than when using s-polarized light. Although
the optical boundary conditions will be perturbed somewhat by
the thin liquid film of reactant molecules (not included in Figure
6a,b), the effectiveness of iodine removal roughly corresponds
with the fraction of light absorbed by the sample. Corresponding
measurements of the molecular F(1s) signals (not shown) reveal
that the samples with greatest loss of iodine also show the
greatest degree of molecular attachment.

The angle- and polarization-dependent measurements indicate
that the reaction probability is highest when the amount of light
absorbed by the silicon sample is highest. This suggests that
the photoattachment may involve photoexcited electrons and
holes in the bulk. Since the behavior of electron-hole pairs
depends strongly on the bulk doping of the material, we
compared the reaction efficiency on samples with different bulk
doping. Experiments were performed on highly doped n-type
(0.005 Ω cm, As-doped), lightly doped n-type (10Ω cm,
P-doped), heavily doped p-type (0.1Ω cm, B-doped), and lightly
doped p-type (20Ω cm, B-doped) samples. For each doping,
we first passivated the surfaces with iodine as described above,
and measured the I(3d) and Si(2p) XPS intensities. The I(3d)/
Si(2p) ratio was identical on all the samples, indicating that
formation of the iodine-passivated surface does not depend on
the bulk doping. A strong doping dependence is observed,
however, in the photoattachment step. Figure 7 shows the I(3d)
and F(1s) spectra of the iodine-terminated Si(111) samples of
different bulk dopings that were exposed to TFEU and irradiated
with 514 nm light (0.5 W/cm2) for 5 h. The XPS spectra show
that the residual iodine signal from the n-type, heavily doped
sample (0.005Ω‚cm resistivity) is only 0.2 times that of the
lightly doped n-type sample (10Ω‚cm) and only∼0.14 times
those of p-type samples. Thus, iodine is most effectively
removed from the highly doped n-type sample. The F(1s) signal
intensity shows that the decrease in iodine signal is accompanied
by a corresponding increase in the F(1s) signal from the
adsorbed molecules. As expected, the highly doped n-type
sample shows the highest F signal, while the p-type samples

show the lowest. Thus, the removal of iodine and the attachment
of the alkene are most efficient on heavily doped n-type samples.

To investigate how the bulk doping of the silicon affected
the near-surface electronic structure, we performed measure-
ments of the surface photovoltaic effect. In these experiments,
I-terminated Si samples were covered with benzene, and a
platinum electrode was placed∼0.5 mm away, in contact with
the liquid but not in direct contact with the sample. The sample
was then illuminated with light (514 nm,∼45 mW/cm2) that
was modulated with a mechanical chopper, and the photoinduced
changes in surface potential were measured by coupling the Pt
electrode to a lock-in amplifier. Measurements on n-type and
p-type samples both showed a photovoltaic effect of comparable
magnitude, but with a reversal of sign (180° phase shift) between
n-type and p-type samples. While it is possible in principle to
quantitatively measure the surface photovoltaic effect using this
method, in practice the intensities that would be needed are
prohibitively high, and the observed photovoltage can only be
taken as a qualitative indication of the extent of near-surface
band-bending. Since a photovoltaic effect is only observed when
the semiconductor bands are bent, this result indicates that the
I-terminated, n-type Si samples have an upward band-bending
and the I-terminated, p-type Si samples have a downward band-
bending. Thus, the Fermi level is apparently pinned somewhere
in the middle of the band gap, but not near either edge.

Discussion

Our results show that it is possible to chemically pattern
silicon surfaces using visible light of moderate intensity, by
starting with iodine-terminated silicon. While there are many
possible routes to prepare iodine-terminated Si surfaces, the XPS
data in Figure 1 show that using benzene as the solvent leads
to iodine-terminated surfaces exhibiting a higher iodine coverage

Figure 7. XP spectra of different Si(111) substrates exposed to TFEU
and p-light for 5 h, as described in text.
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and a lower degree of carbon contamination than the previously
used scheme, in which methanol or ethanol was used as a
solvent.

The lower degree of carbon contamination using benzene as
a solvent during the iodination step is consistent with a previous
study of organo-silicon iodide compounds (i.e., compounds of
the form R3Si-I),8 which showed that upon illumination with
short-wavelength radiation, these undergo photochemical reac-
tion with solvents such as methanol and ethanol. While the
reactivity of small silanes may be different from that of an
extended Si surface, this earlier study proposed that optical
excitation produced cationic Si+ species that were susceptible
to nucleophilic attack by the solvent, producing species of the
form R3Si-OCH3. Similarly, recent studies of I-terminated Si
samples produced by immersion in methanol have observed
persistently bound alkoxy groups after immersion of H-
terminated Si surfaces into I2/methanol.24 In contrast, our XPS
data show that there is essentially no reaction with benzene,
even in the presence of optical excitation. Consequently, using
benzene as a solvent during I-termination leads to less carbon
contamination and yields higher I coverages. However, it is
important to note that even with benzene, the iodine coverage
is still much smaller than the total number of surface Si atoms.
Further studies will be needed to more clearly elucidate the
chemical and structural composition of the surfaces.

In the subsequent photochemical attachment of molecules,
the intensity of the I(3d) signal provides quantitative information
on the extent of iodine removal, while the F(1s) signal reveals
the extent of molecular attachment. From our studies, there are
three key pieces of information that provide insight into the
mechanism of the photochemical attachment. The first is that
the XPS data show that iodine isnot removed, even upon
illumination, when the sample is in contact with a nonreactive
molecule such as a simple alkane (Figure 4c,f) or benzene
(Figure 3c,f). The second is that the photochemical attachment
is much more facile on n-type silicon than on p-type silicon.
The third is that the angle- and polarization-dependent data show
that reaction can be initiated by light incident at all angles of
incidence, but is most efficient with p-polarized light at
moderately high angles of incidence (∼70°).

Since iodine is not removed and no significant molecular
attachment is observed when I-terminated Si is immersed in
benzene or simple alkanes, it is clear that removal of iodine
and molecular attachment are not independent. These results
suggest that the photochemical attachment of organic molecules
on I-terminated surfaces involve aconcertedprocess in which
optically induced changes in the surface facilitate reaction with
molecules in the thin film.

The XPS data show that iodine removal and molecular
attachment are both much more facile on n-type silicon than
p-type silicon. Reflectivity measurements such as those in Figure
6 show that the optical constants of Si are nearly independent
of doping at the levels used here, so that the doping dependence
cannot be attributed to differences in reflectivity at the liquid-
solid interface. Thus, the dependence on doping shows that the
reaction must involve absorption of the light by the bulk Si.
Since previous studies of H-terminated Si have shown that H
atoms can be removed via direct excitation of aσ-σ* transition
(involving energies of∼6-8 eV),1,33,34we also considered the
possibility of direct photochemical excitation of a Si-I bond
as a possible mechanism. However, while on the Si(111) surface
the Si-I bond is oriented perpendicular to the surface, we find
that the iodine removal and molecular attachment occur when
the electric field vector of the light is parallel to the surface

plane (0° angle of incidence), as well as when the electric field
vector is almost normal to the surface (p-polarized, 70° angle
of incidence). Direct photochemical excitation of the Si-I bond
would be expected to be strongly dependent on the relative
orientation of the electric field vector of the light and the
transition dipole associated with the excitation; by symmetry,
this dipole must be either parallel or perpendicular to the Si-I
bond axis. The reaction efficiency is also maximized under
conditions in which the maximum amount of light is absorbed
by the sample.

The above data strongly suggest that the primary mechanism
is creation of electrons and holes in the bulk, which are separated
by the large electric fields that are typically found in the
subsurface space-charge region. This process is illustrated
schematically in Figure 8. The I-terminated, n-type silicon
samples exhibit upward band-bending near the surface, such
that photoexcited electrons drift into the bulk and photoexcited
holes drift toward the surface, where they can induce oxidation
reactions. The net effect on n-type silicon is to make surface Si
atoms more positively charged and therefore susceptible to
nucleophilic attack by reactive solution-phase molecules. Con-
versely, p-type samples (Figure 8b) typically exhibit downward
band-bending, such that photoexcited holes drift away from the
surface. We propose that the photoattachment process occurs
preferentially on n-type Si samples because the band-bending
drives the excess minority carriers (holes) toward the surface,
making the surface more positively charged and more suscep-
tible to nucleophilic attack by alkenes, as depicted in Figure
8c. Upon steady illumination, the number of photoexcited holes
driven toward the surface is determined by the amount of band-
banding and by the lifetime of the photoexcited holes. Since

Figure 8. Schematic illustrations of energy bands and photoinduced
oxidation and reduction reactions at n-type and p-type silicon sur-
faces: (a) n-type sample with Fermi level pinned mid-gap; (b) p-type
sample with Fermi level pinned mid-gap; and (c) overall illustration
of the photoattachment process.
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for n-type samples the driving force for the holes to migrate to
the surface increases with the dopant concentration, highly doped
samples have the highest photoattachment efficiency. This
mechanism appears similar to that proposed by Haber et al.11

for the reaction of I-terminated Si surfaces with methanol and
is also similar to that proposed for the reaction of iodosilane
compounds with methanol.8 In each case, the reaction involves
nucleophilic attack by an electron-rich species at an electron-
deficient Siδ+ species.

The above mechanism depends critically on whether the
semiconductor bands are flat or whether electronic states in the
band gap create new electronic states that exchange charges with
the bulk and, consequently, induce band-bending in the near-
surface region. The existence of band-bending is clearly
evidenced from our photovoltaic measurements. In these experi-
ments, the reversal in sign between n-type and p-type samples
indicates that the bands on n-type and p-type samples are bent
in opposite directions. The ability to bend the bands upward on
n-type samples and downward on p-type samples indicates that
Fermi level positions are pinned somewhere mid-gap. More
quantitative information cannot be extracted from the existing
experiments, because the magnitude of the SPV depends on
other experimental factors, such as the carrier recombination
rate, which are not known for our samples. However, a mid-
gap pinning position is also evidenced from XPS binding
energies. While most XPS binding energies reported here have
been corrected to constant Si(2p3/2) binding energy of 99.4 eV,
the uncorrectedbinding energies show a difference of 0.2 eV
between the 0.1Ω‚cm p-type (acceptor concentration 2.4×
1017 cm-3) and 0.005Ω‚cm n-type (donor concentration 1.5×
1019 cm-3) samples. However, based on the doping values, the
difference in bulk Fermi energies is 0.97 eV. If the electron
potential energy was constant from the bulk to the surface (i.e.,
the “flat-band” condition), we would then expect to see a shift
of nearly 1.0 eV in the Si(2p) binding energy of the bulk Si
between the highly doped n- and p-type samples. Since the
experiments show a shift of only 0.2 eV, we conclude that there
must be significant band-bending, which leaves the Fermi level
position at the surface pinned at nearly the same position (within
∼0.2 eV) on n-type and p-type samples.

The mechanism we believe responsible for reaction on
I-terminated Si suggests that photoreaction should be possible
at all wavelengths short enough to create excitations across the
band gap of 1.1 eV. However, we also note that at long
wavelengths the electron-hole pairs may be generated very deep
in the sample and may therefore not be very effective in causing
a photovoltaic effect in the near-surface region. The absorption
depth of light in Si decreases monotonically by more than 6
orders of magnitude, from∼1 cm to only 100 Å, as the
excitation wavelength is decreased from 1µm to 350 nm.21 At
514 nm the absorption depth is∼700 nm. As in more
conventional semiconductor-liquid interfaces, the only minority
carriers (holes, for n-type Si) that are expected to be able to
influence the surface photovoltaic effect are those that are
created sufficiently close to the surface to be able to diffuse
into the near-surface depletion region,22 which for highly doped
n-type Si extends only a few hundred angstroms beneath the
surface.32 Although the diffusion length will depend on the bulk
lifetime and the surface recombination rate (both of which are
unknown in our reaction geometry), typical values are on the
order of microns. Thus, we expect that shorter wavelengths may
be more efficient at excitation because the electron-hole pairs
will be generated nearer the surface.

Finally, we note that the mechanism of reaction of I-
terminated Si appears to be quite distinct from that of H-
terminated Si. In a vacuum, photochemical H removal from Si
surfaces occurs with excitation of electrons or photons with
energies of>6 eV.1,33,34 When in contact with an alkene
solution, however, reaction can occur via a radical chain process
after initiation at wavelengths shorter than∼350 nm (∼3.5 eV).5

However, there is no evidence for reaction of H-terminated
silicon with alkenes at wavelengths>350 nm. This may be
attributable to a higher bond strength for Si-H. It is clear,
however, that the use of iodine-terminated Si presents a new
method for chemical photopatterning using visible light.

Conclusions

Our results show that a monolayer of iodine can act as a
photolabile passivating agent for chemical modification of
silicon surfaces using visible light. The strong doping depen-
dence, in conjunction with the polarization and angle depen-
dence, shows that the mechanism does not involve direct
excitation of a Si-I bond, but instead involves excitation of
bulk electron-hole pairs and, for n-type silicon, the drift of
the photogenerated holes to the surface. The strong dependence
of the reaction rate on the doping of the sample suggests that it
should be possible to create more complex patterns either
through optical masking techniques, or alternatively, by using
standard microelectronics methods such as ion implantation to
create a spatially modulated doping in the substrate, with
subsequent reaction occurring only on the n-type regions. These
results represent the first experiments showing the ability to
use a single atomic monolayer with visible light to control
chemical patterning at a surface.
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