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Negative Differential Resistance in Transport through Organic Molecules on Silicon
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Recent scanning tunneling microscopy studies of individual organic molecules on Si(001) reported
negative differential resistance (NDR) above a critical applied field, observations explained by a resonant
tunneling model proposed prior to the experiments. Here we use both density functional theory and a
many-electron GW self-energy approach to quantitatively assess the viability of this mechanism in hybrid
junctions with organic molecules on Si. For cyclopentene on p-type Si(001), the frontier energy levels are
calculated to be independent of applied electric fields, ruling out the proposed mechanism for NDR.
Guidelines for achieving NDR are developed and illustrated with two related molecules, aminocyclo-

pentene and pyrroline.
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Remarkable progress has been made of late in achieving
atomic-scale control and characterization of organic mole-
cules on silicon substrates with scanning-probe techniques
[1-7]. These capabilities have provided the means for
some of the most detailed studies of single-molecule con-
duction to date. Recent ultrahigh vacuum scanning tunnel-
ing microscopy (STM) studies of individual cyclopentene
molecules on p-type hydrogen-free Si(001), a prototypical
organic-silicon system, reported robust, reversible negative
differential resistance (NDR) at 80 K, associated with a
critical field of about 0.37 V/A [8]; these results were
explained by invoking the mechanism of resonant tun-
neling through a molecular state [9]. In contrast, room
temperature STM studies [10] on n-type Si(001) observed
hysteresis in the /-V characteristic and reported that NDR
results from the desorption of cyclopentene molecules
during measurement. Although the sample temperature
and dopant type in the two studies differ, the contrasting
conclusions have generated considerable debate over the
origin of NDR observed in organic-molecule—Si systems.

Rakshit et al. [9] recently suggested that a
semiconductor-molecule-metal junction can function as a
resonant tunneling diode. Their model is summarized in
Fig. 1. Consider a molecule bonded to a p-type semicon-
ductor with a well-defined resonance positioned E,, below
the Fermi energy E that is located at the Si valence band
maximum (VBM) [Fig. 1(a)]. Initially, this level does not
contribute to the current. However, a positive substrate bias
causes the molecular level to move upward toward Ef.
When the level eventually aligns with Er, resonant tunnel-
ing through the molecular state occurs, resulting in a sharp
increase in current [Fig. 1(b)]. A further increase in bias
lifts the level into the band gap. This prohibits carrier flow
through the molecular state, resulting in a drop in current
and NDR [Fig. 1(c)].
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PACS numbers: 73.40.—c, 71.10.—w, 73.63.—b, 85.65.+h

Since the proposed NDR derives from intrinsic adsor-
bate levels, increased understanding of this mechanism
would enable the tailoring of device transport properties
through molecular design. However, for the above picture
to hold at reasonable bias (applied electric field), three
conditions must be satisfied: (1) The adsorbate must ex-
hibit a well-defined resonance positioned E,, below Ef;
(2) E,, must be small enough; and (3) the resonance should
shift significantly with the applied field. Establishing the
first two conditions requires quantifying the quasiparticle
energy levels associated with the adsorbate. The final
condition depends on the spatial distribution of the mo-
lecular orbital, which determines the effective voltage drop
across the molecule. Previous calculations have treated
both E,, and its evolution with applied field as adjustable
parameters [11]. For cyclopentene on p-type Si(001), pho-
toemission experiments were unable to resolve molecular
resonances near Ey [12]. Quantitative calculations of en-
ergy levels require proper treatment of electron correlation
effects that are not captured in density functional theory
(DFT) [13-15].
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FIG. 1 (color online). Schematic depiction of resonant tunnel-
ing mechanism for NDR. (a) zero bias, (b) molecular level at
resonance with Ep (V 1, 11), (¢c) molecular level driven into Si
band gap (V1,11]).
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In this Letter, we employ a first-principles approach to
characterize the molecular resonances (E,, and its field
dependence) for representative organic molecules on
Si(001). We find that the NDR reported in cyclopentene
on p-type hydrogen-free Si(001) cannot result from reso-
nant tunneling through intrinsic molecular states as previ-
ously proposed [8]. The cyclopentene frontier states with
molecular character are strongly coupled to the Si sub-
strate, and they neither form sharp resonances nor shift
with applied electric field. However, with a slight modifi-
cation of the molecule, localized molecular frontier orbi-
tals can be introduced. For aminocyclopentene and
pyrroline, calculations show that the frontier molecular
resonances with N lone pair character can be driven into
the Si band gap by applied electric fields. These examples
show that by judicious design of the target molecule, a
resonant tunneling mechanism for NDR in Si-based mo-
lecular junctions can be viable.

In our study, atomic and electronic structures are first
determined within DFT, using the projector-augmented
wave (PAW) method [16] and the local density approxi-
mation as implemented in the VASP code [17]. (Gradient
corrections give similar results [18].) A positive substrate
bias is simulated by the application of an external sawtooth
potential normal to the Si surface (modeled here with a 6-
layer Si slab passivated by H at the bottom). This field is
largely screened inside the Si slab, but only partially by the
molecular adsorbate. The resulting effective electric field
across the molecule and vacuum region then corresponds
to the field applied in the junction during the STM experi-
ments. The applied field dependence of the electronic
structure, derived from the change in self-consistent po-
tential on the molecule, should be accurate in DFT. The
zero-field E,,, initially obtained from DFT orbital energies,
is then corrected by calculations of electron self-energies
using many-electron perturbation theory in the GW ap-
proximation, as implemented in the PARATEC code [13,19].
Details of our DFT and GW calculations (including appro-
priately converged numerical cutoffs) are reported in a
previous publication [18]. Taken together, the DFT and
GW results provide a complete picture of the position
and electric field sensitivity of the electronic resonances
for each molecule studied [20].

Three systems are considered in this Letter: (a) cyclo-
pentene on clean Si(001) [Fig. 2(a)]; (b) aminocyclopen-
tene on H-terminated Si(001) [Fig. 2(b)]; and (c) pyrroline
on H-terminated Si(001) [Fig. 2(c)]. 0.5 ML coverage is
used for all systems. Prior experimental [3—7] and theo-
retical [18,21-23] studies have established that cyclopen-
tene chemisorbs by a cycloaddition mechanism: the C-C 7
bond is broken in exchange for two o C-Si bonds. The cis
structure in Fig. 2, with H atoms closest to Si residing on
the same side of the molecule, is both kinetically and
thermodynamically favored for coverages of =0.5 ML
[18]. Furthermore, aminocyclopentene has been observed
to bind to exposed Si dimers on a H-terminated Si(001)
substrate, in a geometry similar to that of cyclopentene

Si
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FIG. 2 (color online). Atomic structure of 0.5 ML (a) cyclo-
pentene (CsHg) on clean Si(001), (b) amino-CsHg on
H-terminated Si(001), and (c) pyrroline on H-terminated
Si(001). Orange (medium dark gray), green (medium gray), light
blue (light gray), and dark blue (dark gray) circles represent Si,
C, H, and N, respectively.

[24]. We extend this concept to pyrroline [Fig. 2(c)], which
can also bind to Si(001) through the same cycloaddition
mechanism [4].

The projected densities of states (PDOS) on the mole-
cules are shown in Figs. 3(a)-3(c), as derived from DFT
energies. For all systems, there are no occupied surface
states above the Si VBM [25], indicating that band bending
is negligible at zero bias. For interpretation of STM experi-
ments, tip-induced band bending is also negligible
(<~0.2eV) in p-type Si(001) at positive sample bias
[26]. For cyclopentene and pyrroline [Figs. 3(a) and 3(¢c)],
significant broadening in the molecular PDOS suggests
strong coupling of the frontier molecular states to Si states.
In contrast, the aminocyclopentene PDOS [Fig. 3(b)] ex-
hibits a sharp resonance at —1.5 eV. Further differences
are elucidated by application of an electric field of
0.4 V/A [Figs. 3(d)-3(f)]. The molecular resonance in
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FIG. 3 (color online). LDA PDOS on the molecule for 0.5 ML
CsHg on clean Si(001) (a), (d), amino-CsHg on H-terminated
Si(001) (b), (e), and pyrroline on H-terminated Si(001) (c), (f).
The insets show the orbitals associated with the leading states in
each system. Pink (medium gray) and purple (dark gray) indicate
positive and negative isocontours taken at the same value across
all systems.
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aminocyclopentene/Si junctions becomes sharper and in-
creases in magnitude, shifting closer to the Si VBM
[Fig. 3(e)]. This is in contrast to the cyclopentene PDOS,
where the spectrum remains largely unchanged close to the
VBM [Fig. 3(d)]. The pyrroline/Si junction is an interest-
ing intermediate case. Although the molecular resonance
close to the VBM has a width of about 1.5 eV at zero bias,
the applied electric field sharpens this resonance consid-
erably and moves it upward, toward the VBM [Fig. 3(f)].
Analysis of the frontier orbitals clarifies these results, as
illustrated in the insets [Figs. 3(a)—3(c)]. The resonances in
aminocyclopentene/Si and pyrroline/Si junctions are di-
rectly derived from the highest occupied orbital of the
isolated molecules, localized on the N lone pairs.
However, the broad frontier resonance for the cyclopen-
tene/Si junction [—2.5 to 0 eV in Fig. 3(a)] is not identified
with any specific orbital of the isolated molecule. Rather,
these states correspond to C-Si and Si surface-related states
that extend into bulk Si. This strong coupling to the sub-
strate explains the relative lack of shift with field.

In Fig. 4, we plot E,, as a function of electric field by
monitoring the leading feature in the molecular PDOS that
comes closest to crossing the VBM with applied field. The
leading state in the cyclopentene/Si junction is associated
with the Si dimer and molecule [‘“‘dimer + molecule”
state, Fig. 3(a)]. Its position relative to the Si VBM does
not change with electric field, up to 1.3 V/ A [Fig. 4(a)]. In
contrast, the leading state in aminocyclopentene, associ-
ated with the N lone pair [Fig. 3(b)], shifts linearly as a
function of applied field, crossing the VBM at 0.7 V/A
[Fig. 4(b)]. In pyrroline, the leading state is also derived
from the N lone pair [Fig. 3(c)], but the PDOS peak is
broadened at fields =0.4 V/A. In this case, we assign a
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FIG. 4 (color online). DFT E,, as a function of the effective
electric field. (a) ‘dimer + molecule’ state in CsHg/Si (black
circles), (b) lone pair state in amino-CsHg/Si (red triangles), and
(c) lone pair derived level in pyrroline/Si (blue squares). Straight
lines of best fit are plotted in each case.

single energy to the broadened resonance by performing a
weighted average of the N-projected states contributing to
the resonance [27]. The resulting average energy level also
shifts approximately linearly with applied field, crossing
the VBM at 1.0 V/A [Fig. 4(c)]. We note here that the
cyclopentene/Si and aminocyclopentene/Si geometries do
not change significantly with the applied fields. Small
structural distortions in the pyrroline/Si junction have neg-
ligible effect on the lone pair derived levels at all fields
considered.

While the electric field dependence of the level position
(the slope in Fig. 4) should be accurately given by DFT, we
find that GW self-energy corrections shift the zero bias
levels of the leading states further away from the Si VBM
by as much as 90%. This trend is also observed for other
molecular states. Our results are summarized in Table I,
where DFT and GW E,,’s for leading states in all three
systems are listed with the rate of change in E,, with
effective electric field F.

The implications of our results for the three prototype
systems (Table I) are clear. First, the lack of a molecule
derived resonance for cyclopentene near the Si VBM re-
sults in essentially no shift of the frontier states with
applied field. As a result, the proposed intrinsic mechanism
for NDR cannot apply. Second, field-induced movement of
frontier molecular levels in aminocyclopentene/Si and
pyrroline/Si junctions stems from their considerable
weight on the molecular adsorbate. Third, the field depen-
dence of the leading state in aminocyclopentene/Si junc-
tion is approximately twice that of the one in pyrroline/Si;
the N lone pair in aminocyclopentene is further from the Si
substrate than in pyrroline. Fourth, the critical field for the
frontier level to cross the Si VBM is relatively large, even
in these examples. Based on the DFT values of E,,, the
critical fields are 0.7 and 1.1 V/A for aminocyclopentene
and pyrroline, respectively. Fifth, the GW corrections to
E,, are substantial. They increase the estimates of the
critical field significantly, to 1.4 and 1.8 V/ A, respectively.

In view of the experimental results for the cyclopentene/
Si junction, we also studied systems at reduced coverage
(0.125 ML) and with different contact geometries, includ-
ing the trans configuration [18,23]; systems with a single
C-Si bond per molecule and systems retaining the C—=C
bond were also examined. Boron ad-dimers and substitu-

TABLE I. Summary of results: DFT (within the LDA) and GW
energies of leading states relative to the Si VBM (lone pair
derived level in pyrroline); dE,,/dF is the rate at which the
leading state is driven into the Si band gap by the effective field
F (slope of best fit straight line in Fig. 4).

Molecule on Si DFT E,, GW E, dE,/dF[eV/(eV/A)]
(eV) (eV)

CsHq -0.5 ~1.1 0.0

Amino-CsHy -15 -2.9 2.1

Pyrroline —-1.2 —-2.0 1.1
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tional B dopants (immediately beneath the molecule, in
subsurface layers, and away from the molecule in an 8-
layered slab) were also considered, including the c¢(4 X 4)
B surface structures discussed in [28]. Further details will
be published elsewhere [27]. Our results indicate that none
of these other structures have molecular states which cross
the VBM at the critical field. An independent experimental
study [10] of the cyclopentene/Si junction reported mo-
lecular desorption under moderate bias at room tempera-
ture on n-type substrates. For cyclopentene on p-type Si at
80 K, electron-simulated desorption was also reported, but
at fairly low rates [29]. However, the lack of hysteresis in
the 7-V characteristic reported in Ref. [8] suggests that
molecular desorption may not explain NDR in that case.
Furthermore, the existence of a critical field also renders
unlikely other NDR mechanisms that require a critical
voltage, such as level crossing with localized tip states or
electron-simulated desorption [29], for example. The ori-
gin of the NDR observed in [8] thus remains an interesting
open question.

Our results allow us to develop some considerations that
are important for achieving resonant tunneling NDR at
lower fields. First, the rate at which a molecular state
moves towards the VBM can be increased if its wave
function is predominantly localized in a region that expe-
riences a larger field-induced voltage drop relative to the
substrate. Furthermore, such localization should reduce the
coupling between this orbital and the Si electrode. If
coupling to the other electrode is even weaker (e.g., for
an STM tip), this can increase the ratio of peak to valley
current, thus sharpening the NDR feature. Along these
lines, promising molecular designs include the use of
long, stiff backbones or fused rings, together with an amine
group at the far end of the molecule away from the
molecule-substrate interface. Second, for the molecules
considered here, the N lone pair states are aligned closer
to the Si VBM than intrinsic molecular states associated
with o bonds. This is related to the fact that the energy
levels of N lone pair states in the gas-phase molecules are
shallow compared with o states. By designing molecules
with shallow levels, the initial E,, will be closer to the
VBM, enhancing the opportunity to achieve resonant tun-
neling. Third, increasing the work function of the elec-
trodes (e.g., the substrate) may also lead to systems with
intrinsic molecular states aligned closer to Er. Possible
future directions to pursue include using a semiconducting
substrate with a larger work function than Si, or Si nano-
wires to take advantage of the increased work function due
to quantum confinement.
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