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ABSTRACT: For over a quarter of a century the hydrogen-terminated HoH
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point for silicon surface modification chemistry. However, creating a well-  JEiEEEN iﬁnhi_i wﬂm
defined and stable interface based on Si—N bonds has remained elusive.

Despite the fact that azides, nitro compounds, and amines do lead to the formation of surface Si—N, each of these modification
schemes produces additional carbon- or oxygen-containing functional groups that in turn react with the surface itself, leaving
contaminants that affect the interface properties for any further modification protocols. We describe the preparation of a Si(111)
surface functionalized predominantly with Si—NH—Si species based on chlorination followed by the room temperature ammonia
treatment utilizing NH;-saturated tetrahydrofuran (THF). The obtained surface has been characterized by infrared spectroscopy
and X-ray photoelectron spectroscopy. This analysis was supplemented with DFT calculations. This newly characterized surface will
join the previously established H—Si(111) and Cl—Si(111) surfaces as a general starting point for the preparation of oxygen- and

carbon-free interfaces, with numerous potential applications.

H INTRODUCTION

Herein we report a method for preparing a Si(111) surface
terminated with —NH-— functionality by a wet chemistry
approach consisting of chlorination followed by the room tem-
perature treatment with ammonia-saturated solvent.

Elemental group IV semiconductors have had a tremendous
impact on the development of science and technology for over half
a century. As surface preparation for these materials started to play
more and more influential role in the performance of modern
devices, detailed protocols for the preparation of chemically
functionalized semiconductors started emerging. Arguably, the
hydrogen-terminated Si(111) single-crystalline surface has had the
most impact and has been the gold standard as a starting point for
silicon modification chemistry. Although this surface following its
preparation is susceptible to oxidation under ambient conditions,
it has proven to be sufficiently stable for chemical transformations
leading to a remarkably versatile set of linkages. These methods
include halogenation (—Cl and —Br)," alkylation to form Si—C
bond by reacting with 1-alkene through hydrosilylation induced by
thermal activation™ or UV-irradiation,*® functionalization with n-
aldehydes and alcohols to form Si—O—C self-assembled mono-
layers (SAMs),%” and a number of other approaches.® '® In
addition, it was discovered that chlorinated silicon surfaces could
react with Grignard reagents,11 thiols,'* and amines."?

Despite the fact that azides,"*"® nitro compounds,
nitrosocompounds,19 and amines®® %7 do lead to the formation
of surface Si—N on clean silicon, each of these modification
schemes introduces additional carbon- or oxygen-containing
functional groups that in turn react with the surface itself, leaving
contaminants that affect the interface properties for any further
modification protocols. More importantly, these currently avail-
able approaches to generate Si—N surface species lead to a
variety of products, making the design of uniform attachment
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schemes or contaminant-free interfaces with these surfaces as a
starting point essentially impossible. A well-defined and stable
Si—N interface free from oxygen and carbon could be important
from both a fundamental and an applied standpoint. It should be
pointed out that such a surface could provide the means to build
thin films and self-assembled monolayers without commonly
used Si—C bonds that are susceptible to oxidation, while
providing a versatile functionality for chemical modification
leading to a wide range of interfaces used in applications from
solid diffusion barrier films to biocompatible sensors. It could be
used for fabricating electronic devices (such as MOSFETs and
MEMS?®), and to enable the design of a variety of multilayer
structures for yet undiscovered future applications.

Some of the recent success in providing the desired amino
functionality is based on the reactions of ammonia with a clean
silicon surface in ultrahigh vacuum (UHV). For example, am-
monia reaction with a clean Si(100)-2 X 1 surface produces
selectively Si—NH, and Si—H species in UHV conditions at
room tempe1‘ature.29739 With temperature increasing to 500 K,
Si—NH, species start decomposing, which results in the inser-
tion of the N atom to the neighboring Si—Si dimer and the
formation of (Si),NH.*® However, the clean Si(100)-2 x 1
surface cannot be handled outside the UHV conditions. So far
the possibility to prepare oxygen- and carbon-free silicon surfaces
uniformly terminated with —NH,, functionalities by wet chem-
istry methods has remained elusive.

On the other hand, high-quality H-terminated silicon surfaces
can be prepared by wet chemistry methods and are stable for
some time under ambient conditions. Recent detailed vibrational
and mechanistic computational studies by Chabal’s group®'

Received:  June 3, 2011
Published: November 14, 2011

20769 dx.doi.org/10.1021/ja205140h |JA Am. Chem. Soc. 2011, 133, 20769-20777



Journal of the American Chemical Society

indicated that H-terminated Si(111) can react with gas-phase
ammonia. The thermal reaction became rather complex at
elevated temperatures. This reaction was shown to occur on an
atomically flat H—Si(111) surface, but depended substantially on
the surface morphology and defect structure. Exposing a hydro-
gen-terminated Si(111) surface to gas-phase ammonia formed
Si—NH, at first at 350 °C, then with temperature increasing to
400 °C the N atom inserted into Si—Si framework to produce a
Si—NH, layer.

If a chlorinated surface were used instead of H-terminated
Si(111), the reaction with ammonia would be expected to occur
substantially more readily than for H-terminated Si(111). It is
known that the reaction of gas-phase** or liquid ammonia**
and also primary and secondary amines***® with chlorosilanes is
extremely facile. Ammonia has been used with high selectivity in
cyclocondensation and condensation reactions with several different
compounds containing Si—Cl bond.*’~* The ammonia reaction
with surface —O—SiHCl, groups50 and the formation of silicon
nitride films from SiH,Cl, and ammonia®' suggest that this facile
reaction should be versatile and adaptable to a variety of conditions.

Several surface functionalization schemes using chlorinated
Si(111) surface as a starting point have already been developed.
One of the main problems commonly encountered is the effect of
water and oxygen on the quality of the surface produced. The
chlorine atoms on the silicon surface withdraw electron density
from silicon, making the surface susceptible to nucleophilic
reactions. Ammonia appeared to be a great candidate for such
a process, as long as it did not have to compete with oxygen-
containing nucleophiles. Finstad et al.>> showed that under UHV
conditions ammonia reacted with the Cl—Si(100) surface to
form primary amine and chlorine atom (NH,—Si—Si—Cl) at
lower temperature. With the temperature increased to 500—700 K,
secondary amines were produced. Finally, at 1100 K silicon
nitride is formed. The mechanism of the adsorption of ammonia
on a chlorinated Si(100) surface was studied through density
functional theory (DFT) calculations. The reaction between gas-
phase NH; and Cl—Si(100) was predicted to produce a primary
amine-terminated silicon surface and gas-phase HCI in an
endothermic process.”> A UHV study of several primary amines
on a chlorinated Si(100) surface and a solution study of chlorinated
porous silicon by Bergerson et al.'® suggested that it is possible to
replace surface chlorine atoms in a reaction with a primary amine.
Although the chlorine-terminated Si(100) surface or porous
silicon is certainly not as well-defined chemically as C1—Si(111),
the proposed reactions of amines with these substrates can
serve as a guideline for understanding similar reactions on a
Cl—Si(111) surface.

Arecent comparative study of the gas-phase ammonia reaction
on different halogenated Si(100) surfaces also warns against
blocking effects of the reaction products that may remain on a
surface and confirms that this type of a reaction should proceed
via a penta-coordinated silicon intermediate.”* The same study
compared the process on H-terminated Si(100) and Cl-termi-
nated Si(100) surfaces and suggested that the overall barrier on
the former is substantially higher than on the latter.

In contrast to Si(100), little research has been done to show
the reaction or mechanism of ammonia adsorption on chlori-
nated single-crystal Si(111) surfaces as prepared by wet chem-
istry. It should be advantageous to study this reaction on Si(111)
surfaces, because the starting point for chlorination, the hydrogen-
terminated silicon surface, is well-defined with nearly every
single Si—H bond oriented perpendicular to the surface plane.
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Figure 1. Schematic representation of the preparation steps to form a
Si(111) surface terminated with Si—NH—Si functional groups.
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Each Si—H reactive site on the Si(111) surface is occupied by mono-
hydride, which is different from the H—Si(100) surface that
normally has mono-, di-, and even trihydride species present.'**%
Chlorination of H—Si(111) surface with PCls has been demonstrated
previously by Lewis et al.">"~ A 99% surface coverage of chlorine
can be reached, with every monohydride site substituted by a
chlorine atom. The higher bond strength for Si—Cl (3.9 eV)
compared to that of Si—H (3.3 €V) suggests that thermodynamics
drives this transformation toward surface chlorination. Thus, it
appears that Cl-terminated Si(111) substrate in a reaction with
ammonia could deliver a carbon- and oxygen-free aminated surface.
However, a strategy for running such a reaction while avoiding
surface oxidation was needed.

In this present work, the reaction of ammonia-saturated THF
with chlorinated Si(111) surfaces was investigated. We report the
preparation (based on chlorination followed by ammonia
treatment) of a predominantly Si—NH—Si-terminated Si(111)
surface, as shown in Figure 1. Using the solvent saturated with
ammonia allows us to run this reaction at room temperature, as
opposed to the reaction with liquid ammonia that would require
cryogenic conditions.** The solvent provides unique versatility
from the practical perspective for running the synthetic mod-
ification under controlled conditions, especially when hi§h?7
reactive and somewhat difficult to handle ammonia is used.*’
It should be noted that this room-temperature ammonia treat-
ment avoids the thermal desorption of hydrogen from silicon and
the silicon nitride formation that are observed at temperatures
that are hundreds of degrees higher.

We utilized infrared spectroscopy (IR) to investigate the changes
of an Si—H monohydride site following chlorination, and then
following ammonia treatment. X-ray photoelectron spectroscopy
was used to confirm the formation of Si—Cl, and then, after exposure
to ammonia, to distinguish primary, secondary, and tertiary amine
species. Quantitative analysis of the XPS data was used to interrogate
the surface coverage of chlorine and the products of ammonia
treatment. Time-of-flight secondary ion mass spectroscopy (ToF-
SIMS) was employed to investigate the surface species formed on a
silicon surface after ammonia treatment. Finally, density functional
theory (DFT) cluster calculations were performed to compare with
the experimental XPS observations and to offer possible mechanisms
of ammonia reaction with a chlorinated Si(111) surface.

B EXPERIMENTAL SECTION

Materials. The n-type double-side polished Si(111) wafers (>0.1
ohm-cm resistance, 500 um thickness) were obtained from Virginia
Semiconductor. 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), hydrogen per-
oxide (Fisher, 30% certified ACS grade), buffer-HF improved (Transene
Company, Inc.), chlorobenzene (Acros), PCly (Aldrich), benzoyl per-
oxide (Acros), liquid ammonia (BOC Group), and THF (Fisher,
distilled from Na/benzophenone). The deionized water used to rinse
the surfaces and containers was from a first-generation Milli-Q water
system (Millipore) with 18 MQ - cm resistance.
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Experimental Details. Preparation of Hydrogen-Terminated
Si(111) Surface. The hydrogen-modified Si(111) surface was prepared
by a modified RCA cleaning procedure.** The Teflon beakers and
Si(111) wafers were cleaned in a solution of 4:1:1 Milli-Q water,
hydrogen peroxide, and ammonium hydroxide for 30 and 10 min,
respectively on an 80 °C water bath. After rinsing with Milli-Q water,
the clean wafer was etched in HF buffer 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. After that,
the rinsed wafer was etched in HF buffer solution again for 1 min,
followed by 6 min in ammonium fluoride solution to form a well-ordered
hydrogen-terminated Si(111) surface.

Preparation of Chlorine-Terminated Si (111) Surface. The chlorine-
terminated Si(111) surface was prepared by a previously described
procedure using PCl;.*® The solution of PCly in chlorobenzene solvent
with trace amount of benzoyl peroxide as reaction initiator was bubbled
through with nitrogen gas under N, atmosphere for at least 30 min to
remove gaseous impurities. This procedure was performed in a Schlenck
tube without using a glovebox. A hydrogen-terminated Si(111) wafer
was placed into this solution immediately after being blown dry with N,.
The entire setup was placed in an oil bath at 105 °C for 1 h to prepare the
stable chlorine-terminated Si(111) sample.

Preparation of Amine-Functionalized Si(111) Surface. The freshly
prepared chlorine-terminated Si(111) sample was immediately trans-
terred into an ammonia-saturated THF solution in a water bath at room
temperature. The ammonia/THF solution was prepared by condensing
liquid ammonia with a dry ice—acetone cold trap into distilled THF.
This solution was then warmed to room temperature in a water bath
under N,. The chlorinated silicon wafer was stirred in the ammonia/
THEF solution for 1 h to form an NH,-terminated Si(111) surface.

Characterization Techniques. X-ray Photoelectron Spectro-
scopy (XPS). The XPS spectra were collected on a PHI-5600 instrument
with a monochromatic Al Ka anode at energy of 1486.6 eV. The
measurements were performed in a vacuum chamber with a base pressure
of 1 x 10~ Torr. The takeoff angle was 45° with respect to the analyzer.
The survey spectra were collected over the energy range of 0—1000 eV.
The high-resolution spectra for each element, Si2p, O 1s, C 1s, Cl 2p, Cl 2s,
and N 1s were collected over the range of 20 eV using an X-ray voltage of
13.5 keV at 0.1 eV/step. The data analysis was performed using Casa
software. All peak positions and relative sensitivity factors were calibrated
to the C 1s peak, which was taken to have the binding energy of 284.6 eV.

Quantification of surface coverages of chlorine and ammonia was
performed on the basis of both survey and high-resolution spectra by
applying the substrate—overlayer model. This model was proposed by
Briggs and Seah,%® and described in detail by Lewis’ group.**®” Two
assumptions were utilized: (1) chlorine- or nitrogen-containing groups
are the closest to silicon substrate, and the adventitious hydrocarbon and
oxygen layer is on top of the chlorine or nitrogen overlayer; (2) all the
chlorine or nitrogen atoms in the overlayer are in the solid state. The
equivalent monolayer coverage of an overlayer species was calculated
from the relationship:

2 sin ©\ [ SF; N\ (Ioy

v = 0w () () »
aov SF, Ov Pov ISi

where @ is the overlayer coverage; A is the penetration depth (2.0 nm in

this instrument at 45° takeoffangle); 6 is the photoelectron takeoff angle
with respect to the analyzer (45°); ao, is the atomic diameter of the

overlayer species. ag, was calculated by the following equation:

A 1/3
aoy — O (2)
PoyNa

where Ao, is the atomic weight of the overlayer species: 35.45 and 14.01
for Cl and N atoms, respectively; and N, is Avogadro’s constant. SF is
the sensitivity factor: 0.90, 2.38, 1.70, and 1.69 for the Si 2p, Cl 2p, Cl 2s,
and N 1s peaks, respectively. p is the volumetric density, also called
atomic density: 2.0, 1.26, and 2.328 g/cm?, or 3.43 x 10%, 5.41 x 10%,
and 5.0 x 10*? atom/cm® for the Cl, N, and Si atoms, respectively.68 Iis
the integrated area under the overlayer or substrate peaks, as determined
by Casa XPS software.

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 range 4000—650 cm ™' with a 60° angle with respect to
the incoming infrared beam. 512 scans per spectrum and a resolution of
8 cm™ ' were used to collect all the spectra. The native oxide-covered and
hydrogen-terminated Si(111) wafers were used as backgrounds, as
indicated below.

Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS). A
ToF-SIMS instrument (ToF-SIMS IV, ION-TOF, Miinster, Germany)
was used to obtain static negative and positive spectra with a 25 keV
monoisotopicégGa ion beam. The mass resolution was m/Am = 10,000,
and the raster area of the Ga ion gun was 500 x 500 um” with the
resolution of 128 x 128 pixels. All primary gallium ion fluences were
below the threshold of 1 x 10" ions/cm? for static SIMS.

Computational Details. Density functional theory calculations
were performed using the Gaussian 09 suite of programs® with the
B3LYP functional and 6-311G+(d,p) basis set.” 7 A Si;;H,, model
including two Si—H reactive sites was used to compare with XPS
observations and to explore the possible surface reaction mechanisms;
the Si,;H,g model with three reactive sites and the Si;oH;¢ cluster with a
single surface reactive site were used to confirm the first step of this
mechanism, ammonia reaction with a chlorinated Si(111) surface. N 1s
core-level energy in the models were predicted using Koopmans’ theorem,
and the correction factor to the predicted core-level energy for N 1s was
found to be 8.06 eV on the basis of our previous investigations.” All of the
predicted N 1s energies from calculations in this work were corrected by
this factor and then compared with the experimental results.

B RESULTS AND DISCUSSION

Since the goal of this study was to obtain a selectively NH,-
terminated Si(111) surface by wet chemistry methods, it was
important to carefully follow each step in the preparation process
spectroscopically to ensure that the desired surface termination is
achieved. This also means that no single spectroscopic technique
would be sufficient for a complete characterization of each
modification step. As described below, we used vibrational
infrared spectroscopy to follow the preparation of H-terminated
Si(111), since the vibrational frequency of the Si—H stretch is
extremely sensitive to surface order and even can be used to
indicate the cleanliness of the preparation procedure. The same
technique was also used to analyze the NH,-terminated surface.
XPS was further utilized to interrogate surface coverage for ClI-
and NH,-terminated silicon surfaces and ToF-SIMS was used to
probe the chemical nature of surface-terminating species after the
final modification step.

Infrared Studies. Figure 2 summarizes the selected results of
infrared investigations of the N—H and Si—H stretching regions
of the silicon samples following the modification steps and also
shows the spectral region where 6(NH,) vibrations are expected.
The sharp Si—H stretching peak at 2083 cm ™', a signature of a
clean and well-ordered H—Si(111) surface shown in Figure 2a
fully disappears after chlorination, as shown in Figure 2b, and is
still absent following modification with NH; in anhydrous THF
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Figure 2. Transmission infrared spectroscopic studies of the Si(111) modification steps. The Si—H stretching and —NH, bending spectral regions are
presented for (a) Si(111) surface terminated with hydrogen; (b) Cl-terminated surface prepared by exposure to PCl; in the presence of benzoyl peroxide
initiator; (c) Si— NH—Si-terminated silicon surface prepared by exposure of Cl-terminated Si(111) to NH;/THEF. Spectra (a) use a clean silicon wafer
covered with a thermal oxide as a background. Spectra (b) and (c) use a single beam spectrum collected in (a) as a background. Schematic
representations of the proposed surface structures are provided on the basis of a computational cluster representing two neighboring surface silicon atom
sites. Gray - silicon, green - chlorine, white - hydrogen, blue - nitrogen. In the cluster models, hydrogen atoms terminating silicon atoms representing
subsurface are omitted for clarity. Left panel presents the N—H stretching region spectrum obtained on the basis of averaging five different experiments
for better signal-to-noise ratio. The expected vibrational frequencies for surface ~NH— and —NH, species obtained from computational models
described below are presented as solid bars (frequencies are scaled by a common scaling factor of 0.965).

in Figure 2c. Since the changes in the position of this peak are
very sensitive to the specific species observed on a surface, this
can also be used as a gauge of a uniform reaction. It is important
to note that nearly all the intensity of the Si—H stretch vibration
has disappeared within the signal-to-noise ratio of our experi-
mental setup. It is also important that nearly all the surface
hydrogen available before chlorination step is replaced with
chlorine.

It is well-known that the intensity of the stretch vibrations of
submonolayer NH, species on silicon is extremely small,**”* and
this spectroscopic region is rarely used for precise identification of
submonolayer species. Nevertheless, as shown in the left panel of
Figure 2, we did observe a relatively broad and weak stretchin%
vibrations corresponding to —NH,, species around 3500 cm
following ammonia treatment. Although the position of the main
observed feature at approximately 3367 cm ™' could be affected by
the presence of impurities adsorbed on this surface at ambient
conditions, it is clear that this major feature is consistent with the
vibrational frequency expected for surface -NH— groups accord-
ing to the computational result shown as a solid bar predicted for
surface models described below. This experimental result is also in
a drastic contrast with the doublet feature expected for symmetric
and asymmetric N—H stretching vibrations of the —NH, group
also illustrated in this figure. The presence of surface —NH,
groups as a minority cannot be ruled out, given the signal-to-noise
ratio in our experimental setup. In fact, some of the low-intensity
features recorded around 3500 cm ™" could originate from such
minority species. However, given that the absorption intensity for
primary amine species is substantially higher than secondary
amino groups investigated in similar chemical environments,”>”°
it is straightforward to infer that the majority of surface chemical

groups present on this ammonia-modified surface in our experi-
ments are —NH—. Even more importantly, no signature of NH,
bending modes, which at comparable coverages could be easily
observed in previous studies*"””””® was recorded for sample (c),
as shown on the right panel of Figure 2, which is consistent with
other analyses outlined below. Thus, the infrared spectroscopy
suggests that we have formed a well-ordered and clean Si(111)
surface terminated with hydrogen, removed all the hydrogen
atoms during the chlorination step, and following modification of
that chlorinated surface with ammonia in THF, surface —NH—
species were the predominant product.

X-ray Photoelectron Spectroscopy Studies. In order to
confirm the identity of the surface functional groups and to
quantify the concentrations of the species present on the silicon
surface following each modification step we used XPS to monitor
N 1s, Cl 2s, Cl 2p, and Si 2p spectral regions. We also collected
survey spectra for each sample studied. Representative Cl 2p
spectra of the Si(111) surface before and after ammonia mod-
ification are given in Figure 3. Since only one type of chlorine-
containing species is present on the surface following the
modification of the H—Si(111) sample with PCl; in the presence
of benzoyl peroxide, as evidenced in Figure 3a, and since the
infrared signature of hydrogen present on this surface disappears
following chlorination as shown in Figure 2, it is reasonable to
assume that a fully chlorinated Cl—Si(111) surface had been
prepared following the second step outlined in Figure 1. To
confirm this assumption, quantitative analsysis of the XPS spectra
was performed according to Lewis et al.>* We observed a very
similar value of the corrected intensity ratio between Cl 1s and Si 2p,
corresponding to approximately 99% of the Si(111) surface sites
occupied by chlorine atoms.
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Figure 3. XPS spectra of the Si(111) surface before and after ammonia
modification: (a) Cl 2p region; (b) N Is region; (c) Si 2p region
comparison for H- and Cl-terminated surface with those of Cl—Si(111)
exposed to NH3/THF treatment and also H—Si(111) left in air; (d)
zoom-in of the SiN, and SiO,, regions from (c), scaled for clarity.

We continued these studies after the exposure to ammonia in
THEF. We concluded that the N 1s feature at 397.6 eV in
Figure 3b indicated a Si—NH—Si functionality. The binding
energy that corresponds to the observed feature was compared to
the DFT predictions, as explained in detail in the DFT calcula-
tion part. The computational value” of 397.6 eV for the model
studied is in perfect agreement with the observed value. Even
more importantly, any surface nitrogen oxidation would shift the
observed peak by at least an electron volt toward higher binding
energy, as also summarized in the DFT computational investiga-
tion below. This is consistent with a very minor peak observed
above 399 eV, likely resulting from partial surface oxidation
during sample transfer. The assignment of the main observed
feature to Si—NH—Si, as opposed to Si—NH, is also based on a
detailed study by Bishoff et al,”” who reported a shift of N 1s
feature from 398.6 eV for Si—NH, species to 398.0 eV for
Si—NH—Si species on model surfaces in ultrahigh vacuum. To
further reinforce this assignment, quantitative analysis of the XPS
spectra of the ammonia-modified silicon surface was performed.
Comparison of the ratio of N 1s feature and Si 2p feature on the
ammonia-treated surface with that of the Cl 2p feature and Si 2p
feature on the Cl-covered Si(111) (where ~99% of the surface is

covered with Cl atoms) and utilizing the calibration approach
described by N. Lewis et al,,***”*" we determine that nitrogen
coverage on the ammonia-exposed surface is approximately half
that of chlorine on Cl—Si(111). The numbers based on repeated
experiments with different samples yield 55 £ 9% as a ratio of
nitrogen coverage on a treated Si(111) surface to chlorine
coverage on Cl—Si(111). It should again be emphasized that
according to the XPS data, all the chlorine is removed follow-
ing ammonia treatment. Thus, in an exchange reaction, one
Si—NH—Si group replaces two Si—Cl groups, consistent with
the reaction scheme outlined in Figure 1.

The analysis of the Si 2p spectrum in Figure 3c further
reaffirms these conclusions. There is no observable silicon sur-
face oxidation during our experimental procedure for obtaining
H-terminated and Cl-terminated Si(111) substrates. A spectrum
obtained following NH3/THF exposure exhibits a small feature
at 102.2 eV in addition to the familiar signatures of the clean
silicon surface. This feature corresponds to the minority SiN,
surface species. Although it could not be completely ruled out
that it encompasses both surface SiO, and SiN, species, the
majority of these species appear not to be affected by surface
oxidation. To reassure that the spectroscopic signature of the
surface nitrogen-containing minority species within the Si 2p
spectral region is different from the species resulting from surface
oxidation, Figure 3d zooms in the scaled spectral portion of the Si
2p region corresponding to surface oxides and nitrides. Clearly,
the SiO, species observed around 103 eV following H—Si(111)
surface oxidation in ambient are different from the SiN, species
observed at 102.2 eV following NH;/THF treatment of the
Cl-Si(111) surface. In fact, even if the scaled feature corre-
sponding to SiO,, species is subtracted from the Si 2p spectrum
collected following ammonia treatment, the intensity corre-
sponding to the minority SiN, feature would still be at least
4 times higher compared to the SiO, component. It may be
difficult to separate the surface Si—NH, and Si—NH—Si species
from the main features of bulk silicon in the Si 2p spectra.
However, the small feature observed at 102.2 eV may be either
the signature of a specific configuration of —NH— surface groups
or possibly a sign of a silicon nitride formation, for example, at
defect sites. It is worth emphasizing again that running the
reaction at room temperature avoids the thermal removal of
surface hydrogen and the formation of silicon nitride, as both
these processes occur above 700 K. The surface obtained by the
NH;/THF treatment is stable in the vacuum of the XPS
instrument, or for several days in anhydrous THF at room
temperature. If a pure THF is used in this experiment without
ammonia, no changes are observed to the Cl-terminated Si(111)
surface. One important observation is that if the surface exposed
to NH;/THF were covered predominantly with NH,-groups,
the Si2p region of the XPS spectra would be expected to exhibit a
different shape, with a feature corresgonding to a Og_n bond
appearing at approximately 101 eV.*"® However, zooming into
the leading edge of the Si 2p peak helps to rule out this possibility,
consistent with the conclusion that the surface produced by the
ammonia treatment of the chlorinated Si(111) single crystal
resembles surface silicon nitride (with —NH— functionality
inserted into a Si—Si bond) more closely than the NH,-
terminated silicon. Thus, on the basis of the quantitative XPS
analysis in combination with infrared studies, it can be concluded
that nearly every hydrogen atom on an ideally ordered H—Si-
(111) surface is replaced by a chlorine atom following PCls
chlorination procedure. Following chlorination, ammonia treatment
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Figure 4. ToF-SIMS negative-ion spectrum of Si(111) surface after
ammonia modification in the NH,, species range. The bottom panel
is a zoom-in of the SINH species spectral region with a comparison
of the spectra before (dashed line) and after (solid line) ammonia
modification.

replaces approximately every two surface chlorine atoms with
one nitrogen. The functionality formed during ammonia treat-
ment is not consistent with the presence of —NH, functional
groups but rather with some structure that is more similar to
surface nitride at nearly exactly half-monolayer coverage, or a
structure of a general form of Si—NH-—Si.

ToF-SIMS Studies. To verify the nature of the —NH,, species
present on a silicon surface following ammonia treatment we
used the high sensitivity ToF-SIMS within a mass-to-charge
range of 0—100 amu. Both positive and negative spectra were
collected for the samples before and after ammonia treatment but
only the negative ion spectra are shown in this paper since they
are more reliable in identification of nitrogen compounds.*®
Figure 4 presents the intensity differences before and after
ammonia treatment from 42.8 to 44.2 mass-to-charge range.
The Si—NH signature clearly exhibits the highest intensity.
Generally, ToF-SIMS cannot be used for a quantitative measure-
ment of a difference between closely related surface species;
however, if the ionization cross sections of the Si—NH and
Si—NH, species are similar, the intensity difference between
these species suggests that most of them are originated from
Si—NH-—Si and not from the Si—NH, surface species. To draw a
quantitative conclusion based on these data, the exact nature of
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Figure S. N 1s XPS spectrum of Si (111) surface following ammonia
modification (top), and the N 1s core-level energies predicted by DFT
calculations (solid bars) for the possible surface models. Surface functio-
nalization is represented by the top three clusters, potential surface
oxidation products are given by the next three models, the surface nitride
formation pathway that is only possible at elevated temperatures is
presented by the cluster at the bottom. Gray - silicon, white - hydrogen,
red - oxygen, blue - nitrogen. In the cluster models, hydrogen atoms
terminating silicon atoms representing subsurface are omitted for clarity.

the surface species present, their arrangement on a surface,
interaction with the incoming ion beam, and an ionization cross
section of the resulting species would have to be known, but this
observation serves as a supporting evidence of the majority of the
species present on a silicon surface following the ammonia
treatment being Si—NH—Si.

In agreement with the XPS spectra described above, and as
summarized in the bottom panel of Figure 4, ToF-SIMS studies
also indicate that, before the ammonia treatment, the intensity of
all the NH,-containing species coming from the surface is
essentially zero. However, after the reaction with ammonia the
Si—NH,, was definitely formed, and these species are predomi-
nantly of the Si—INH—Si type. Due to the exposure to ambient
conditions during the transfer process, minor carbon contamina-
tion was also detected, as shown in the same figure.

Computational Studies. From our XPS studies, only one
major peak at a binding energy of 397.6 eV, shown in Figure 3b is
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Figure 6. DFT investigation of possible mechanisms for the ammonia reaction with a Cl—Si(111) surface and possible surface reaction products
following initial chlorine replacement by an —NH, group. The energies reported in kJ/mol were obtained with B3LYP/6-311+G(d,p) computational
approach using Si;;H,, model cluster with two hydrogen atoms connected to the topmost silicon (representing the surface) replaced by appropriate
adsorbates. Gray - silicon, green - chlorine, white - hydrogen, blue - nitrogen. In the cluster models, hydrogen atoms terminating silicon atoms

representing the subsurface are omitted for clarity.

observed in high-resolution N 1s spectrum. This symmetric peak
was fitted by only one component, suggesting that only one type
of nitrogen-containing surface functionality was formed. The
observed binding energy is close to 398.0—398.1 eV, literature
values for secondary amine.”” ***"*** Compared to the litera-
ture value of 398.7””% reported for N 1s of a primary amine, the
peak observed in this study is 1 eV lower, which suggests that it is
highly unlikely that the majority species in our case is a primary
amine. In order to confirm this statement, we used density
functional theory to predict the binding energies of N 1s on the
basis of different chemical models, including primary amine,
secondary amine, and oxidized primary/secondary amine species.

All these computational studies are based on a cluster model
representing the two closest topmost silicon sites on the un-
reconstructed Si(111) surface. Selected results of the DFT study
are summarized in Figure S. The predicted N 1s binding energy
for two main possible Si—NH—Si geometries are 397.63 and
397.58 eV, which is the closest to the observed XPS value. The
model with primary amine groups has two closely spaced N 1s
binding energies around 398 eV. The difference in the predicted
core level energies for primary and secondary amine groups that
could be formed on a Si(111) surface is consistent with the
experimental studies presented above. It does support the
predominance of the Si—NH-—Si species. More importantly,
however, the studies of the model clusters representing possible
surface oxidation pathways with oxygen atoms inserted into the
Si—N linkage suggest that any of these species would cause the
N 1Is peak to shift by about 1 eV or even more to higher energy:
the N 1s binding energy for Si— NH—O—Si model was predicted
at 399.6 eV, and for Si—N(OH)—Si model was calculated to be
399.5 eV. Even when the oxygen atoms present on a surface are
not directly connected to nitrogen, the core level energy shift
would be expected to be easily observed in an experiment. In fact,
a barely visible feature observed above 399 eV in our experiments
most likely indicates the presence of oxidized surface species
produced on a sample during the transfer, consistent with a
minority species observed within the Si 2p spectral range. Thus,
the comparison of experimentally observed N 1s features and the
core level energies predicted computationally rules out the role of

surface oxygen in determining the nature of the majority species
on ammonia-modified surface.

Finally, some of the proposed structures containing the
Si—NH—Si functionality may appear highly strained. Extended
computational models should normally be employed to deter-
mine the mechanisms of surface reactions; however, several
important characteristics of this mechanism can be established
on the basis of the results of the computational studies involving
model clusters, as summarized in Figure 6. First, the replace-
ment of a surface Cl atom with an —NH, group is a slightly
endothermic reaction with a low barrier. The excess of a reagent
NH; shifts the equilibrium toward the formation of —NH,-
terminated surface kinetically, and the produced surface is
expected to be stable under mild conditions. In addition to the
Si;;H,y4 cluster shown in Figure 6, we have also performed
analogous calculations on a smaller model, Si;oH;s, and on a
cluster model representing three neighboring surface reactive
sites, Si;H,g, to confirm that the first step of the proposed
mechanism is not substantially affected by the neighboring
chlorine atoms. All the results are consistent, and additional
computational studies are presented in the Supporting Informa-
tion section. Following this first reaction step, the newly formed
—NH, group could react with a neighboring surface chlorine
atom. This reaction can proceed by HCI elimination and the
formation of a bond between the nitrogen atom and the topmost
silicon atom from which the chlorine was eliminated. However,
as suggested by the model, this pathway would be unfavorable
thermodynamically, even though it is possible that this structure
could be formed at room temperature. On the other hand, if
chlorine elimination is accompanied by the insertion of the
—NH— entity into the Si—Si backbond, thermodynamics of
such a process is slightly exothermic, as illustrated in Figure 6.
More extended structure calculations should be employed to
uncover the details of the mechanism and further surface
transformations but it seems that the backbonded —NH—
functionality is the most likely termination of the Si(111) surface
prepared by the ammonia treatment following chlorination. If
this process created an additional dangling bond following
chlorine elimination, another ammonia molecule could adsorb
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and react on such a site, possibly reflecting a slightly higher than
0.5 coverage of the —NH,, groups produced, as observed in our
experiments. Thus, it is clear that a number of additional studies
will be needed in the future to assess the long-range arrangement
of surface species and to determine the mechanism of nitrogen
insertion process. Further computational investigations of this
reaction should examine the role of coverage, defects, adsorbate—
adsorbate interaction and partial monolayers with various coad-
sorbed species, such as —NH, and —NH—. It has been shown
that the effects of coadsorbates could alter the stability and
energy barriers in similar insertion processes on Si(100) by
hundreds of kJ/mol and these profound effects should be taken
into consideration in further studies.>**® In addition, the surface
may undergo complex reconstructions following the ammonia
modification, which could alter the energy landscape substan-
tially and should be a subject of a separate study.

Il CONCLUSIONS

In this work, we have used wet methods to prepare a Si(111)
surface terminated predominantly with Si—NH—Si functional-
ity. The FTIR studies showed all the H-terminated reactive sites
were substituted after modification with chlorine and later with
ammonia. The Si—NH—Si species were identified by FTIR and
XPS, which was also used to quantitatively investigate the surface
coverages of chlorine and secondary amine. In addition, the XPS
spectra suggested that the Si(111) surface remained unoxidized
following modification. The surface Si—NH, species were also
identified by ToF-SIMS, and the results were consistent with
Si—NH—S:i species being dominant. Finally, on the basis of our
DFT calculations, the N 1s binding energy detected from XPS
was also consistent with the presence of Si—NH—Si surface
species. Our initial computational studies suggested that the
backbonded Si—NH—Si functionality is the most likely result of
the proposed functionalization procedure, and that the first step
of the transformation was ammonia reacting with a surface Si—Cl
group leading to HCI elimination. Precise characterization of the
new approach to preparing —NH,-terminated surfaces will
require further studies, both computational and experimental.
This newly characterized surface will join the previously estab-
lished H—Si (111) and C1—Si (111) surfaces as a general starting
point for the preparation of oxygen- and carbon-free interfaces
for numerous potential applications.
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