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Role of the dopant in silicon on the dynamics of a single adsorbed molecule
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We investigate the role of the dopant in silicon on the dynamics of a single adsorbed molecule. We dem-
onstrate that the dynamics of a single bistable molecule, a biphenyl molecule, adsorbed on a Si(100)-(2 X 1)
surface is markedly dependent on the silicon type of doping (p or n) even though the electronic excitation and
relaxation processes are unchanged. Both strongly and weakly chemisorbed individual biphenyl molecules are
shown to interact differently with p- or n-doped Si(100) surfaces, thus inducing different stabilities of the
adsorption configurations and different molecular dynamics. These effects rely on electrostatic interactions
between distributed charges inside the molecule and charged surface states. The described phenomenon, which
is a priori general, should be applicable to most of the molecules adsorbed on doped semiconductors having
surface states in their band gap. This result is anticipated to have important applications in molecular electronic

for positioning individual molecules with precision.
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I. INTRODUCTION

Doping lies at the heart of semiconductor physics and
technology.! Semiconductor optoelectronic devices have al-
ready reached the nanometer scale in the controlled spatial
concentration of dopants.> The development prospects focus
on implementing this semiconductor technology with single
molecule operation.z’5 Indeed, a number of optical, elec-
tronic, mechanical, and chemical functions have been re-
cently demonstrated on single molecules.®!¢ In this paper,
we show that the type of dopant (p or n) in silicon allows to
tune the dynamics of a single bistable molecule, a biphenyl
molecule adsorbed on a Si(100)-(2 X 1) surface. This effect
relies on electrostatic interactions between charges distrib-
uted inside the molecule and charged surface states. This
general phenomenon provides a method to control the move-
ments of molecules adsorbed on semiconductor surfaces by
using the semiconductor processing techniques.

II. EXPERIMENT

Clean Si(100) surfaces from n-doped (As, p
=0.004—6 Q cm) or p-doped (B, p=0.004—-6 () cm) silicon
substrates were prepared, as described elsewhere.!” Biphenyl
molecules were deposited on the Si(100) surface in the ultra-
high vacuum (UHV) preparation chamber while keeping the
silicon sample temperature at 350—400 K (strongly chemi-
sorbed configuration) or at 250 K (weakly chemisorbed con-
figuration). The silicon sample was then cooled down to 5 K
and transferred to a UHV low temperature scanning tunnel-
ing microscope (STM). All STM topographies and manipu-
lations were carried out at 5 K.

III. RESULTS AND DISCUSSION

As reported earlier,'820 the biphenyl adsorption configu-

ration can be selected by choosing the substrate temperature
during deposition. At 350-400 K, biphenyl molecules ad-
sorb in the strongly chemisorbed configuration, whereas at
250 K, biphenyl molecules adsorb in the weakly chemi-
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sorbed configuration. The exact transition temperature from
the strongly to the weakly chemisorbed configuration is not
known with precision. At room temperature (300 K), both
the strongly and weakly chemisorbed configurations could be
observed in the STM topographies.?’ Biphenyl molecules in
the weakly chemisorbed configuration were unstable and
were observed to oscillate through thermal activation at
room temperature (300 K).2° In their strongly chemisorbed
configuration, biphenyl molecules were observed to be fixed
at room temperature®® and a fortiori at low temperature'
during scanning with the STM. However, when adsorbed in
the strongly chemisorbed configuration, the biphenyl mol-
ecule could be switched with tunneling electrons from one
stable position (S;) to the other (S,) by applying a negative
surface pulse voltage (=3 V) (Ref. 18) [see Figs. 1(a)-1(d)].
This is the so-called bistable configuration. Although some
kind of thermally activated bistability has also been observed
for the weakly chemisorbed configuration,®® only the
strongly chemisorbed configuration whose bistability is acti-
vated by electronic excitation is actually recognized as a
bistable configuration.

The method for electronically inducing with the STM the
molecular switching of the biphenyl molecule in its strongly
chemisorbed configuration has been previously studied for
p-doped Si(100) surfaces.'® Here, we wish to investigate the
role of the type of dopant in silicon on the properties of this
bistable molecule, in particular, on its molecular dynamics.
The STM topographies of the bistable biphenyl molecule
(for any surface voltage in the —2 to +2 V range) are similar
whatever the substrate type of dopant [see Figs. 1(e) and
1(f)], although the STM imaging of the Si(100) surface itself
is known to depend on the type of dopant.”! However, the
molecular dynamics of the bistable molecule as probed by
recording the tunnel current during the pulse voltage is mark-
edly different for p-doped and n-doped silicon [see Figs. 1(g)
and 1(h)]. Numerous peaks are observed in the tunnel current
curve of the p-doped sample for time ¢ <t,,, f.,. being the
time of excitation before the molecule switches from S; to
S,. These peaks have been shown!® to correspond to the
movement of the molecule into a transient molecular con-
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FIG. 1. (Color online) Role of the type of dopant in silicon on
the bistable dynamics of biphenyl on Si(100). (b) and (d) are the
STM topographies (Vg=-2 V, I=0.2 nA) of a single biphenyl mol-
ecule before (S;) and after (S,) switching on a p-doped Si(100)
surface. The switching has been obtained by applying a negative
surface pulse voltage (-3 V for 2 s) with the STM tip located at the
dot position of (b). (a) and (c) are the schematic top view of the
biphenyl molecule on Si(100) in the S; and S, conformations, re-
spectively. (e) and (f) are the STM topographies (Vg=-2V, |
=0.2 nA) of a single biphenyl molecule in the S conformation on a
p-doped and an n-doped Si(100) surface, respectively. (g) and (h)
are the tunnel current as a function of time during the pulse voltage
for a p-doped and an n-doped Si(100) surface, respectively. The
drop of the tunnel current at time 7, is due to the switching of the
molecule from S; to S,. (i) and (j) are the STM topographies (Vg
=-2.5V, I=0.2 nA) of a single biphenyl molecule in the S, con-
formation on a p-doped and an n-doped Si(100) surface,
respectively.

figuration 7" which is too unstable to be imaged with the
STM. We emphasize that direct evidence of the existence of
the 7 transient configuration could be obtained by rapidly
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FIG. 2. Comparison of the switching yield (per electron) of a
biphenyl molecule as a function of the surface voltage for p-doped
and n-doped Si(100). Error bars are included in the size of the
triangles and circles.

scanning the STM tip along a single line scan.'® From the
width of the peaks in Fig. 1(g), the time the molecule ad-
sorbed on the p-doped silicon spends in the 7 transient state
has been found to be in the range 1-100 ms depending on
the tunnel current and surface pulse voltage. These peaks can
also be seen as black dashes in the STM topography when
recorded at a lower surface voltage [Fig. 1(i)]. Surprisingly,
no evidence of the transient 7 molecular configuration could
be observed with n-doped silicon [see Figs. 1(h) and 1(j)]
whatever the tunnel current and surface pulse voltage. Con-
sidering the bandwidth of our tunnel current detection (be-
low 1.3 kHz), we deduce that the time the molecule spends
in the transient 7 state is at least 2 orders of magnitude
smaller for n-doped than for p-doped silicon. This type of
dopant effect is very reproducible as the experiments have
been repeated several times with different STM tips and
samples.

The absence of any detectable molecular transient state
(7T) in the case of the n-doped silicon is indeed a puzzling
problem. A priori, it can be due either to different electronic
excitation and/or relaxation processes of the bistable biphe-
nyl molecule or to a different stability of the 7" molecular
state when going from p-doped to n-doped silicon. To com-
pare the electronic excitation and relaxation processes of the
molecule, we have measured the switching yield Y (S, —S,)
for switching the molecule from the S, state to the S, state as
a function of the surface pulse voltage for both p-doped and
n-doped silicon (see Fig. 2). The similitude between the two
curves in Fig. 2 has important consequences. The threshold
energy of the switching yield curves at 2.7 eV (Ref. 18) is
the energy of the molecular resonance involved in the elec-
tronic excitation process. This means that the resonance has
the same energy relative to the silicon Fermi energy for both
p-doped and n-doped silicon. This can be understood by con-
sidering Fermi level pinning by the surface states.”? The in-
tensities of the two yield curves in Fig. 2 are also similar.
This indicates that the whole sequence of electronic excita-
tion and relaxation molecular processes for switching the
molecule from §; to S, is identical for both types of silicon
doping. One can anticipate that, similarly, the electronic pro-
cesses for switching the molecule from S, to the transient T
state are identical for p- and n-doped silicon (although this
cannot be directly measured since the T state is not visible
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FIG. 3. Adsorption configuration of a biphenyl molecule on
Si(100) in the T state of the (a) strongly chemisorbed configuration
and in the (b) weakly chemisorbed configuration. Repartition of
charges inside the molecule is shown in each case. All the reso-
nance structures indicate a negative charge on the free phenyl ring.

with n-doped silicon). As a consequence, the absence of de-
tectable 7 states in the tunnel current with n-doped silicon
[Fig. 1(h)] is assigned to a decreased stability of the biphenyl
molecule in its 7 state when adsorbed on rn-doped silicon.
The unchanged stability of the S; and S, biphenyl molecu-
lar configurations and the decreased stability of the 7' con-
figuration with n-doped silicon are believed to be related to
the negative charging of surface states.»?? This induces a
surface electric field which is likely to influence the stability
and the dynamics of the molecule in its 7 configuration. In-
deed, in the S; and S, configurations, both phenyl rings of
the biphenyl molecule are considered to be strongly chemi-
sorbed to the surface.'®!%?* One phenyl ring (fixed phenyl
ring) is strongly bound through a single Si-C bond with a
dissociated hydrogen atom bound to the neighbour silicon
atom (Si-H bond). The second phenyl ring (mobile phenyl
ring) is chemically bound to the Si(100) surface in the but-
terfly configuration through two Si-C bonds.'$!%?* There-
fore, the molecule is strongly bound to the surface when
adsorbed in the S| and S, configurations and is unlikely to be
influenced by the surface electric field. This has to be com-
pared with the molecule in the T transient configuration [Fig.
3(a)]. In this case, only one phenyl ring (fixed phenyl ring) is
chemically bound to the surface through a Si-C bond. The
second phenyl ring (mobile phenyl ring) is not chemically
bound to the surface and will therefore undergo the influence
of the surface electric field.?* This effect is expected to be
markedly increased by the negative charge on the mobile
phenyl ring. Indeed, as shown in Fig. 3(a), the polarization of
the Si-C bond (which bound the fixed phenyl ring to the
surface) induces a negative charge on the carbon atom and
this is balanced by the delocalization of a negative charge on
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the mobile phenyl ring. The repulsive interaction between
this negative charge located on the mobile phenyl ring and
the negative surface charge explains the decreased stability
of the T configuration of the biphenyl molecule with n-doped
silicon. On p-doped silicon, the charge of surface states is
somehow more controversial. A downward band bending,
associated with a positive charging of surface states, has
been detected at low temperature on p-doped substrates but
was attributed to a small density of surfaces states which
could originate from defects.”> Since our surfaces have a
very low density of defects, the surface states on p-doped
substrates are likely to be neutral. In any case, the T configu-
ration is expected to be more stable on p-doped silicon than
on n-doped samples, as it is observed experimentally. It is
interesting to note that the type of dopant modifies the inter-
action between the molecule in its 7" configuration and the
surface whereas it does not seem to affect the measured elec-
tronic excitation processes (threshold energy and yield). This
can be explained by the fact that the potential energy surface
representing the surface dynamics of the molecule must have
a very shallow minimum for the 7T configuration. Since all
experiments are performed at 5 K, a very slight change of a
few meV of this minimum energy would be sufficient to
explain the change of stability observed when changing the
type of dopant. Such a small change of the interaction be-
tween the molecule and the surface might as well have no
measurable effect on the electronic excitation processes.

In order to further test our model of electrostatic interac-
tion between distributed charges inside the molecule and
charged surface states, we have investigated the interaction
of the weakly chemisorbed biphenyl molecule with p- and
n-doped silicon surfaces. The weakly chemisorbed configu-
ration has been assigned!® to one phenyl ring strongly inter-
acting with the Si(100) surface through two Si-C bonds in
the butterfly configuration®® and the second phenyl ring hav-
ing no chemical bond with the surface. As shown in Fig.
3(b), this configuration is somewhat similar to the T state of
the strongly chemisorbed configuration [Fig. 3(a)]. In both
cases, the unbounded phenyl ring is expected to bear a nega-
tive charge due to the polarization of the Si-C bonds and the
conjugation inside the molecule. It is therefore interesting to
investigate the influence of the type of dopant on the stability
of the weakly chemisorbed configuration. The weakly chemi-
sorbed biphenyl molecule does not exhibit any bistable
movement but rather diffuses across the surface when it is
electronically excited (Vy<-2 V) with the STM tip.?’ This
is mainly due to a weaker interaction with the surface as
compared to the strongly chemisorbed configuration. How-
ever, under imaging conditions (-2 V=Vy<+2 V), the
weakly chemisorbed biphenyl molecule does not diffuse
across the surface and can be imaged with the STM, as
shown in Fig. 4. In this case, the STM topographies are
completely different on p- and n-doped silicon, indicating
that the molecule interacts differently with these two sur-
faces. On the p-doped surface, the weakly chemisorbed bi-
phenyl molecule appears as a bright spot centered on the
silicon dimer line and some faint but fixed features nearby
[Fig. 4(a)]. The bright spot is assigned to one phenyl ring
chemisorbed in the butterfly configuration similar to the case
of benzene®® and the faint feature to the second phenyl ring
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FIG. 4. STM topographies (Vg=-2 V, I=0.3 nA) of a biphenyl
molecule weakly chemisorbed on (a) a p-doped and (b) an n-doped
Si(100) surface. The spiky appearance of some parts (surrounded by
circles) of the STM topography of the molecule adsorbed on the
n-doped Si(100) surface (b) indicates some movement of the mol-
ecule during the scanning.

interacting weakly with the surface. On the n-doped silicon
surface, the STM topography appears again as a bright spot,
but the faint feature nearby appears with dark dots, indicat-
ing that this part of the molecule is moving during the STM
scanning, due either to electronic excitation or to some elec-
tric field effect [Fig. 4(b)]. This STM topography is assigned
to the same adsorption configuration as for the p-doped sur-
face, i.e., one phenyl ring strongly chemisorbed (bright spot)
and a second phenyl ring in weak interaction with the sur-
face. However, the spiky appearance of the second phenyl
ring indicates that its interaction with the surface must be
weaker than on the p-doped surface. The stronger interaction
of the second phenyl ring with the p-doped surface is con-
firmed by the observation of buckled silicon dimers in the
vicinity of this phenyl ring. The increased instability of the
weakly chemisorbed biphenyl molecule on n-doped silicon is
similar to that of the transient 7 state of the strongly chemi-
sorbed bistable biphenyl. The explanation is also similar, i.e.,
a repulsive interaction between the negative charge of the
weakly interacting phenyl ring [see Fig. 3(b)] of the mol-
ecule with the negative charge of surface states of the
n-doped silicon.

We note that these differences between weakly chemi-
sorbed biphenyl molecules on p- and n-doped silicon could
not be observed in previous experiments.?’ Indeed, p-doped
silicon was studied only at room temperature where
the weakly chemisorbed biphenyl molecules oscillate
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under thermal activation.”’ The n-doped silicon was studied
at low temperature, however, with a low spatial STM
resolution.2?

IV. CONCLUSION

In conclusion, the dynamics of a single bistable biphenyl
molecule adsorbed on a Si(100) surface has been shown to
be strongly dependent on the type of dopant in silicon. Al-
though the electronic excitation and relaxation processes for
switching a single bistable molecule are similar for both
types of dopant, the stability of the transient 7 molecular
state is much reduced for n-doped silicon as compared to
p-doped silicon. This is ascribed to a repulsive interaction
between a negative charge on the mobile part of the biphenyl
molecule with the negatively charged surface states of the
n-doped surface. A similar phenomenon has been observed in
the STM topographies of the weakly chemisorbed configu-
ration of biphenyl molecules which exhibit instabilities in the
case of the n-doped silicon. This phenomenon is different
from the influence of the type of dopant previously observed
at the macroscopic scale in silicon etching?® or in the adsorp-
tion of Li atoms on the Si(111):H surface.” In the former
case, the chemical etching of highly boron doped silicon is
stopped due to the shrinking of the barrier height for the
penetration of electrons into the silicon substrate.?® In the
latter case, the specific adsorption sites of Li atoms observed
for n-doped silicon are assigned to the decreased electro-
chemical potential of n-doped silicon as compared to
p-doped silicon. Here, we have investigated the influence of
the type of dopant at the level of a single molecule. The most
surprising result is that the type of dopant does not affect its
electronic properties (electronic excitation and relaxation)
but rather its molecular dynamical properties through elec-
trostatic interactions with charged surface states. In addition
to its fundamental interest, this phenomenon, which enables
to select the dynamics and the adsorption stability of indi-
vidual molecules by tuning the type of dopant of a silicon
surface, may have very important applications. By using the
semiconductor industry processing techniques, one can pat-
tern silicon surface areas of different types of doping (n and
p).23 This could be used, for example, to adsorb molecules at
selected locations or to guide the movement of molecules
along selected paths across a surface. In the context of mo-
lecular electronics, new methods for accurately positioning
individual molecules can be anticipated.

ACKNOWLEDGMENTS

This work is supported by the European Integrated project
PICO-INSIDE (Contract No. FPG-015847) and the ANR
project N3M (Contract No. ANR-05-NANO-020-01). M.M.
also acknowledges support from the European Marie Curie
Foundation (Contract No. MEIF-CT-2003-502037).

125316-4



ROLE OF THE DOPANT IN SILICON ON THE DYNAMICS...

'S. M. Sze, Physics of Semiconductor Devices (Wiley-
Interscience, New York, 1981).

2T. Shinada, S. Okamoto, T. Kobayashi, and I. Ohdomari, Nature
(London) 437, 1128 (2005).

3P. G. Piva, G. A. Dilabio, J. L. Pitters, J. Zikovsky, M. Rezek, S.
Dogel, W. A. Hofer, and R. A. Wolkow, Nature (London) 435,
658 (2005).

4R. A. Wolkow, Annu. Rev. Phys. Chem. 50, 413 (1999).

SM. C. Hersam, N. P. Guisinger, and J. W. Lyding, Nanotechnol-
ogy 11, 70 (2000).

6X. H. Qiu, G. V. Nazin, and W. Ho, Science 299, 542 (2003).

77. Chen, J. Appenzeller, Y.-M. Lin, J. Sippel-Oakley, A. G. Rin-
zler, J. Tang, S. J. Wind, P. M. Solomon, and Ph. Avouris, Sci-
ence 311, 1735 (2006).

8], Repp, G. Meyer, S. Paavilainen, F. E. Olsson, and M. Persson,
Science 312, 1196 (2006).

L. Gross, K.-H. Rieder, F. Moresco, S. Stojkovic, A. Gourdon,
and C. Joachim, Nat. Mater. 4, 892 (2005).

10p A. Sloan and R. E. Palmer, Nature (London) 434, 367 (2005).

X, Lu, J. C. Polanyi, and J. A. Yang, Nano Lett. 6, 809 (2006).

12K -Y. Kwon, K. L. Wong, G. Pawin, L. Bartels, S. Stolbov, and T.
S. Rahman, Phys. Rev. Lett. 95, 166101 (2005).

Bp. L. Keeling, M. J. Humphry, R. H. J. Fawcett, P. H. Beton, C.
Hobbs, and L. Kantorovich, Phys. Rev. Lett. 94, 146104 (2005).

14B. Naydenov, P. Ryan, L. C. Teague, and J. J. Boland, Phys. Rev.
Lett. 97, 098304 (2006).

157, 1. Pascual, N. Lorente, Z. Song, H. Conrad, and H.-P. Rust,
Nature (London) 423, 525 (2003).

PHYSICAL REVIEW B 77, 125316 (2008)

16, Sainoo, Y. Kim, T. Okawa, T. Komeda, H. Shigekawa, and M.
Kawai, Phys. Rev. Lett. 95, 246102 (2005).

17D. Riedel, M. Lastapis, M. Martin, and G. Dujardin, Phys. Rev. B
69, 121301(R) (2004).

I8M. Lastapis, M. Martin, D. Riedel, L. Hellner, G. Comtet, and G.
Dujardin, Science 308, 1000 (2005).

19M. Mamatkulov, L. Stauffer, C. Minot, and P. Sonnet, Phys. Rev.
B 73, 035321 (2006).

204 7. Mayne, M. Lastapis, G. Baffou, L. Soukiassian, G. Comtet,
L. Hellner, and G. Dujardin, Phys. Rev. B 69, 045409 (2004).

2IK. Hata, S. Yoshida, and H. Shigekawa, Phys. Rev. Lett. 89,
286104 (2002).

22W. Monsch, Semiconductor Surfaces and Interfaces, 2nd ed.
(Springer, New York, 1995).

L. Liu, J. Yu, and J. W. Lyding, MRS Symposia Proceedings No.
705 (Materials Research Society, Pittsburgh, 2002), p. Y6.6.1.

24M. Martin, M. Lastapis, D. Riedel, G. Dujardin, M. Mamatkulov,
L. Stauffer, and P. Sonnet, Phys. Rev. Lett. 97, 216103 (2006).

25M. Weinelt, M. Kutschera, R. Schmidt, C. Orth, T. Fauster, and
M. Rohling, Appl. Phys. A: Mater. Sci. Process. 80, 995 (2005).

20W. A. Hofer, A. J. Fisher, G. P. Lopinski, and R. A. Wolkow,
Phys. Rev. B 63, 085314 (2001).

2TM. Lastapis, Ph.D. thesis, Orsay, 2005.

28H. Seidel, L. Csepregi, A. Heuberger, and H. Baumgartel, J. Elec-
trochem. Soc. 137, 3626 (1990).

297, J. Paggel, W. Mannstadt, C. Weindel, M. Hasselblatt, K. Horn,
and D. Fick, Phys. Rev. B 69, 035310 (2004).

125316-5



