
Journal of Physics: Condensed Matter

PAPER • OPEN ACCESS

Tip-induced β-hydrogen dissociation in an alkyl
group bound on Si(001)
To cite this article: A Adamkiewicz et al 2021 J. Phys.: Condens. Matter 33 344004

 

View the article online for updates and enhancements.

You may also like
The Atmospheric Circulation of Ultra-hot
Jupiters
Xianyu Tan and Thaddeus D. Komacek

-

Scanning-gate-induced effects and spatial
mapping of a cavity
R Steinacher, A A Kozikov, C Rössler et
al.

-

Tip induced mechanical deformation of
epitaxial graphene grown on reconstructed
6H–SiC(0001) surface during scanning
tunneling and atomic force microscopy
studies
José Antonio Morán Meza, Christophe
Lubin, François Thoyer et al.

-

This content was downloaded from IP address 134.176.66.200 on 30/08/2022 at 12:59

https://doi.org/10.1088/1361-648X/ac0a1c
https://iopscience.iop.org/article/10.3847/1538-4357/ab4a76
https://iopscience.iop.org/article/10.3847/1538-4357/ab4a76
https://iopscience.iop.org/article/10.1088/1367-2630/17/4/043043
https://iopscience.iop.org/article/10.1088/1367-2630/17/4/043043
https://iopscience.iop.org/article/10.1088/0957-4484/26/25/255704
https://iopscience.iop.org/article/10.1088/0957-4484/26/25/255704
https://iopscience.iop.org/article/10.1088/0957-4484/26/25/255704
https://iopscience.iop.org/article/10.1088/0957-4484/26/25/255704
https://iopscience.iop.org/article/10.1088/0957-4484/26/25/255704
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsv9hBUVOS5UVt_s2dSOUrQ4XHagB_TGAUXO60APqc1sTi-EipocUT-jo0hFRwaI9IEXJx501ChMUGXb0LKjwIyR3oogaKBInPzgyGh0wUdmuZD4SURHcORs6JQD0-4HgTkxrzhur0Aw0T4bDPoS87XA4pkhKWuUloaIIO9HuSk3YK-csannRmctRU_Rt_kPRW-3HYU_GX-qZwPtFdWs1BDSTNIEwHdgltxppxd7-bIHMac_nPmvzBhXpumJMgTqn7_cW__eNNTnwtXFsisFqnBqPbpSy2mdspKPWp7Y-9rUEA&sai=AMfl-YT89cMHtgi5diHkB3y_b2I2s_hAzFwB3914rHlfSbWP47zpGV3iuyny53X2Ez0p3nwY25VN6nboBvBKqi8&sig=Cg0ArKJSzEVLMnRqd-Ot&fbs_aeid=[gw_fbsaeid]&adurl=http://iopscience.org/books


Journal of Physics: Condensed Matter

J. Phys.: Condens. Matter 33 (2021) 344004 (6pp) https://doi.org/10.1088/1361-648X/ac0a1c

Tip-induced β-hydrogen dissociation
in an alkyl group bound on Si(001)

A Adamkiewicz1, T Bohamud1, M Reutzel1,2, U Höfer1 and M Dürr1,3,∗

1 Fachbereich Physik and Zentrum für Materialwissenschaften, Philipps-Universität Marburg, D-35032
Marburg, Germany
2 I. Physikalisches Institut, Georg-August-Universität Göttingen, D-37077 Göttingen, Germany
3 Institut für Angewandte Physik and Zentrum für Materialforschung, Justus-Liebig-Universität Giessen,
D-35392 Giessen, Germany

E-mail: michael.duerr@ap.physik.uni-giessen.de

Received 17 March 2021, revised 14 May 2021
Accepted for publication 10 June 2021
Published 1 July 2021

Abstract
Atomic-scale chemical modification of surface-adsorbed ethyl groups on Si(001) was induced
and studied by means of scanning tunneling microscopy. Tunneling at sample bias >+1.5 V
leads to tip-induced C–H cleavage of a β-hydrogen of the covalently bound ethyl
configuration. The reaction is characterized by the formation of an additional Si–H and a Si–C
bond. The reaction probability shows a linear dependence on the tunneling current at 300 K;
the reaction is largely suppressed at 50 K. The observed tip-induced surface reaction at room
temperature is thus attributed to a one-electron excitation in combination with thermal
activation.

Keywords: silicon surface, STM, tip-induced reaction, atomic-scale manipulation, organic
molecules, diethyl ether
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1. Introduction

Implementing surface chemistry on the nanoscale in the design
and fabrication process of miniaturized electronic devices may
open a wide range of possible applications [1–3]. By investi-
gating both the properties of the adsorption process and the
nature of surface reactions of adsorbed molecules, controlled
functionalization of semiconductor surfaces, in particular of
the technologically most important Si(001) surface, can be
realized [4–14].

One method to manipulate adsorbates on the molecu-
lar level is scanning tunneling microscopy (STM) [15–21].
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Often, these studies focus on tip-induced lateral or verti-
cal movement of an adsorbed species [22–26] or the reac-
tion from an intermediate into a covalently bound final state
[21, 27, 28].

Here, we study a complex tip-induced reaction scheme,
starting from a covalently bound adsorbate on Si(001)
(figure 1): ethyl species on Si(001), which are thermally stable
at room temperature, were manipulated by tip-induced exci-
tation resulting in new covalently bound final states. They
are characterized by a Si–C–C–Si entity accompanied by
a Si–H bond involving a Si atom of a neighboring dimer.
Tip-induced reaction takes place for an applied sample bias
of Ut > 1.5 V; above the threshold voltage, the reaction
probability depends linearly on the tunneling current, indi-
cating a one-electron excitation mechanism. At 50 K, the
reaction is largely suppressed. Thus, the dominant process at
300 K is assigned to a combination of electronic and thermal
excitation.
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Figure 1. Schematic representation of the two covalently bound
adsorption configurations of diethyl ether on Si(001) after ether
cleavage, asymmetric (A) and symmetric (S), and the tip-induced
reaction product. In the colored boxes, dark grey balls indicate
silicon dimer atoms, light grey balls silicon atoms in the second
(large) and third layer (small). Isolated dangling bonds are indicated
by white ellipses. In the pseudo-3D-schematics, only the dimer
atoms are represented by balls; dark grey balls indicate non-reacted
dimer atoms, black balls indicate reacted silicon atoms, and white
balls non-reacted Si atoms on a dimer next to a reacted Si atom. The
A and S configurations represent the starting configurations of this
study. Tip-induced excitation leads to a surface reaction involving
the ethyl species of these configurations. The resulting reaction
products extend over three Si dimers.

2. Experimental

The experiments were performed in an ultrahigh vac-
uum chamber (OMICRON VT-STM) with a base pressure
<1 × 10−10 mbar. The n-doped Si samples were oriented
within 0.25◦ along the (001) direction. Pristine sample surfaces
were obtained by degassing at 700 K and applying repeated
heating cycles to surface temperatures above 1450 K. With
cooling rates of about 1 K s−1, a well ordered 2× 1 reconstruc-
tion was obtained [29, 30]. The low temperature measurements
were performed by cooling the sample with liquid helium to a
surface temperature of Ts ≈ 50 K. Diethyl ether was dosed via
a leak valve up to a coverage of 0.01 ML (1 ML represents one
diethyl ether molecule per Si dimer).

3. Results

Molecular configurations which are obtained after adsorption
of diethyl ether at room temperature served as the starting point
of this investigation. Adsorption of the ether molecules pro-
ceeds via a datively bound intermediate state [31, 32]. At room
temperature, thermal activation induces ether cleavage, result-
ing in two possible final states, asymmetric (A) and symmetric

Figure 2. (a) and (b) Ball-and-stick models of the starting
configurations A and S as shown in figure 1. The configurations are
deduced from XPS results as indicated (taken from reference [31])
in combination with STM images as shown in (d) and (e): STM
images (6.4 × 6.4 nm2, Ut = 0.8 V, It = 2.0 nA, Ts = 300 K) of
diethyl ether reacted on Si(001). (d) Shows the area before and
(e) after a scan at 2.5 V and 2.0 nA. Before the reaction, each
configuration comprises two dimers (d). The reaction products
extend over three Si dimers (dashed ellipses in (e)). In the 2D
schemes in (c) and (f), the configurations before and after the
2.5-V-scan are shown. Black and white circles represent saturated Si
atoms and Si atoms with isolated dangling bond, respectively.

(S) (figures 2(a) and (b)). These configurations are charac-
terized by –OCH2CH3 and –CH2CH3 fragments bound to Si
dimers of neighboring dimer rows, as deduced from a detailed
study combining x-ray photoelectron spectroscopy (XPS) and
STM [31]. From the STM images, one deduces that the two
molecular fragments are located either next to each other (con-
figuration S) or with one Si atom in between (configuration
A) [31]: the bright features in the STM images, which are
assigned to isolated dangling bonds next to a reacted Si atom
[31, 33], are either located on the outer dimer atoms (configu-
ration S, figures 2(d) and (f)) or at one inner and one outer
atom of the dimers involved (configuration A, figures 2(c)
and (d)). Both configurations are the direct product of the
ether cleavage process as they do not change when tunnel-
ing at negative sample bias or moderate positive sample bias
(< 0.5 V) [26, 31].

In figures 2(d) and (e), a pair of subsequent STM images
is shown, the change of the observed configurations at higher
tunneling voltage indicates tip-induced reactions of the adsor-
bates on the surface. In detail, figure 2(d) shows both a sym-
metric and an asymmetric configuration. Scanning the area
with Ut = 2.5 V and It = 2.0 nA led to tip-induced surface
reactions as indicated in figure 2(e). In both cases, one of the
diethyl ether fragments is manipulated, resulting in a feature
extending over two dimers of the same dimer row: a suppres-
sion of dangling bonds at the dimer where the brighter fea-
ture was originally located and a bright feature on a neighbor-
ing dimer atom of the same dimer row. The dimension along
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Figure 3. Consecutive STM images ((a) to (c), 4.1 × 4.1 nm2, Ts =
300 K) and respective 2D schemes (compare figure 2) of the surface
((d) to (f)). In (b), a tip-induced reaction takes place when the tip is
scanning a line which crosses the adsorbate (horizontal scan
direction of the single lines as indicated by the orange arrow). As the
scan was performed with the horizontal scan lines starting at the
bottom, the lower part of (b) shows the adsorbate in the initial
configuration and in the upper part of (b), the adsorbate is imaged in
the final configuration. The conversion has occurred when scanning
the line which is indicated by the orange arrow (e).

the row of this tip-induced feature is 4.2 ± 0.5 Å, in good
comparison to the distance between two Si dimers of 3.85 Å
[34].

The tip-induced modification as observed in figure 2 takes
place only when the tip is in the close vicinity of the molecular
configuration: when we analyze the raster scans at increased
bias which initiated the tip-induced reaction, many of the so-
called split-features can be observed (figure 3). These split-
features are signatures which are divided into two parts; they
show one part of the configuration in the state before the reac-
tion took place and the second part of the configuration in the
state after the reaction has occurred. Thus they indicate that
the reaction took place with the tip being localized close to the
configuration. The ratio of split-features to non-split-features
at 300 K was observed to be 0.7:1, pointing towards a small
radius of the area around the adsorbed molecular fragments in
which tip-induced excitation of the surface states is effective
in inducing the observed reaction.

STM images of the reaction product that explicitly
show the suppression of two additional dangling bonds
are shown in figures 4 and S1 (https://stacks.iop.org/
JPCM/33/344004/mmedia) of the supporting information.
Since in the final products two more Si atoms are satu-
rated when compared to the initial configurations S and A, a
mere movement of the molecular fragment can be excluded.
The dark area at the position of the dimer on which the
ethyl fragment was bound prior to excitation is interpreted
as two saturated Si atoms. The single bright feature on the
neighboring dimer can be understood as an isolated dangling
bond of one dimer atom which arises due to the saturation
of the second dimer atom in the course of the tip-induced
reaction [21, 31, 33].

In figure 2(d), the isolated dangling bond signatures of the
asymmetric configuration are of unequal brightness. For A-
configurations, the tip-induced reaction was only observed for
the fragment corresponding to the brighter dangling bond fea-
ture. The latter was assigned to the ethyl entity based on its

Figure 4. Consecutive STM images (4.5 × 4.5 nm2, Ut = 2.3 V,
It = 0.5 nA, Ts = 300 K) showing the conversion from asymmetric
configuration A in (a) to symmetric configuration S in (b), followed
by a tip-induced surface reaction leading to the final configuration in
(c). In the schemes (d) to (f), red, dark grey, and small white circles
represent O, C, and H atoms, respectively. Isolated dangling bonds
are depicted as white ellipses. The final product is shown with the
C2H4 unit in a two-dimer (left) or one-dimer configuration (right).
For details see main text.

position on the dimer and taking into account the reaction path-
way of diethyl ether on Si(001) via a datively bound interme-
diate: after ether cleavage, the ethoxy fragment remains at the
position of the datively bound intermediate and the ethyl frag-
ment binds either to the closest silicon atom on the dimer of
the neighbored dimer row (configuration S) or to the Si atom
of this dimer which is on the far side of the ethoxy entity (con-
figuration A) [31]. In configuration A, the two fragments can
thus be unambiguously assigned.

The sequence of STM images shown in figure 4 also allows
identification of the different parts of the symmetric config-
uration shown in figure 4(b) as it starts from an asymmetric
configuration as shown in figure 4(a). From (a) to (b), the con-
figuration has changed due to hopping of the ethyl fragment
on-top of one dimer, leading to the observed symmetric con-
figuration. Such a hopping process is observed for about one
out of 5 configurations per scan at the given tunneling condi-
tions [26]. In figure 4(c), the configuration is observed after
a surface reaction has been induced. Thus, also in this case,
starting from a symmetric configuration, we can clearly assign
the reaction to the Si–CH2CH3 entity. At this point, we would
like to note that in most of the observed conversions start-
ing with configuration A the modification proceeds without
configuration S as an intermediate (compare figure 2 with the
different final states). Furthermore, the induced modifications
are independent on the relative orientation between configura-
tions and scan direction. Taking all observations into account,
we conclude that the observed tip-induced surface reaction is
exclusively featuring the ethyl fragment of both the S and A
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Figure 5. Reaction probability in terms of the relative number of
conversions N/N0 (N: number of conversions, N0: initial number of
configurations) after one scan as a function of positive bias voltage
at T s = 300 K for It = 0.5 nA and It = 2.0 nA. Symbols: data; lines:
exponential fits. The higher tunneling current results in an overall
increased probability for the conversion process. In the inset, the
data for It = 0.5 nA are multiplied by a factor of 4 to account for the
reduced number of tunneling electrons in comparison to the
2.0-nA-data.

configurations. This conclusion holds for both the experiments
at 300 K and 50 K.

As two more silicon atoms are saturated in the final config-
uration, a covalent bond in the adsorbed species has to be bro-
ken. Taking into account the geometric constraints, the most
obvious scenario involves tip-induced cleavage of the C–H
bond of a β-hydrogen atom, which results in an additional
Si–H and Si–C bond. Two configurations are then compatible
with the number and spatial distribution of quenched dangling
bonds as sketched in figure 4(f): either with the C2H4 unit on-
top of one dimer or in the so-called endbridge configuration on
two neighbored dimers. Both configurations are known to be
stable adsorption configurations of C2H4 (ethylene) on Si(001)
[30, 35, 36]. In line with the on-top configuration is another
configuration which consists of four saturated dangling bonds
in a row (figure S2). This configuration, which was rarely
observed, can be interpreted as a one-dimer Si–CH2–CH2–Si
species with the additional hydrogen atom being bound to the
closest silicon atom of the next dimer row.

The mechanism of the observed tip-induced surface reac-
tion was further investigated by means of the dependence of
the reaction probability on sample bias and tunneling current.
In figure 5, the bias dependent measurements of the reaction
probability are shown for Ts = 300 K. The data reveal a thresh-
old voltage of Uth ≈ 1.5 V. Above the threshold, the reaction
probability shows a nonlinear dependence on bias voltage. The
dependence for It = 0.5 nA and 2.0 nA is comparable when the
data are normalized with respect to the applied values of the
tunneling current (figure 5, inset).

In figure 6, the reaction probability is shown as a function
of the tunneling current for Ut = 2.5 V. At 300 K, a linear
dependence on the tunneling current is observed in the current

Figure 6. Relative number of conversions N/N0 after one scan as a
function of the tunneling current at 2.5 V sample bias for Ts =
300 K and 50 K. The red line shows a linear fit to the data at 300 K.

range investigated, indicating a one-electron process. With an
estimated radius of 0.5 nm for the area in which the electronic
excitation can induce the observed reaction, we calculate an
efficiency of about 10−10 reactions per tunneling electron. At
50 K surface temperature, a significantly lower and constant
reaction probability was observed in the same range of tunnel-
ing current values (figure 6). In all cases, we found the process
to be irreversible under the given experimental conditions.

4. Discussion

In the following, we want to discuss and further interpret the
experimental findings on the tip-induced reaction of a surface-
adsorbed ethyl entity on Si(001). One first might think on a
direct excitation of the ethyl entity, e.g. by electron attachment.
However, the observed threshold voltage of Uth ≈ 1.5 V in
the data of figure 5 is too small for direct electron injection
into molecular states of the adsorbates taking into account a
large HOMO–LUMO separation and level alignment similar
to related systems [21, 37, 38]. Therefore, the tip-induced pro-
cess is likely to involve electrons tunneling into surface states
of the substrate.

However, this excitation is only effective in the close vicin-
ity of the adsorbed ethyl group as we deduce from the obser-
vation of many of the so-called split-features (figure 3) which
indicate that the reaction took place with the tip being localized
close to the configuration.

The interpretation of a substrate-mediated one-electron
excitation mechanism via electron injection into substrate sur-
face states is then further supported by the fact that no reaction
processes were observed with negative sample bias at 300 K.

The largely suppressed reactivity at 50 K indicates that, in
addition to the electronic excitation, thermal activation is nec-
essary for this tip-induced surface reaction. Thermally assisted
one-electron excitation leading to bond dissociation was also
reported in the context of other systems, e.g. in the case of
C–Cl bond cleavage of chlorobenzene on Si(111) [39].
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The remaining, low reaction probability observed at 50 K
does not show any dependence on the number of incident elec-
trons. It is attributed to a minority species of adsorbates, for
which the reaction can be induced with much less thermal
activation. According to the number of configurations reacted
at 50 K, this minority species accounts for less than 3% of
the initial configurations. Field-induced effects, which are also
largely independent of the tunneling current [26], can be ruled
out: also at 50 K, we observe the process to take place only with
the tip very close to the adsorbate, in contrast to the non-local
character of field-induced processes [26, 40, 41].

The tip-induced reaction studied here for ethyl groups on
Si(001), which are part of the reaction products of diethyl
ether on Si(001), was not observed in the case of tetrahy-
drofuran reacted on Si(001) [21]. This might be a result of
the more restricted configuration of the β-carbon atom due to
the dual-tethered final configuration of tetrahydrofuran after
ether cleavage on Si(001), which bridges two dimer rows
[37]. In contrast, the –CH2CH3 fragment studied here has a
high degree of freedom in terms of molecular configurations.
This gives further indication that the H and C atoms have
to be in a certain configuration, most likely in close vicinity
to the surface, in order to efficiently interact with the dan-
gling bonds as a prerequisite for the tip-induced reaction to
occur.

The latter might be associated with β-hydride elimination
well-known in organic chemistry, induced by electron injec-
tion into a close-by dangling bond state and followed by a
[2 + 2] cycloaddition of the generated C=C double bond.
Independent of the details of the mechanism, however, a con-
certed process is most likely for the observed surface reaction,
comprising the dangling bonds, the β-carbon, and the reacting
β-hydrogen.

5. Conclusions

We have shown tip-induced C–H cleavage at the β-carbon
of ethyl groups adsorbed on Si(001). The process was found
to be substrate-mediated and at 300 K, the underlying mech-
anism is a combination of one-electron excitation and ther-
mal activation. In a most likely scenario, the tunneling elec-
trons are injected into the dangling bond of the respective
Si atom while thermal activation of the molecular adsorbates
and/or the neighbored dimers leads to the reactive configu-
ration, altogether enabling C–H cleavage at surface-adsorbed
C2H5 species. Starting from a stable, covalently bound config-
uration, the process allows to induce new configurations which
can be controlled on the atomic scale by means of temperature,
bias voltage, and tunneling current. Among others, the con-
trolled bridging of Si dimers with alkanes or other hydrocarbon
chains might be employed for building logic architectures on
Si(001) on the molecular scale.
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