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B
ecause of the ongoingminiaturization
of semiconductor devices, molecular
electronics is foreseen as a possible

way to assemble functional molecules on
silicon to form hybrid silicon-molecular
electronics.1�10 In this perspective, func-
tional organic molecules on silicon surfaces
are promising candidates as they can be
implemented in the existing technology for
fabrication of silicon-based micro- and nano-
structured devices.11�15 Although a lot
of works have been done on the assembly
of molecular structures on silicon or silicon-
based surfaces,16�22 the electronic proper-
ties of such silicon-molecular systems are
mainly studied separately by considering
either the Si substrate or the adsorbed
molecules. Only a few of previous works
have been done on the electron transport
between molecules and Si electrodes by
considering both of their electronic proper-
ties. For example, styrene, cyclopentene,
and 2,2,6,6-tetramethyl-1-piperidinyloxy
molecules on Si lead to a negative differen-

tial resistance (NDR),23�25 where the occur-
rence of NDR was explained by using a

model of resonance between the molecular

level and the energy bands of Si when the

molecular level moves in and out of align-
ment with the band edges under the ap-

plied electric fields.26 However, it was still

argued that for instance, the frontier energy

levels of cyclopentene on the p-type Si(001)
are calculated to be independent of the

applied electric fields due to the strong cou-

pling of the molecule to the Si substrate.27

Because of the existence of the dangling
bonds on bare silicon surfaces, the elec-
tronic properties of adsorbed molecules
can be strongly modified by the inter-
actions between molecules and silicon
surfaces,28,29 and the molecules can even

be dissociated.30,31 Alternatively, passivated
silicon surfaces, such as the Si(100):H
surface,32 Si(111)-

√
3 � √

3-B surface,33

and Si(111)-
√
3 � √

3-Ag surface (abbre-
viated as R3-Ag/Si),34�40 were introduced
as inert supporting surfaces for molecular
structures, while the effect of the intrinsic
electronic properties of the surfaces was
seldom taken into consideration in such
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ABSTRACT

It has been a long-term desire to fabricate hybrid silicon-molecular devices by taking

advantages of organic molecules and the existing silicon-based technology. However, one of

the challenging tasks is to design applicable functions on the basis of the intrinsic properties of

the molecules, as well as the silicon substrates. Here we demonstrate a silicon-molecular

system that produces negative differential resistance (NDR) by making use of the well-defined

intrinsic surface-states of the Si (111)-
√
3 � √

3-Ag (R3-Ag/Si) surface and the molecular

orbital of cobalt(II)�phthalocyanine (CoPc) molecules. From our experimental results

obtained using scanning tunneling microscopy/spectroscopy, we find that NDR robustly

appears at the Co2þ ion centers of the CoPc molecules, independent of the adsorption

configuration of the CoPc molecules and irrespective of doping type and doping concentration

of the silicon substrates. Joint with first principle calculations, we conclude that NDR is

originated from the resonance between the intrinsic surface-state band S1 of the R3-Ag/Si

surface and the localized unoccupied Co2þ dz2 orbital of the adsorbed CoPc molecules. We

expect that such a mechanism can be generally used in other silicon-molecular systems.

KEYWORDS: hybrid silicon-molecular electronics . negative differential
resistance . surface-states . Si(111)-

√
3 �

√
3-Ag . cobalt(II)�phthalocyanine .

scanning tunneling microscopy/spectroscopy . density functional theory
calculation
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systems.41 The R3-Ag/Si surface is one of the most
studied passivated surfaces. Actually, the R3-Ag/Si
surface possesses well-characterized surface-state
(SS) bands, S1, S2, and S3, near the Fermi level (EF).

42,43

The SS band S1, with its bottom located at around
0.3 eV below the EF, is highly upward dispersive and
partially filled by electrons, irrespective of doping type
and doping concentration in the bulk, so that the bulk
bands bend upward in the space-charge layer (SCL),
and the EF of the surface is pinned by the SS band
S1.

44�50 The SS bands S2/S3 (degenerated at the Γ

point) locate at around 1.1 eV below the EF, and an
energy gap of 0.7 eV opens up between S1 and S2/S3
bands.42�50We have observedNDR on the bare R3-Ag/
Si surface due to the interplay of the localized S2/S3
states and the SCL; however, the appearance of NDR is
highly dependent on several factors, for example, the
specific sites of the surface, the doping concentration
of Si substrate, and the measuring temperature.51

It remains an open question if one can make use of
such surface states to design reliable silicon-molecular
devices.
Here we demonstrate that by depositing cobalt(II)�

phthalocyanine (CoPc) molecules on the R3-Ag/Si
surface, the NDR effect is produced robustly at the
central Co2þ ion, which is attributed to the resonance
between the SS band S1 of the R3-Ag/Si surface and
the localized Co2þ dz2 orbital of the adsorbed CoPc
molecules. Moreover, it is found that the polarity of the
NDR shows no dependence on the doping type of Si
substrates. Conceptually, one can generally make use
of the intrinsic surface states of a passivated silicon
surface to design hybrid silicon-molecular devices by
choosing functional molecules with proper electronic
structures.

RESULTS AND DISCUSSION

Observation of NDR at Co2þ Ion Centers of Adsorbed CoPc
Molecules on R3-Ag/Si. Figure 1a shows a representative
STM image of CoPc molecules adsorbed on a R3-Ag/Si
surface. The CoPc molecules adsorb flat-lying on the
surface, exhibiting the four-leaf pattern with the pro-
truded Co2þ center. The orientations of the molecules
can be dominantly divided into three groups. In these
adsorption configurations, one of the symmetry axes
of eachmolecule tilts clockwise by 15�, 45�, or 75�with
respect to the [112] direction of the R3-Ag/Si surface
(see Supporting Information). Considering the 3-fold
symmetry of the R3-Ag/Si surface and 4-fold symmetry
of the CoPc molecule, we find that these different
orientations are symmetrically equivalent, that is, the
CoPc molecules have almost a determined orientation
with one symmetry axis tilting by 15� from the Æ112æ
directions, whereas the adsorption sites of the CoPc
molecules show variations from one molecule to an-
other. Figure 1b shows a magnified STM image of four

CoPc molecules in different adsorption configurations,
superimposed with the lattice of the R3-Ag/Si
surface43,48,52�54 and the CoPc structural model. The
four molecules shown in Figure 1b lie with their Co2þ

ion centers on top of the Ag atom or on the center of
the Ag triangle, and with orientation of (15� with
respect to the [112] direction of the R3-Ag/Si surface.

We measured the current�voltage (I�V) curves by
locating the STM tip at the Co2þ ion centers and the
benzene lobes of CoPc molecules on a lightly doped
n-type wafer (sample no. 1). Figure 1c shows represen-
tative I�V curves measured at the Co2þ ion centers of
the four CoPcmolecules in Figure 1b,measured at 80 K.
It is observed that the Co2þ ion centers exhibit theNDR,
with the current peaks at around �1.1 V. The peak
position of the NDR (NDR positions) and the peak-to-
valley ratio just slightly vary with the different locations
of the Co2þ ion centers with respect to the R3-Ag/Si
lattice. In contrast, the I�V curve measured at the
benzene lobe of CoPc molecule only shows a shoulder
feature at around �1.3 V, giving nearly the same
feature as the one at the R3-Ag/Si surface. The shoulder
feature in the I�V curves taken at the R3-Ag/Si surface
(and similarly at the benzene lobe) is attributed to the

Figure 1. (a) STM image of CoPc molecules adsorbed on an
R3-Ag/Si surface with lightly doped n-type wafer. (b) Mag-
nified STM image showing four CoPc molecules with differ-
ent adsorption configurations. The lattice of the R3-Ag/Si
surface and CoPc structural model are superimposed in the
image. (c) Representative I�V curves measured at the Co2þ

ion centers and the benzene lobe of CoPc molecules shown
in panel b, in comparison with the I�V curve taken at the
R3-Ag/Si surface. Acquired at �2.2 V, 0.2 nA, at 80 K. (d)
Representative I�V curvesmeasuredat the Co2þ ion centers
of CoPcmolecules on R3-Ag/Si surfaces of different samples
at 80 K: (1) lightly doped n-type Si wafer (�2.2 V and 0.2 nA),
(2) lightly doped p-type Si wafer (�2.15 V and 0.1 nA), and
(3) heavily doped n-type Si wafer (�2.0 V and 0.2 nA). The
blue arrows mark the shoulder feature of the I�V curves
correspondingly taken from the R3-Ag/Si substrates. The
curves taken from different samples are shifted from each
other for clarity.
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contribution of the SS bands S2/S3 of the R3-Ag/Si
surface, as we reported before.51

We also conducted the measurements by using
a lightly doped p-type Si wafer (sample no. 2) and
a heavily doped n-type Si wafer (sample no. 3) at
80 K. The representative results are summarized in
Figure 1d. It is observed that the NDR only occurs at
the negative bias at the Co2þ ion center in the samples
either with the p-type or with the n-type Si substrates,
indicating that the doping type of the silicon substrate
does not affect the bias polarity of the NDR at the Co2þ

ion center. The NDR position obtained at the Co2þ ion
center in sample no. 2 (with the lightly doped p-type
wafer) occurs at around �1.1 V, similar to that in
sample no. 1 (with the lightly doped n-type wafer)
(Figure 1d). However, the NDR occurs at around
�0.75 V in sample no. 3 (with the heavily doped
n-type Si wafer). The NDR positions are all at smaller
bias voltages than the positions of the SS bands S2/S3
(marked by the arrows) in these samples. It indicates
that the NDR observed at Co2þ ion center should not
be caused by the localized SS bands S2/S3, since the EF
of the STM tip has not swept to the energy levels of the
SS bands S2/S3 when the NDR occurs. We also per-
formed the experiment by using metal-free phthalo-
cyanine (H2Pc) instead of CoPc; however, NDR was not
observed in H2Pc molecules, neither at the molecular
center nor at the benzene ring (see Supporting
Information). This means that the specific electronic
states of the CoPc molecules should be crucial for the
NDR effect.

In the measurement of I�V curves, the NDR may
also be caused by the overlap of a sharp feature in the
local density of states of an STM tip,55 or an STM tip
with a captured molecule at the apex.56 In such situa-
tions, the I�V curves should be strongly dependent on
the tip conditions. In our measurements, we changed
several different tips. Before and after the measure-
ments at the molecules, we always checked the I�V

curves acquired at the R3-Ag/Si surface, which was
used as a reference.51 The NDR observed at Co2þ ion
center of CoPc does not show any dependence on the
tips as long as the tips correctly produce the I�V curves
reflecting the feature of the R3-Ag/Si surface. There-
fore, we believe that the NDR should not be due
to some special situations of the tips. On the basis
of our observations, it strongly suggests that the
molecule�substrate interface should play a dominant
role,42,57 where the alignment of the molecular energy
levels with the surface-states of R3-Ag/Si can be the key
to the understanding of our observations.

Mechanism of the NDR at Co2þ Ion Centers of CoPc on R3-Ag/
Si Surface. Density Functional Theory (DFT) Calculations
for CoPc and H2Pc on Ag/Si Surface. To understand our
observations, we performed DFT calculations for
the CoPc and H2Pc molecules on the R3-Ag/Si surface.
The optimized structure shown in Figure 2a adopts an

adsorption configuration by locating the molecular
center on the top of a Ag atom, with the molecular
orientation tilting from the [112] direction by 15�
according to our experimental results. Figure 2b shows
the calculated band structure of R3-Ag/Si, which ac-
cords well with the previously reported band structure
of R3-Ag/Si with different calculation methods.43,54

The surface-state bands are also marked in Figure 2b.
The partial density of states (PDOS) of the R3-Ag/Si
surface and the central Co2þ ion (or central H) of the
adsorbed CoPc (or H2Pc) at equilibrium and electric
field of �0.2 V/Å are given in Figure 2c. Here, we
assume a tip�sample distance of 5 Å, corresponding
to an applied sample bias voltage of �1.0 V for the
electric field of �0.2 V/Å. Some other adsorption
configurations by locating the Co2þ center at different
sites basically give similar results (see Supporting
Information), indicating that the variation of adsorp-
tion sites just slightly affects the electronic structures of
the molecules.

It is obtained that the lowest unoccupiedmolecular
orbital (LUMO) is contributed by the dz2 orbital of the
central Co2þ ion, varying in the small energy range of
0.08�0.12 eV above the Fermi level with the different
adsorption sites of the CoPc molecules at equilibrium.
The small variation range of the dz2 orbital should be

Figure 2. (a) Structuralmodel of CoPc (or H2Pc)molecule on
the R3-Ag/Si surface. The Si, Ag, C, N, H, and Co atoms are
drawn in yellow, light blue, gray, blue, white, and red colors,
respectively. (b) Calculated band structure of R3-Ag/Si sur-
face. The SS bands S1, S2, and S3 are marked by colored
symbols. The bottomof the S1 band is set to be 0.3 eV below
EF. (c) Calculated PDOS of central Co and H of the adsorbed
CoPc and H2Pc molecule, and PDOS of the R3-Ag/Si surface
at equilibrium (solid lines) and electric field of �0.2 V/Å
(dashed lines), respectively. The lines are almost overlapped
for the Ag/Si under zero bias (black) and under �0.2 V/Å
electric field or �1.0 eV bias (dashed gray).
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responsible for the slight variation of the NDR beha-
viors observed in Figure 1c. For simplicity, we adopt
a value of 0.1 eV for the dz2 orbital at equilibrium in
the following discussion. In comparison, the central H
atoms in H2Pcmolecule do not give any apparent state
in the concerned energy range. Under the applied
electric field, for example at �0.2 V/Å, the PDOS of
the central Co2þ ion shifts downward, causing the dz2
orbital below the Fermi level and to align the S1 band.
This means that a certain voltage drop may happen
between themolecule and the substrate. It can be seen
in the following discussion that such alignmentmay be
the main reason of the NDR.

Energetic Interpretation of NDRDue to the Resonance

between the Orbital of CoPc and the SS Band S1. Ac-
cording to the calculated electronic structure of the
CoPc and the surface-states of the R3-Ag/Si surface, we
propose a model to interpret the NDR observed in
CoPc, as shown in Figure 3. At equilibrium (zero bias
applied), the localized dz2 orbital of the Co

2þ ion locates
above the EF by 0.1 eV (Figure 3a). Under an applied
bias voltage (V), the voltage may drop at the
tip�molecule gap (Vgap), at the molecule�substrate
interface (Vinter), and at the SCL (VSCL), as shown in
Figure 3b. This is confirmed by the calculation of the
PDOS under the electric field of 0.2 V/Å in Figure 2c.

By sweeping the voltage to a certain negative bias
value, once the voltage drop Vinter reaches 0.1 V, the dz2
orbital subsequently aligns with the SS band S1, as
shown by the dashed lines in Figure 2c, leading to
the resonance between them and thus resulting in a
current maximum in I�V curve. With the further in-
creasing of the bias voltage, the dz2 orbital moves
into the energy gap between the S1 and the S2/S3
(Figure 3c), then the resonance between themolecular
orbital and the S1 is interrupted, causing the tunneling
current to begin to decrease. In the gap between the S1
and the S2/S3, the tunneling electrons can be mainly
from the valence band of the R3-Ag/Si rather than from
the S1 state. The corresponding portions of the NDR are
schematically shown in Figure 3d. Since the SS bands
S2/S3 are still below the EF of the tip, these states are not
involved in and do not contribute to the NDR. It should
be mentioned that the calculations underestimate
the gap between the S1 and the S2/S3 surface states
(Figure 2b,c), giving that the calculated S2/S3 states
are about 0.5 eV (at Γ) higher than the experimental
results from the ARPES44,50 and STM.51 On the basis of
the experimental fact, the discrepancy on the energy
position of the S2/S3 should not alter our conclusion.

Here our suggestion that the voltage may drop at
the molecule�substrate interface is based on the
nature of the Ag passivated Si surface, where the
molecules are weakly physisorbed on the surface.34�40

At room temperature, CoPcmay rapidly diffuse at a low
coverage of 0.1 ML on R3-Ag/Si, and CoPc may form
ordered structure at a high coverage of about 1 ML.39

From our DFT calculations, the adsorption energy is
0.39 eV for the Co2þ center at the top site, 0.29 eV at the
bridge site, 0.23 eV at the center of the small Ag trangle,
0.20 eV at the center of the large Ag triangle, and
0.27 eV at the hollow site (see Figure S4 in Supporting
Information). The values of the adsorption energies
may well support that the adsorption of CoPc on the
R3-Ag/Si surface is relatively weak. It is also consistent
with the shift of the PDOS of Co2þ ion center under an
applied electric field (Figure 2c). This situation is quite
different from those for molecules on the nonpassi-
vated Si surfaces, where the adsorbed molecules may
covalently couple to the Si surfaces.23�27 As for H2Pc,
since it does not have similar energy levels near the EF,
the NDR mechanism proposed for CoPc on R3-Ag/Si is
not available for H2Pc.

The accuracy of the calculated electronic structure
of CoPc can be an important issue regarding the
mechanism proposed here. These years, there are
a lot of experimental58�62 and theoretical63�66 studies
on the electronic structures of metal phthalocyanines
(MPc). Although the detailed information may vary in
some extent from one system to another, the experi-
mental and theoretic results for the occupied states are
basically in good agreement. However, the calculations
do not well describe the gap between the highest

Figure 3. Schematic drawing of energy diagram (a) at
equilibrium, (b) at a negative bias voltage leading to
resonance between the Co2þ ion d orbital and SS band S1,
and (c) at higher negative bias voltage leading the Co2þ ion
d orbital to move into the energy gap between the S1 and
the S2/S3. (d) The corresponding portions of the NDR and
the bias voltages corresponding to the energy diagrams in
panels a�c. (e) The energy diagram with a broadened tip-
molecule gap, in which the Co2þ ion d orbital aligns the SS
band S1 at a smaller negative bias voltage. In panel e, the
situation of panel b is faintly given for comparison. ECBM,
conduction-band minimum; EVBM, valence-band maximum
of Si substrate.
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occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) in comparison
with the inverse photoemission results,59,64 especially
for the thin films (monolayer or submonolayer) of MPc
onmetal substrates. It can be attributed to the general-
ized gradient approximation (GGA) of Perdew, Burke,
and Ernzerhof (PBE)67 that the HOMO and LUMO
do not correspond to the ionization potential or the
electron affinity, respectively.68 The energy order of
the occupied orbitals from the Kohn�Sham states is in
most cases in agreement among the various methods;
however, the order of empty orbitals of aminimal basis
set is sometimes interchanged.69 In the case of CoPc
molecules on pure metal surfaces, both the LUMO of
the macrocycle and Co 3d unoccupied orbitals can be
hybridized with substrate states or be filled by charge
transfer from the substrate since their energies are
very close.58,62,66 Very recently, some theoretical re-
sults show that the proper selection of the functionals
is very important for the better description of the d
orbitals of the transition metal ion center of MPc.64,65

In the current study, we chose the spin-polarized GGA
of Perdew and Wang (PW91)70 for the exchange-
correlation energy, which should have a similar accu-
racy to the PBE.65 However, we are only aware of a few
studies for CoPc on R3-Ag/Si surface.39,71,72 A direct
comparison of our results with others is currently not
available. We noted that the calculations for the thick
films ofMPc aremuch better than that for the thin films
(monolayer),59 which may be attributed to the wea-
kened interaction of the topmost molecules with the
metal substrates. We expect a weaker interaction for
the CoPc with the R3-Ag/Si substrate than those for the
MPc with the pure metal substrates. The relatively low
adsorption energies and the bias-dependent PDOS
from our calculations can well support this idea, even
though the self-interaction errors73�76 can still be a
drawback in the determination of the exact electronic
states of the CoPc for the calculation method used in
this study. On the basis of our experimental observa-
tions and analysis above, we believe that the dz2
orbital should be above but not too far away from
the Fermi energy, and the mechanism proposed here
still holds.

Role of the SCL. By varying the tunneling conditions
of set point current or bias voltage, it mainly causes the
width change of the tip�molecule gap, as a result,
leading to the redistribution of the voltage drops
at every junction. In Figure 3e, it shows a broadened
width of the tip�molecule gap. In this case, for Vinter≈
0.1 V, the Vgap/V fraction becomes larger, and the
VSCL/V fraction becomes smaller, while the total ap-
plied voltage decreases. This may lead to the align-
ment of the dz2 orbital of the Co

2þ ion with the SS band
S1 at a smaller applied bias voltage, consequently
resulting in the shift of the NDR position toward the
Fermi level. As we will discuss below, this situation is

sensitively affected by the width of the SCL, whichmay
cause the variation of the voltage drop at the SCL.

At 80 K, the width of the SCL even in the lightly
doped n-type wafer can be relatively thin,51 so that the
voltage drop at the SCL, VSCL, is relatively small. If we
simply neglect the effect of the SCL, we can get an
estimated Vgap/Vinter ratio of about 10 according to the
observed NDR peak position of �1.1 V (Figure 1b)
when the resonance occurs under the voltage
drop of Vinter ≈ 0.1 V (Figure 3b). The fraction Vinter/V
is reasonably estimated to be less than 10%. It is
noted that the NDR obtained at the Co2þ ion center
in sample no. 2 (lightly doped p-type Si) occurs at
around �1.1 V, similar to that in sample no. 1 (lightly
doped n-type Si). It indicates that the fractions VSCL/V in
these two samples are small at 80 K, and the dominant
voltage drop is still at the vacuum gap. This makes
the small difference in the NDR positions in these
two samples, even though the SCL width in sample
no. 2 is estimated to be narrower by about 1 order
of magnitude than that in sample no. 1.77,78 As a
comparison, the NDR occurs at around �0.75 V in
sample no. 3 (heavily doped n-type Si) because of its
much narrower SCL by 2 orders ofmagnitude than that
in sample no. 1.

The independence of NDR on the doping type can
be understood in our model on the basis of the
electronic nature of R3-Ag/Si surface that the surface-
states of R3-Ag/Si is irrespective of doping type and
concentration in the bulk.42�50 Since the dz2 orbital of
Co2þ ion is located above the EF, it can only align with
the S1 under a negative bias voltage irrespective of
doping type of the Si substrate (Figure 3, and see
Supporting Information).

The appearance of NDR at Co2þ ion centers is
independent of the adsorption sites and the molecular
orientations of CoPc molecules (Figure 1c), quite dif-
ferent from the behaviors of the site-dependent NDR
on the bare R3-Ag/Si surface where the NDR is only
observed at the inequivalent triangles of Ag atoms.51

This fact can also be explained by considering the
different electronic properties of the S1 and the S2/S3
states. In the bare R3-Ag/Si surface, the occurrence of
NDR is strongly dependent on themeasuring tempera-
ture and the doping concentration, as well as the
specific sites.51 At a low temperature of 5 K and with
a lightly doped Si wafer, the SCL can bewide enough to
limit tunneling rate between the S2/S3 and the bulk
states.51 This is something similar to the mechanism of
the B dopant on a silicon surface.79 Unlike the strongly
localized S2/S3 states at the Ag triangles, the S1 state
is much dispersive and thus has an extended wave
function.43,45,46 As we discussed above, the indepen-
dence of the NDR on the CoPc adsorption sites is thus
understandable, since the NDR originates from the
resonance between the dz2 orbital of Co2þ ion and
the spatially extended S1 state.
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Dependence of NDR Position on Doping Concentration of the
Si Substrate at 5 K. Measurement of NDR at 5 K. As a
further confirmation, we show the NDR behaviors at
the Co2þ ion center of the CoPc on the R3-Ag/Si surface
with a lightly doped n-type Si wafer (sample no. 1)
measured at 5 K, as shown in Figure 4a. It is observed
that there are two NDR peaks in each I�V curve. The
NDR peak at the higher negative bias (denoted as p2)
correspondingly locates at almost the same NDR vol-
tage of the bare R3-Ag/Si surface, as marked by the
dashed lines for the I�V curves with different measur-
ing conditions, respectively. We may attribute p2 to
the similar origination due to the contribution of the
localized S2/S3 states, since it also shows the similar
site-dependent behavior as the bare R3-Ag/Si
surface.51 We may thus assign the NDR peak at the
lower negative bias (denoted as p1) to the mechanism
of the resonance between the dz2 orbital of Co

2þ ion
and the spatially extended S1 state, as we discussed
above.

Aspects of the Different Contributions of the Band S1
and the Bands S2/S3. According to the energy diagram
(Figure 3), only at a relatively higher bias voltage can
the EF of the STM tip sweep the SS band S2/S3,

51

causing p2 to locate at a higher bias voltage than p1.
This result obtained at 5 K is consistent with the results
measured at 80 K; that is, the shoulder feature locates
at a higher voltage than the NDR (Figure 1c,d). It is
observed that the NDR ratio of p2 is much less pro-
nounced than that of p1, moreover, the NDR peak of p2
can become almost invisible when the CoPc molecule
is centered offset of the Ag triangles or on the hole sites
of R3-Ag/Si surface, while the p1 is not affected. Their
different behaviors of these twoNDRpeaks reflect their
different mechanisms.

Effect of the SCL at 5 K. Compared to the results
obtained at 80 K, the NDR positions in sample no. 1 are
no longer slightly dependent on the measuring con-
ditions at 5 K and the NDR positions shift to relatively

high negative bias voltages. This fact can be assigned
to a large fraction of the voltage drop at the SCL,
because the SCL has a much lower carrier concentra-
tion and thus becomes much wider at 5 K.51 In this
case, the NDR positions of p2 (p1) vary significantly
from�2.6 to�2.2 V (�2.0 to�1.5 V) with the set point
current decreasing from 100 to 80 pA, as shown
in Figure 4a. Decreasing the set point current at the
same bias voltage actually increases the distance
of the vacuum gap between the tip and the sample,
thus increasing the voltage drops of Vgap and Vinter, and
decreasing the one of VSCL (Figure 3c). This leads to the
alignment of the dz2 orbital of Co

2þ ion with the SS
band S1, as well as the alignment of the EF of the tip
with the SS band S2/S3 at smaller applied bias voltages,
consequently resulting in the shift toward the Fermi
level for both of the NDR peaks (Figure 4a). In sample
no. 1 with the lightly doped n-type Si wafer at 5 K,
we also observed the hysteresis in the I�V curves, as
shown in Figure 4b. Moreover, the magnitude of the
hysteresis shows dependence on the acquisition time
of the I�V curves; that is, the longer acquisition time
gives a smaller hysteresis, which confirms the role of
the relatively wide SCL because of the charging pro-
cess, similar to the observations in the bare R3-Ag/Si
surface.51

NDR Behaviors in the Sample with a Heavily Doped Si

Substrate. Differently, in sample no. 3 with a heavily
doped Si substrate, the NDR position of the Co2þ ion
center just varies in the small range of�0.75 to�0.90 V
with the change of measuring temperature from 80 to
5 K, as shown in Figure 4c. Alongwith only the shoulder
feature occurring in the I�V curves taken at the bare
Ag/Si surface, there is only one NDR peak in the I�V

curves taken at the Co2þ ion center. No obvious
hysteresis can be observed yet in sample no. 3 at 5 K.
This behavior is attributed to the relatively thin SCL in
sample no. 3, as compared to those in samples no. 1
and no. 2 at 80 K (Figure 1d). Therefore, the NDR

Figure 4. (a) I�V curvesmeasured at the Co2þ ion center of a CoPcmolecule and the Ag triangle of R3-Ag/Si surface in sample
no. 1 (set point:�4.0 V and 80, 90, and 100 pA) at 5 K. The NDR peaks at lower and higher negative bias voltages in the curves
measured at the Co2þ ion center are denoted as p1 and p2, respectively, where p2 correspondingly locates almost at the same
NDR positions of the bare R3-Ag/Si surface, as marked by the dashed lines. (b) I�V curves taken at the Co2þ ion center in a
cycle of forward and backward voltage sweeping at 5 K. (set point:�4.0 V and 90 pA). Inset: forward and backward I�V curves
measured at different acquisition time of 1.3 s (black), 2.6 s (red), and 5.1 s (green). (c) Typical I�V curves taken at Co2þ ion
center and at R3-Ag/Si surface in sample no. 3 at 80 and 5 K (�2.0 V and 200 pA), respectively. The curves recorded at each site
in forward and backward sweeping cycle are almost completely overlapped, showing no hysteresis in sample no. 3 both
at 80 and 5 K. The I�V curves taken at 80 K are shifted upward for clarity.
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position is dominantly determined by the voltage
drops of Vgap and Vinter. Once Vinter = 0.1 V, the NDR
occurs due to the alignment of the dz2 orbital of the
Co2þ ion with the S1 band. In this case, the relatively
thin SCL just slightly affects the NDR position.

It is noted that the widths of NDR at 5 K are wider
than the ones at 80 K (compare Figure 4a with
Figure 1c). This feature actually validates our model
present in Figure 3 in another way. In the current study,
the CoPcmolecules are put in themiddle of the double
barrier tunneling junction: tip-molecule and molecule�
substrate. On the basis of our model in Figure 3,
the voltage sweeping between the tip and the sample
may not directly reflect the sweeping between the dz2
orbital and the S1 states. For sample no. 1 at 80 K,
the sweeping between the dz2 orbital and the S1 state
is dependent on the fraction Vinter/V [=Vinter/(Vinter þ
Vgap)] if the SCL is negligible. At 5 K, because the
SCL cannot be neglected, there is a much smaller
fraction Vinter/V [=Vinter/(Vinter þ Vgap þ VSCL)] at the
molecule�substrate interface. In this case, the dz2
orbital can sweep the S1 states more “slowly” while
the total voltage V may already sweep a quite wide
range. Therefore, the recorded NDR width (the range
according to V) at 80 K is sharper than that at 5 K in
sample no. 1. However, in the case of sample no. 3,
when the SCL is not the significant factor both at
80 and 5 K, the NDR width may show in a similar level
(Figure 4c).

Tuning the NDR Position with Light Illumination. The NDR
position can be tuned by light illumination for CoPc
molecules on R3-Ag/Si surface (sample no. 1) at 5 K.
In our experiment, the sample was illuminated with a
mercury�xenon lamp (Hamamatsu, L2423) in situ at
5 K. A band-pass filter centered at 532 nm and band-
width of 50 nm was used. Figure 5 shows the I�V

curves measured at the center of the CoPc molecule

and at the Ag triangles of the R3-Ag/Si surface with
various light intensity: dark, 5.4 μW/cm2, 62 μW/cm2,
respectively. The NDR position shifts toward the Fermi
level with the increase of the light intensity. It is noticed
that the NDR position obtained at the CoPc center
shifts to �0.8 V under the illumination with the light
intensity of 62 μW/cm2 at 5 K, which is nearly at the
same position as the one for the Co2þ ion of CoPc on
the R3-Ag/Si surface in sample no. 3 with the heavily
doped n-type Si wafer at 80 K. The NDR position
obtained at the Ag triangles of R3-Ag/Si surface ismore
negative than that obtained at the Co2þ ion center,
even though this peak is not obviously visible in the
I�V curves taken at the Co2þ center (Figure 5). The shift
of the NDR position under light illumination can be
understood by taking the width change of the SCL
into consideration. Under light illumination at 5 K, the
electrons in the valence band of Si can be excited to the
conduction band, causing a higher carrier density in
the bulk, which can be comparable with that in the
heavily doped wafer at 80 K. As a result, the SCL width
even at 5 K can be decreased under the light illumina-
tion, even to the similar level in the heavily doped Si
substrate at 80 K, making the NDR at 5 K almost behave
like the one for CoPc on the R3-Ag/Si surface with the
heavily doped n-type wafer at 80 K. Ourmeasurements
were performed only after the thermal equilibriumwas
reached, and the thermal change upon illumination
could be neglected.

It is known that the conductance of lightly doped
Si is much low at 5 K.3 One may concern that the
conducting channel can be just provided by the Ag
overlayer, but not the Si substrate. To exclude this
possibility, we measured the bare Si(111)-7 � 7 sub-
strate before Ag deposition (lightly doped n-type Si
for sample no. 1). We could only image the Si surface
by applying relatively high bias voltages higher than
(4 V under a relatively low set point current of several
tens pA. Thismeans that the Si substrate can still be the
conducting channel. The value of the available bias
voltage is consistent with measurement conditions
used in the R3-Ag/Si sample. Moreover, the tuning
effect under the light illumination with various inten-
sities also confirms that the band structure of the Si
substrate plays an important role in the electron
transport, in which the carriers excited by the photons
cause the narrowed SCL and tune the NDR position
systematically. This phenomenonmaywell support our
model.

Advantages of Using the Intrinsic Surface State of R3-Ag/Si
Surface. The NDR has been widely studied in various
molecular systems. Different mechanisms have been
revealed, such as the resonance between either inter-
molecular levels56,80�82 or intramolecular levels,83

the conformational changes of molecules excited by
the inelastic tunneling electrons,84�89 the symmetry
matching between specific molecular orbitals and

Figure 5. I�V curves measured at the Co2þ ion center of a
CoPc molecule in comparison with the ones at the Ag
triangle of R3-Ag/Si surface (�4.0 V and 100 pA) under
illumination with various light intensities. The curves mea-
sured at R3-Ag/Si surface are shifted downward for clarity.
All I�V curves are obtained at 5 K.

A
RTIC

LE



WANG ET AL . VOL. 6 ’ NO. 8 ’ 7066–7076 ’ 2012

www.acsnano.org

7073

the electrode,90 the presence of molecules in a double
barrier tunnel junction,91 and voltage-driven and
high-electric-field induced soft breakdown in the SiOx

layer on Si.92,93 Since in such systems the NDR is not
directly related to the property of semiconductors, it
needs to be further designed for compatibility with the
existing silicon-based technology. Our finding here
demonstrates that one can directly make use of the
resonance between the intrinsic surface states of R3-
Ag/Si surface and molecular orbital to produce the
robust NDR.

There are several advantages to building molecular
NDR devices bymaking use of the intrinsic surface-states
of a passivated silicon surface. First, since the molecules
are weakly physisorbed on the surface, it is possible to
form functionalmolecular device patterns on the surface
through the molecular self-assembly method.37�40 Sec-
ond, the appearance of the NDR effect at the molecule
does not depend on the doping type and doping
concentration of the silicon substrate, giving more flex-
ibility to the selection of silicon substrate. Moreover, the
light illumination experiment demonstrates that it is
possible to build light-sensitive molecular NDR devices
based on this hybrid silicon-molecular system.

CONCLUSIONS

We have studied the electron transport behaviors of
single CoPcmolecules on the R3-Ag/Si surface using STM
measured at 5 and 80 K. The CoPc molecule shows an
NDR effect at its center, irrespective of measuring tem-
perature and doping type and doping concentration of
the silicon substrate. On thebasis of our DFT calculations,
the NDR observed at the CoPc center is attributed to the
resonant tunneling between the SS band S1 and the
localized dz2 orbital of the central Co2þ ion. In compar-
ison, H2Pc molecules on R3-Ag/Si do not produce NDR
because they lack a similar molecular orbital near the
Fermi level. The NDR position of the Co2þ ion center of
CoPc on the R3-Ag/Si surface (with light-doped silicon
substrate) locates at amuchhighnegativebias voltageat
5 K, which is explained by considering the voltage drop
at the SCL. It is found that the NDR position can be tuned
through light illumination with various light intensities.
By taking advantage of the intrinsic surface-states of the
R3-Ag/Si surface and the proper molecular orbital of the
CoPc molecule, we demonstrate a way to build a single-
molecular NDR device on silicon, which may be used to
fabricate hybrid silicon�molecular electronics.

METHODS
Our experiments were carried out using an ultrahigh vacuum

low-temperature scanning tunneling microscope (Omicron)
with a base pressure of 3� 10�11 Torr. The Si(111)-7� 7 surface
was prepared by degassing the Si(111) substrate at 873 K for
about 10 h, then flashing to 1500 K for several times, rapidly
cooling down to 1200 K, and slowly cooling down to room
temperature. The R3-Ag/Si surface was obtained by depositing
1 ML Ag onto the Si(111)-7 � 7 surface at about 650 K and
annealing at the same temperature for 20 min. Three different
Si(111) wafers were used: lightly doped n-type wafer (P doped
with concentration of 5 � 1014 cm�3), heavily doped n-type
wafer (P doped with concentration of 1 � 1018 cm�3), and
p-type wafer (B doped with concentration of 5 � 1015 cm�3).
CoPc molecules were deposited onto the clean R3-Ag/Si
surfaces held at room temperature. For comparison, H2Pc was
also measured. The presented data were acquired at 80 or 5 K.
Electrochemically etched tungsten tips were used, which had
been subjected to careful cleaning treatments.
The electronic structures of the adsorbed CoPc and H2Pc on

the R3-Ag/Si surface were calculated using density functional
theory. All calculations were performed using the Vienna
ab initio simulation package (VASP)94 within the spin-polarized
GGA of Perdew and Wang70 for the exchange-correlation
energy. A plane-wave basis set with cutoff energy of 384 eV
for the valence electron state and the Vanderbilt ultrasoft
pesudopotentials95 for the core�electron interactions were
employed. The optimized lattice constant of Si is 5.458 Å. The
inequivalent-triangle (IET)43,48,52�54 structure of R3-Ag/Si was
described by a slab consisting of a silver layer, a missing top
Si layer, three Si double layers, and a vacuum layer of 10 Å.
A hydrogen layer was added to saturate the Si dangling bonds
at the bottom surface. During the optimization of the slab,
8 � 8 � 1 Monk-horst96 mesh of k points were used, and all
atoms except the bottom Si double layer and the hydrogen
atoms were allowed to relax until the forces on atoms were
smaller than 0.02 eV/Å. A CoPc (or H2Pc) molecule was then put

onto a 3 � 3 (relative to the
√
3 �

√
3 unit cell) supercell. The

structure was again optimized with a bottom Si double layer
and the hydrogen layer fixed until all forces on atoms were
smaller than 0.02 eV/Å. Several configurations were calculated,
such as putting the center of the molecule on the top of a Ag
atom, at the center of a small Ag triangle, at the center of large
Ag triangle, at the bridge site between two Ag atoms, and at the
hollow site. In all of these configurations, the molecular orienta-
tion was adopted from the experimental observations; that is,
one of the symmetric axes of the molecule tilting by 15� with
respect to the Æ112æ directions of the R3-Ag/Si surface. The
distance between the R3-Ag/Si surface and the molecule is
about 3 Å. Owing to the numerical limitations, only the Γ point
was used for the calculation of the molecule/substrate system.
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