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a b s t r a c t
This paper compares the physical and chemical properties of hydrogen-passivated Si(1 1 1) single crystalline surfaces prepared by two main chemical preparation procedures. The modiﬁed RCA cleaning is
commonly used to prepare atomically ﬂat stable surfaces that are easily identiﬁable spectroscopically
and are the standard for chemical functionalization of silicon. On the other hand electronic properties of
these surfaces are sometimes difﬁcult to control. A much simpler silicon surface preparation procedure
includes HF dipping for a short period of time. This procedure yields an atomically rough surface, whose
chemical identity is not well-deﬁned. However, the surfaces prepared by this approach often exhibit
exceptionally attractive electronic properties as determined by long charge carrier lifetimes. This work
utilizes infrared spectroscopy and X-ray photoelectron spectroscopy to investigate chemical modiﬁcation of the surfaces prepared by these two different procedures with PCl5 (leading to surface chlorination)
and with short- and long-alkyl-chain alkenes (1-decene and 1-octodecene, respectively) and follows the
electronic properties of the starting surfaces produced by measuring charge-carrier lifetimes.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
The detailed procedures for silicon surface preparation have
been investigated substantially over the past half a century, since
silicon has been at the heart of the microelectronics industry. The
concerns over the subtle variations in the electronic properties of
the surfaces, the role of defects, and the novel applications for this
semiconductor have driven the continuous search for improved
and simpliﬁed surface preparation approaches, as even a trace
amount of impurities can result in losses in such applications as
ultra-large-scale integrated (ULSI) and integrated circuit (IC) technologies. During the surface preparation steps it is important to
remove any contaminants, such as hydrocarbons, metals, ions, and
small particles, from the semiconductor surfaces. In addition, the
effect of the impurities must be minimized during the subsequent
surface modiﬁcation steps, such as oxidation, vapor deposition, epitaxial growth, etc. The starting point, a well-deﬁned silicon single
crystalline surface will be the focus of this paper.
Normally, the silicon preparation procedures can be categorized
into two classes: wet-chemistry and dry-clean (gas-phase) methods [1]. Wet-chemistry normally involves a classic RCA method [2]
based on hydrogen peroxide solution, HF-dip process [3], ultrasonic water technique [2], or choline cleaning [4]. Chemical vapor
etching [5] and UV/ozone treatment [6] are the two primary
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processes utilized in dry-clean methods. Among all these methods, RCA cleaning cycle is likely the most widely applied. In 1970,
Werner Kern (from Radio Corporation of America) published the
ﬁrst paper describing this hydrogen peroxide solution-based process. Over the following 20 years, silicon surface cleaning chemistry
based on this method kept being reﬁned by many research groups.
During the main three steps of the RCA method, the following objectives are achieved: removal of hydrocarbons, metallic impurities,
silicon oxide layer, and ionic contamination [2]. The ﬁrst step in
the RCA clean (called SC-1, where SC stands for standard clean) is
performed with a solution of NH4 OH, H2 O2 , and H2 O at typically
80 ◦ C for 10 min. This treatment results in the removal of hydrocarbons and may cause some oxidation and metal contamination of
the surface. The second step is an immersion in a solution of HF in
H2 O at 25 ◦ C, in order to remove the thin oxide layer and the ionic
contaminants dissolved in the oxide. The last step (called SC-2) is
performed with a solution of HCl, H2 O2 , and H2 O at 80 ◦ C. This treatment effectively removes the remaining metallic contamination.
An alternative wet cleaning method is based on a simple HF dip,
which follows a pre-cleaning step that involves hot H2 O2 –H2 SO4
solution (so-called Piranha clean) to clean up heavily contaminated silicon wafers that have visible impurities. The wafers are
then subjected to a dilute HF water solution treatment. This treatment results in the majority species produced on the surface being
silicon hydrides, although in selected cases, the procedure could
be modiﬁed to incorporate about 30% Si–F onto a silicon surface
[7]. An appropriate reaction mechanism was ﬁrst proposed by
Ubara et al. [8] and was later conﬁrmed by detailed computational
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investigations. The concentration of HF water solution proved to
be a key point in determining the distribution of surface species.
Etching with very dilute HF solution (<1%) alters morphology of
silicon surface, and causes oxygen to diffuse into bulk silicon substrate [4]. High concentration (>10%) HF solution treatment results
in a very reactive silicon surface that easily reacts with water and
contaminants in solutions and in ambient.
In this paper, we compare the modiﬁed RCA cleaning procedure
(also known as HF-last) and HF-dip approach used to produce clean
hydrogen-terminated Si(1 1 1) surfaces. Following these preparation procedures, we investigate the reactions of the surfaces
produced with PCl5 , commonly used for silicon chlorination, and
with 1-alkenes (1-decene and 1-octadecene) leading to the formation of self-assembled monolayers (SAMs), whose order is highly
sensitive to the quality of the surface.
An outstanding interface between the silicon single crystal in
its (1 0 0) orientation and the surface silicon oxide made this surface highly desirable in many technological applications. However,
with the required thickness of this oxide decreasing below the
practical limit, other substrate orientations and alternative material platforms start receiving substantial attention. From a practical
standpoint, H-terminated Si(1 1 1) is a very good model system
because of its stability, compared with H-terminated Si(1 0 0). The
former can be stable in ambient for hours (depending on its preparation), while the latter normally only has several minutes before
surface oxidation becomes noticeable [9–13]. The well-ordered
and atomically ﬂat H-terminated Si(1 1 1) surface prepared by
a modiﬁed RCA cleaning procedure provides almost exclusively
monohydride Si–H surface sites for further modiﬁcation. This surface is truly a gold standard of the silicon surface preparation;
however, it is sometimes difﬁcult to control the electronic properties produced by this approach. The Si(1 1 1) surface produced
by a simpler HF-dip procedure, as will be shown below, can possess very attractive electronic properties; however, the chemical
identity of this surface is much more complex, compared to the
Si(1 1 1) substrate prepared by a modiﬁed RCA clean. The investigation of chemical and physical properties of the surfaces prepared
by these two approaches will provide a balance between the complexity of surface preparation procedures and chemical or physical
properties achieved as a result of this preparation.
In order to compare the chemical properties of the two silicon
surfaces prepared by different procedures, we use the reaction of
chlorination of the Si(1 1 1) surface with PCl5 that has been investigated previously by Lewis and co-workers [14], and the process of
the formation of SAMs starting with 1-alkenes proposed by Chidsey
and co-workers [15,16]. During the PCl5 chlorination, a perfectly
ordered H-terminated Si(1 1 1) surface is expected to yield a surface where every single hydrogen atom is replaced by chlorine, with
the Si–Cl bond oriented perpendicular to the surface plane. If the
starting Si–H surface is not well-deﬁned (mono-, di-, tri-hydrideterminated silicon surface), it is likely that due to the large size
of chlorine atom not all the Si–H bonds will react with PCl5 and
the remaining surface Si–H bonds following the chlorination procedure will easily oxidize in ambient to form Si–OH or surface silicon
oxide. Another possible experimental way to assess the quality of
the H-terminated Si(1 1 1) surface produced by different preparation procedures is to use 1-alkene self-assembly to form an ordered
monolayer (SAM) via hydrosilylation process. Although the process
of the monolayer formation is different from, for example, thiols
on gold, where the thio-group is mobile on gold surface following
S–H dissociation, the hydrosilylation with 1-alkenes on silicon produces ordered monolayers that are commonly referred to as SAMs
and this paper will continue to use the same terminology. In fact,
the degree of the order of such a SAM can be easily assessed by
infrared spectroscopy and the alignment of the alkyl chains on a
ﬂat surface is the cause of self-assembly despite the fact that the

functional head-group is covalently tethered to the surface. In this
paper, we chose 1-decene and 1-octadecene as test alkenes. Both
these molecules could form a SAM via hydrosilylation with hydrogenated Si surface by a propagating radical chain mechanism [17].
It is important to note, however, that the SAM built based on 1decene is more sensitive to the quality of H-terminated Si surface,
while the longer chains of 1-octodecene would align themselves
better even on a less well-deﬁned surface [18]. If the H-terminated
Si surface is atomically rough, the SAM based on 1-decene will likely
be disordered. On the other hand, 1-octadecene would be expected
to produce a relatively well-ordered SAM on either a rough or an
atomically smooth surface. In addition, due to the long alkyl chain of
1-octodecene, it is expected to provide a good electrical passivation
layer [19,20].
In this work, we utilized Fourier-transform infrared spectroscopy (FT-IR) to investigate the vibrational frequencies of surface
Si–H species (to assess chemical identity of the surfaces produced),
as well as to assess the order of the SAMs produced following
surface reactions with 1-decene and 1-octodecene. Atomic force
microscopy (AFM) was employed to examine the surface roughness
before and after the formation of SAMs. X-ray photoelectron spectroscopy (XPS) was used to investigate the chemical species present
on the silicon surfaces prepared by different procedures and following PCl5 chlorination. Charge-carrier lifetime of H-terminated
silicon surfaces produced by two methods was also measured, followed by calculations of the surface recombination velocity.
2. Experimental
2.1. Materials
The silicon samples used for charge-carrier lifetime measurements were ﬂoat zone grown, double-side polished (1 1 1)-oriented
Si with thickness of 1000 m. All additional measurements and
modiﬁcations were carried on the n-doped double-side polished
Si(1 1 1) wafers (>0.1  cm resistance, 500 m thickness) (Virginia Semiconductor, VA). All chemicals were reagent grade or
better and used as received: ammonium hydroxide (Fisher, 29%
certiﬁed ACS plus grade), hydrochloric acid (Fisher, 37.3% certiﬁed ACS grade), sulfuric acid (Fisher, 95.7% certiﬁed ACS plus
grade), 10% HF solution (diluted with Milli-Q water from 48 wt%
hydroﬂuoric acid, Aldrich), hydrogen peroxide (Fisher, 30% certiﬁed ACS grade), buffer-HF improved (Transene Company, Inc.),
chlorobenzene (Acros), PCl5 (Aldrich), benzoyl peroxide (Acros), 1decene (Acros, 95%), 1-octadecene (Acros, 90%), methylene chloride
(Fisher, 99.9%), petroleum ether (Fisher, certiﬁed ACS), THF (Fisher,
distilled from Na/benzophenone) and methanol (Fisher, 99.9%). The
deionized water used to rinse the surfaces and containers was from
a ﬁrst generation Milli-Q water system (Millipore) with 18.2 M cm
resistivity.
2.2. Preparation of hydrogen-terminated Si(1 1 1) surface
2.2.1. RCA cleaning cycle
The ﬁrst preparation method for H-terminated Si(1 1 1) surface was based on the RCA cleaning cycle [2]. The Teﬂon beakers
and Si(1 1 1) wafers were cleaned in a solution of 4:1:1 Milli-Q
water, hydrogen peroxide, and ammonium hydroxide for 30 min
and 10 min, respectively, on an 80 ◦ C water bath. After rinsing with
Milli-Q water, the clean wafer was etched in 5% HF buffer water
solution for 2 min and rinsed again with Milli-Q water. Then, the
wafer was placed in a freshly prepared solution of 4:1:1 Milli-Q
water, hydrogen peroxide, and hydrochloric acid for 10 min to grow
a silicon oxide layer at 80 ◦ C. After that, the rinsed wafer was etched
in HF buffer solution again for 1 min, followed by 6 min in ammonia
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ﬂuoride solution, and then rinsed with Milli-Q water again thoroughly to form a well-ordered hydrogen-terminated Si(1 1 1)
surface.
2.2.2. HF-dip method
The HF-dip method was used as an alternative to the RCA cleaning procedure described above. The Si(1 1 1) wafer was cleaned at
room temperature in a 1:4 mixture of hydrogen peroxide and sulfuric acid for 5 min, followed by 5 min Milli-Q water rinsing. After
that, the rinsed silicon wafer was dipped into a 10% HF aqueous
solution for 2 min, followed by rinsing with Milli-Q water once to
form the H-terminated Si(1 1 1) surface.
2.3. Preparation of chlorine-terminated Si(1 1 1) surface
The chlorine-terminated Si(1 1 1) surface was prepared by a previously described procedure using PCl5 [21]. The solution of PCl5
in chlorobenzene solvent with a trace amount of benzoyl peroxide as a reaction initiator was bubbled through with nitrogen for
at least 30 min. Hydrogen-terminated Si(1 1 1) wafer was placed
into this solution immediately after blowing dry with N2 . Then, the
entire setup was placed in an oil bath at 105 ◦ C for 1 h. Finally, the
stable chlorine-terminated Si(1 1 1) sample was removed from the
solution, rinsed with dry THF and blown dry with N2 .
2.4. Preparation of self-assembled monolayers (SAMs) on Si(1 1 1)
surface
5 ml of 1-decence (or 1-octadecene) was placed in a 25 ml ﬂask
with a reﬂux condenser and kept under ﬂowing N2 . The liquid
was deoxygenated with dry N2 for at least 1 h. Subsequently, the
hydrogen-terminated Si(1 1 1) wafer was placed in the ﬂask. Then,
the ﬂask was immersed in an oil bath, and the solution was reﬂuxed
for 2 h with a slow N2 ﬂow at 170 ◦ C (for 1-decene) or 180 ◦ C
(for 1-octadecene). Afterwards, the silicon sample was removed
from the solution and cleaned in dichloromethane, petroleum
ether (40–60 ◦ C), and methanol. Then, the surface was immediately
blown dry with N2 .
2.5. Characterization techniques
2.5.1. Charge-carrier lifetime measurements
The effective minority carrier lifetime is measured by WCT-120
Lifetime Tester with a 60 W light power source. The carrier lifetime
is determined at an injection level of 1 × 1015 cm−3 . An rf-bridge
circuit, which is coupled by a coil to the measured specimen, senses
the conductance in terms of permeability. The time dependence of
illumination and excess photoconductance of the measured sample
are calibrated by the reference solar cell. For the measurement the
sample is cut into 2 cm × 2 cm.
2.5.2. X-ray photoelectron spectroscopy
The XPS spectra were collected on a PHI 5600 X-ray Photoelectron Spectrometer equipped with a Al K␣ X-ray source
(h = 1486.6 eV) at a 45◦ take-off angle. The measurements were
performed in a vacuum chamber with a base pressure of
1 × 10−9 Torr. The survey spectra were collected over the energy
range of 0–1000 eV at 187.5 eV pass energy. The high-resolution
spectra for each element, Si 2p, C 1s, O 1s, Cl 2p, and Cl 2s were
collected over the range of 20 eV with 0.1 eV/step at a voltage of
13.5 keV and pass energy of 46.7 eV. The data analysis was performed using Casa software. All peak positions were calibrated to
the C 1s peak, which was assumed to have the binding energy of
284.6 eV.
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Table 1
Charge carrier lifetime and surface recombination velocities for H-terminated
Si(1 1 1) surfaces prepared by two different procedures.
Surface preparation

Charge-carrier
lifetime,  (s)

Surface recombination
velocity, S (cm s−1 )

RCA
HF-dip

60.7 ± 28.9
169.9 ± 14.0

1002.7 ± 577.3
295.3 ± 24.4

2.5.3. Fourier-transform infrared spectroscopy (FTIR)
Single beam spectra were collected using a Nicolet Magna-IR
560 spectrometer with a liquid-nitrogen-cooled external MCT-A
detector. The FT-IR spectra were collected in the spectral range
4000–650 cm−1 with a 60◦ angle with respect to the incoming
infrared beam. 512 scans per spectrum and a resolution of 8 cm−1
were used to collect all the spectra. The native-oxide covered and
hydrogen terminated Si(1 1 1) wafers were used as backgrounds, as
indicated below.

2.5.4. Atomic force microscopy
Tapping mode AFM imaging was performed on a Multimode
SPM (Veeco) with NanoScope V in air at room temperature. Aluminum coated silicon tips at a resonance frequency of 300 kHz
(Budget Sensors) with a force constant of 40 N/m and a resonance
frequency of 300 kHz were used. The AFM images were collected
at 256 pixels × 256 pixels per image and were analyzed using the
Gwyddion software.

3. Results and discussion
3.1. Surface recombination velocity measurements
Table 1 shows the minority carrier lifetime of H-terminated
Si(1 1 1) surfaces prepared using HF-dip and modiﬁed RCA
procedures and respective surface recombination velocities. Hterminated Si(1 1 1) surface prepared by the HF-dip procedure
exhibits much higher minority carrier lifetime (169.9 ± 14.0 s)
compared to the surface prepared by the RCA clean (60.7 ± 28.9 s).
The surface recombination velocity (S) can be expressed by the
following equation:
1
2S
1
=
+
eff
bulk
W
where  eff is effective minority carrier lifetime,  bulk is the minority
carrier lifetime within bulk and W is the thickness of the silicon
wafer.
Surface recombination velocity can be calculated by assuming
the bulk lifetime  bulk is inﬁnite, which is a reasonable approximation for ﬂoat zone intrinsic wafers. As shown in Table 1, silicon wafer
prepared by HF-dip pathway exhibited a lower surface recombination velocity (295.3 ± 24.4 cm s−1 ) compared the wafer prepared by
the RCA clean (1002.7 ± 577.3 cm s−1 ).
Thus, it appears that compared to the RCA cleaning method,
using HF-dip method we eliminate the surface sites and defects
that decrease the carrier lifetime or that the surfaces prepared by
this approach may have charge centers that repel carriers. Since the
charge-carrier lifetime measurement focuses on the minority sites
in this case, it seems that the surface that is well deﬁned from the
chemical perspective (RCA clean) contains the minority sites that
decrease the carrier lifetimes. On the other hand, the surface that is
less well deﬁned chemically (HF-dip), likely has fewer surface sites
that actually affect the carrier lifetime measurements. The studies
presented below address these differences.
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Fig. 1. Infrared studies of the Si–H stretching spectral region of H-terminated
Si(1 1 1) surfaces prepared with (a) RCA method; (b) HF-dip method with a ﬂoat
zone crystal; and (c) HF-dip method with n-doped crystal.

3.2. Fourier-transform infrared spectroscopy (FTIR) studies
As was shown in Section 3.1, the electronic properties of the
H-terminated Si(1 1 1) surfaces prepared by RCA clean are very
different from those prepared by HF-dip method. The most likely
explanations for these differences can be possibly different chemical state or morphology of these surfaces. The cleanliness of both
types of surfaces and the absence of surface oxidation was ﬁrst
conﬁrmed by XPS but the chemical state can be easily assessed by
infrared spectroscopy, since a clean and well-ordered H–Si(1 1 1)
surface is expected to exhibit a single Si–H stretch absorption
band at 2083 cm−1 . Fig. 1 presents the Si–H stretching region
of H-terminated Si(1 1 1) samples following the preparation by
RCA and HF-dip methods. The sharp absorption peak observed at
2082.9 cm−1 for the surface prepared by RCA procedure is a signature of a clean and well-ordered mono-hydride terminated Si(1 1 1)
[22,23].
On the other hand, we found that HF-dip method produced a
poorly deﬁned H–Si(1 1 1) surface. In addition to the identiﬁable
mono-hydride stretch at 2083 cm−1 , a variety of other species is
observed, including symmetric and antisymmetric stretching of dihydride species in the 2100 cm−1 region, and even Si–H absorption
features corresponding to surface tri-hydride within the range of
2130–2140 cm−1 [13]. Also it should be pointed out that the relative
intensity of all these features varied from sample to sample as the
chemical state of the surface is likely extremely sensitive to the
local HF concentration and the exact time of the HF dip.
Now that it has been established that the two preparation procedures do not yield chemically identical surfaces, it is important
to understand how crucial these differences are for further surface
modiﬁcation. A reaction of H-terminated silicon with 1-alkenes can

Fig. 2. IR investigation of the C–H stretching spectral region of the 1-decene modiﬁed Si(1 1 1) surface produced by (a) RCA method and (b) HF-dip procedure.

help us probe these differences as the order of the SAM produced in
this reaction can also be probed by infrared spectroscopy. The C–H
stretching vibrations at s = 2850 cm−1 and s = 2920 cm−1 (close
to the vibrational signature of solid hydrocarbons [17,24]) would
indicate a high degree of SAM order, while the deviations towards
higher wavenumbers for both absorptions would correspond to
a disordered layer (similar to the vibrational signatures of liquid
hydrocarbons [25]). Figs. 2 and 3 show the –CH stretching region
of 1-alkene SAM for H–Si(1 1 1) surfaces modiﬁed with 1-decene
and 1-octadecene, respectively. In Fig. 2, both H–Si(1 1 1) samples
obtained following RCA and HF-dip were modiﬁed with pure 1decene. The –CH stretching region can be used to assess the quality
of the SAM produced on both surfaces. The results summarized in
Fig. 2 clearly indicate that the SAM formed on a H–Si(1 1 1) surface
prepared by RCA clean is nearly ideal. On the other hand, the SAM
prepared on the surface obtained by the HF-dip procedure lacks
order, as conﬁrmed by the shift of the absorption bands towards
higher wavenumbers, 2857.8 and 2928.5 cm−1 , respectively. Since
the two sets of vibrational studies (with RCA clean and HF-dip) were
not performed on the same exact sample, the absolute intensities of
the absorption bands observed cannot serve as a reliable indicator
of the surface SAM coverage (although the absorption intensity of
the RCA-prepared sample is indeed noticeably higher). Nevertheless, the absorption frequencies deﬁnitely conﬁrm the formation of
a well-ordered SAM on a H–Si(1 1 1) sample prepared by RCA clean
and the poor order of a SAM obtained on a HF-dip-prepared sample.
Thus, the most likely reason for such a difference is that RCA clean
produced nearly exclusively mono-hydride terminated surface,
most amenable for a reaction mechanism proposed by Chidsey’s
group for SAM formation [15,16]. The HF-dip method gave a relatively rough silicon surface with multiple types of Si–H-containing
species, which may cause competitive reactions to disrupt the order
of the SAM produced. Despite the chemical differences between the
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method and RCA clean, respectively. Both methods produced ﬂat
surfaces with the RMS roughness substantially less than 0.5 nm.
However, the surface prepared by RCA clean clearly exhibits atomic
steps, as also illustrated in the top part of Fig. 5. This ﬁgure also gives
an example of atomic height step on that surface. These steps are
not obtained on the surface prepared by HF-dip procedure. This part
of the microscopy study conﬁrms that RCA clean produces atomically ﬂat H-terminated Si(1 1 1) surface. The HF-dip preparation
does not result in atomically ﬂat surface but neither of the two
methods produces any observed topographical features at larger
scales.
To investigate if the surface topography would change following
the formation of a SAM, AFM was also used to image the surfaces of
both types following SAM formation with 1-decene (middle images
in Fig. 4) and 1-octadecene (two bottom images in Fig. 4). Similar
results with similar RMS roughness were obtained in all cases. The
RMS roughness of 1-octadecene monolayers was slightly higher
than for 1-decene; however, no evidence of extended domains or
changes in surface topography caused by SAM formation was found.
In fact, as illustrated by the two bottom images in Fig. 5, the Si(1 1 1)
surface prepared by RCA clean procedure and modiﬁed with 1octodecene exhibited the presence of the atomic height steps that
were initially observed on the clean H-terminated Si(1 1 1) surface
prepared by this procedure. The step height in both cases is in agreement with the step height reported previously on H-terminated
Si(1 1 1) and SAM-covered Si(1 1 1) [26–28]. Thus, the microscopy
investigation suggests that the local order of the SAM formed on
both the surfaces prepared by RCA clean and by HF-dip procedures
depends on the local chemical structure of each surface and is not
deﬁned by surface topography on larger scales [4].
Fig. 3. IR investigation of the C–H stretching spectral region of the 1-octadecene
modiﬁed Si(1 1 1) surface produced by (a) RCA method and (b) HF-dip procedure.

two types of surfaces considered here, it is also important to understand if these differences could be overcome to achieve a better
functionalization platform for a surface whose electronic properties
are superior. In other words, is it possible to alter the modiﬁcation
procedure for the SAM formation to obtain an ordered monolayer
on a surface prepared by the HF-dip approach. If the monolayer
produced on the silicon surfaces by 1-alkene with a relatively short
alkyl chain exhibited a high sensitivity to the properties of the
surface, perhaps using a longer chain alkene could overcome this
disadvantage and the molecular assembly of higher order could
be produced on a less well-deﬁned H–Si(1 1 1) surface prepared
by the HF-dip method. As shown in Fig. 3, this is indeed the case.
The application of 1-octodecene to form a SAM on the H–Si(1 1 1)
surfaces prepared by both approaches yields highly ordered monolayers, as indicated by the positions of the absorption bands (2921
and 2851 cm−1 ) in both cases. Thus, the formation of the SAM using
long-chain linear alkenes can serve as an appropriate starting point
for uniform functionalization of either the H–Si(1 1 1) surface prepared by the RCA clean or for the HF-dipped silicon crystals.
3.3. Atomic force microscopy studies
The results of the infrared spectroscopy studies presented in
Section 3.2 imply that the ordered SAM can only be produced by
a short-chain alkene, 1-decene, if the starting surface is atomically
ﬂat, as prepared by the RCA clean. However, it is also important
to rule out the effects of topography on the order of the monolayers produced. To interrogate the structure of the surfaces prepared
by two different methods and modiﬁed with alkenes, atomic force
microscopy was employed. Top two images in Fig. 4 show the AFM
images of H-terminated Si(1 1 1) surfaces prepared by the HF-dip

3.4. X-ray photoelectron spectroscopy investigation of
chlorinated Si(1 1 1) surfaces
In addition to the formation of a SAM, single crystal silicon
surface chlorination is also a common path for further surface functionalization. Using PCl5 as a mild chlorinating agent allows for a
formation of well-deﬁned Cl–Si(1 1 1) surface with every monohydride replaced by a Si–Cl bond on an atomically ﬂat H–Si(1 1 1)
prepared by an RCA clean [21]. Comparison of the chlorinated
surfaces produced with H-terminated Si(1 1 1) crystals obtained
with different preparation procedures should demonstrate if this
approach could be used on both types of surfaces efﬁciently. We
used XPS to monitor Cl 2s, Cl 2p, Si 2p, C 1s, and O 1s spectral
regions of the surfaces prepared by RCA clean and HF-dip procedures followed by PCl5 chlorination. Representative Cl 2p and Si 2p
spectra are shown in Fig. 6. O 1s and C 1s regions only demonstrate
the presence of impurities from ambient transfer of the samples
following the last modiﬁcation step into the XPS setup and are
essentially identical. Based on the Si 2p edge shown in Fig. 6, it can
also be concluded that no observable surface oxidation in ambient
was recorded on the timescale of the experiments, meaning that
both types of surfaces remain stable in ambient, at least for a short
time. The Cl 2p region conﬁrms that both surfaces are chlorinated
and that the surface reactive sites produced by the chlorination procedures are similar. Thus, both H–Si(1 1 1) surfaces prepared by the
RCA clean and by HF-dip undergo surface chlorination with PCl5
leading to similar chlorinated surfaces amenable to further modiﬁcation despite the fact that the starting H-terminated Si(1 1 1)
surfaces are dissimilar at the local atomic scale. This last observation has substantial practical implications since a wide range of
surface functionalities can be utilized for silicon substrates if the
Cl-terminated surface is obtained. It is possible that the atomically
rough H–Si(1 1 1) surface prepared by the HF-dip procedure undergoes different types of surface reactions compared to the atomically
ﬂat H–Si(1 1 1) surface prepared by RCA clean, but it is also
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Fig. 4. AFM images of the modiﬁcation of the Si(1 1 1) surface prepared by HF-dip procedure (left) and RCA clean (right). Top images shows the surfaces before alkene
modiﬁcation, middle images show the same surfaces modiﬁed with 1-decene and the bottom images show the surfaces shown in the top two images modiﬁed by 1-octadecene.

possible that some of the silicon dihydride and trihydride species
are eliminated during the PCl5 treatment, thus making the two
resulting surfaces chemically very similar. An overlayer–substrate
model was employed to estimate the chlorine coverage on both
silicon surfaces [29,30]. Based on Cl 2p and Si 2p spectra, 0.72 relative apparent monolayer Cl was produced on H–Si(1 1 1) surface
prepared by RCA (approximate 95.6% of the surface was occupied
by chlorine atoms [16,25,26]). Similarly, about 0.65 relative apparent monolayer Cl was produced on H–Si(1 1 1) surface prepared by
HF-dip method (approximate 86.0% of the surface was occupied by
chlorine atoms).
One of the interesting points that is also worth mentioning is
that if the RCA-prepared surface was subsequently dipped into HF
(the last step of HF-dip procedure), its electronic properties became
similar to the surface obtained entirely by HF-dip. This likely suggests that the surface reactions during the HF-dip procedure are
more “aggressive” compared to the modiﬁed RCA clean used here
and that the initial topography of the surface does not affect the
ultimate surface species formed, regardless of the speciﬁc surface
preparation procedure.

4. Conclusions and ﬁnal remarks
In this work we have investigated the chemical and electronic properties of H-terminated Si(1 1 1) surfaces prepared by
two commonly used surface preparation approaches: modiﬁed RCA
clean and HF-dip. The former exhibited a well-deﬁned chemical
behavior with essentially a single monohydride surface site leading to exclusive surface chlorination by PCl5 and the formation
of an exceptionally ordered SAM in a reaction with 1-alkenes.
The latter was shown to be atomically rough but to possess a
very attractive set of electronic properties. This surface prepared
with HF-dip procedure was shown to yield a very similar surface to that for RCA clean-prepared in a chlorination reaction
and also could produce a well-ordered SAM in a reaction with
1-alkene when a long-chain alkene molecule, 1-octodecene, was
used. It was shown that only local atomic structure and not the
topography of the H–Si(1 1 1) surfaces inﬂuences their chemical
properties and that the selected surface functionalization procedures could be used to produce chemically similar platforms
for further chemical functionalization of silicon regardless of the
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Fig. 5. AFM images and corresponding line-proﬁles of (a) H–Si(1 1 1) surface prepared by the modiﬁed RCA procedure and (b) the same surface modiﬁed with of 1-octadecene.

Fig. 6. XPS investigation of Cl–Si(1 1 1) surfaces produced by HF-dip ((a) Cl 2p edge and (c) Si 2p edge) and RCA ((b) Cl 2p edge and (d) Si 2p edge) surface preparation
procedures.
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method used to prepare H-terminated silicon single crystal as a
starting point.
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