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Assembling electronic devices at the molecular scale involves 
a number of challenging requirements, including atomi-
cally precise structural control, scalability, flexible elec-

tronic structure and gate tunability. The potential benefits, however, 
include miniaturization (along with an increase in device density 
and speed) and the possibility of new modalities arising from inter-
action effects that occur in ultra-small systems1–4. Relevant plat-
forms include atomic-scale defects5–7, manipulated atoms8–12 and 
molecular systems13–16. One promising platform exploits hydrogen 
vacancies on H-Si(100) surfaces and has yielded impressive atomi-
cally precise device structures5. Organic-molecule-based device 
elements, on the other hand, have potential for enhanced elec-
tronic tunability17,18 and self-assembly14,19,20 characteristics due to 
their flexible chemical synthesis. The behaviour of molecular ele-
ments has been explored previously in metallic break junctions21–23, 
self-assembled layers on graphene24–28 and gate-tunable configu-
rations accessible by scanning tunnelling microscope (STM)29,30. 
However, structural control over molecular systems has so far not 
been sufficient to yield devices able to exploit interaction effects 
between different molecular elements.

In this Article, we show that heterogeneous charge con-
figurations can be reversibly manipulated in atomically pre-
cise one-dimensional (1D) arrays of 2,3,5,6-tetrafluoro-7,7,8, 

8-tetracyanoquinodimethane (F4TCNQ) molecules at the surface 
of graphene field-effect transistors (FETs). Strong Coulomb inter-
actions between adjacent molecules in dense, self-assembled 1D 
arrays induce regular, alternating charge patterns that are observ-
able via scanning tunnelling spectroscopy (STS). Application of a 
gate voltage alters the charge configuration of the molecular array 
by shifting the graphene device Fermi energy (EF) relative to the 
energy of the lowest unoccupied molecular orbitals (LUMOs) in 
the array. Charge pinning at the ends of the molecular arrays allows 
the charge state of the entire array to be controlled by tip-based 
manipulation of the array edge molecules. Charge patterns altered 
in this way propagate down the array in a cascade effect, allowing 
the array to function as a charge-based molecular shift register. This 
behaviour is consistent with the predictions of an extended effective 
Anderson model, thus allowing quantitative modelling of this 1D 
interacting molecular device.

Structural characterization of self-assembled molecular 
arrays on a graphene device
Gate-tunable graphene FET devices were fabricated by placing 
graphene grown by chemical vapour deposition (CVD) on top of 
hexagonal boron nitride (h-BN) flakes deposited onto SiO2 lay-
ers grown on doped Si wafers30. F4TCNQ molecules were chosen 
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as the active molecular elements in this study because they can 
be reversibly switched between negative and neutral charge states 
on graphene by application of a back-gate voltage29 (Fig. 1a). 
Close-packed linear arrays of F4TCNQ molecules were formed 
on graphene FETs through edge-templated self-assembly31. This 
was accomplished by first thermally depositing electronically inert 
10,12-pentacosadiynoic acid (PCDA) molecules (Fig. 1a) onto a 
graphene FET surface to form self-assembled monolayer islands 
with highly ordered straight edges32. These edges were then used 
to template the growth of thermally deposited F4TCNQ molecules 
into 1D arrays, as sketched in Fig. 1b. This process is facilitated by 
the fact that PCDA islands on graphene form linear moiré patterns 
that induce periodic stripes along the PCDA island edge (Fig. 1c). 
F4TCNQ molecules preferentially adsorb to the PCDA moiré pat-
tern edge maxima31, leading to the formation of atomically precise 
molecular arrays with a period of 1.92 nm that can be maintained over 
large distances around 100 nm (Fig. 1c and Supplementary Fig. 1).  
Bond-resolved non-contact atomic force microscopy (nc-AFM) 
images of these molecular arrays show that adjacent molecules 
are well separated, without significant orbital overlap (Fig. 1c). 
Molecules within an array, however, are still able to interact with 
one another via long-range screened Coulomb interactions33 as well 
as through the graphene substrate.

Control of molecular charge patterns via a gate voltage
The charge configuration of F4TCNQ molecular arrays was con-
trolled by changing the FET gate voltage (VG) and then characterized, 
molecule by molecule, via STS dI/dV measurements. The results are 
presented in Fig. 2a, which shows dI/dV spectra of F4TCNQ mol-
ecules in a 16-molecule array held at VG = 0 V (the Fermi level in 
this case is 0.11 eV below the Dirac point; Supplementary Fig. 3).  
The spectroscopic peaks identified by the arrows correspond 
to the F4TCNQ LUMO states, whereas the sharp feature seen at 
Vs = −0.20 V for each molecule arises due to tip-induced charg-
ing29,34. Tip-induced charging occurs when the tip acts as a top-gate 
and causes sufficient band-bending that the LUMO crosses EF (that 
is, moves below it) and fills with charge (similar charging behaviour 
has been seen in STM measurements on isolated F4TCNQ mole-
cules on graphene FETs29). At VG = 0 V, the LUMO orbital of every 
F4TCNQ molecule in the array lies above EF, indicating that the mol-
ecules are all in charge-neutral states (that is, the LUMO states are 
all empty). By contrast, when the gate voltage is raised to VG = 60 V 
(which causes the Fermi level to rise 0.17 eV above the Dirac point), 
the LUMO orbitals all fall below EF and fill with charge (blue shading,  

Fig. 2c). In this case the molecular array is uniformly filled with 
charge (one electron per LUMO) and the tip-induced charging peak 
at Vs > 0 now corresponds to emptying a molecule of charge.

The most interesting doping regime is the intermediate regime, 
VG = 30 V (corresponding to the Fermi level being 0.10 eV above 
the Dirac point), which moves the LUMO energy level closer to EF 
(Fig. 2b). In this regime, the LUMO states (marked by arrows) adopt 
an unusual electronic structure where they lie alternately above 
and below EF for adjacent molecules within the array (charged 
LUMOs below EF are shaded blue and neutral LUMOs above EF are 
unshaded). Here, the molecular array exhibits an alternating charge 
pattern where negatively charged molecules sit adjacent to neutral 
molecules, and their corresponding charging peaks are located on 
the opposite side of EF relative to the LUMO energies. This charge 
alternation behaviour is present only for close-packed molecule 
chains and is not found in molecule chains where only every other 
PCDA adsorption site is occupied31. We are unable to obtain stable 
measurements of the LUMO energy for molecules at the ends of the 
array in this intermediate gating regime, because the STM tip per-
turbs them too greatly (STS measurements on the end molecules are 
noisy and depend strongly on the precise position of the STM tip, 
unlike measurements of the interior molecules, which are stable).

Figure 3a provides a summary plot of the experimental LUMO 
energies seen in the spectra of Fig. 2a–c for the three different gate 
voltage levels, along with an STM image of the molecular array. At 
VG = 0 V the LUMO energies lie solidly in the empty-state regime 
at 0.1 eV above EF (corresponding to a uniformly neutral array), 
whereas for VG = 60 V they fall into the filled-state regime at 
~0.18 eV below EF (corresponding to a uniformly charged array). 
At VG = 30 V, on the other hand, a periodic bimodal charge pattern 
is clearly seen where the LUMO energy alternates between +0.1 eV 
and −0.18 eV for adjacent molecules. This periodic pattern occurs 
over a relatively narrow range of gate values: 25 V < VG < 30 V (cor-
responding to 0.08 eV < EF < 0.10 eV above the Dirac point). Nearby 
gate voltages that lie outside this range show non-periodic charge 
alternation patterns, as seen from data obtained at the intermediate 
gate voltage of VG = 20 V (Supplementary Fig. 4b).

Similar charging behaviour was observed in all 24 of the molecu-
lar arrays examined in this study (17 of which were in the 10–20 
molecule length range and 7 in the 20–40 molecule length range). 
Fourteen of the arrays exhibited random defects in their charging 
patterns in the gate voltage regime where charge alternation occurs. 
These defects are probably due to electrostatic inhomogeneity aris-
ing from factors such as STM tip asymmetry, finite-size effects in 
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Fig. 1 | Scanned probe images of a 1D F4TCNQ molecular array. a, Top: sketch of F4TCNQ and PCDA molecules. Bottom: AFM image showing close-up 
views of individual F4TCNQ molecules in a 1D array. b, Sketch of a 1D F4TCNQ molecular array anchored to a PCDA island edge. c, Scanning tunnelling 
microscopy (STM) image of a 50-nm section of an atomically precise 1D F4TCNQ molecular array anchored to a PCDA island. The periodicity of the 
molecular array (1.92 nm) corresponds to the moiré lattice constant of the PCDA island on graphene. All STM and AFM images were acquired at T = 4.5 K 
(STM parameters: Vs = 2 V, It = 10 pA, Vg = 0 V; AFM parameters: f0 = 28.7 kHz, Q = 90 k, A = 60 pm, Vs = 0 V, Vg = 0 V).
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the PCDA dielectric islands, as well as charged molecules randomly 
positioned on the graphene terrace near the molecular arrays. The 
electronic behaviour of the arrays was not observed to depend sig-
nificantly on array length.

Theoretical modelling of charge patterns in a 1D Anderson 
impurity array
We are able to understand the gate-dependent charging behaviour 
of close-packed 1D F4TCNQ arrays within the framework of a mod-
ified Anderson impurity model. Here, each molecule is described by 
an impurity state (that is, the LUMO level) and the Hamiltonian of a 
molecular array consisting of N molecules is given by

H ¼
PN
i¼1

P
σ¼";#

ϵLLþiσLiσ þ Uni"ni#

" #
þ 1

2

P
i≠j

Wijninj

þP
skσ

ϵskcþskσcskσ þHΓ

ð1Þ

where niσ ¼ LþiσLiσ
I

 denotes the number of electrons with spin σ in 
the LUMO level of molecule i and ni ¼ ni" þ ni#

I
. The orbital energy 

of the unoccupied LUMO is ∈L and U is the interaction energy 
between two electrons on the same molecule. Electrons on different 
molecules interact via the screened potential Wij, where the domi-
nant screening comes from the graphene substrate and is described 
by a Dirac model dielectric function within the random-phase 
approximation35–37. cskσ removes an electron from the graphene band 
s with crystal momentum k (measured with respect to the K or K′ 
points of the graphene Brillouin zone) and energy ϵsk

I
 = svFk (where 

vF denotes the Fermi velocity and s = ±1). HΓ describes the electron 
hopping between graphene and F4TCNQ molecules and is approxi-
mated as HΓ ¼ Γ

PN
i¼1

P
skσ

Lþiσcskσ þ h:c:½ 

I

 where Γ is the hybridiza-

tion energy. Here, ϵL
I

 = −0.1 eV and U = 3.1 eV are obtained from 
ab initio GW calculations (Supplementary Note 5). Finally, a value 

for the hybridization energy Γ is required. This quantity depends 
sensitively on the molecule–graphene separation and the PCDA 
anchor–F4TCNQ interaction, and is therefore difficult to determine 
with first-principles methods. We have chosen Γ = 0.4 eV (similar 
to values used in previous work29) and verified that our results only 
depend weakly on this parameter.

To simulate the charging behaviour observed experimentally, we 
solved the Hartree–Fock equation for each molecule in an array of 16 
molecules described by equation (1) and took inter-molecular inter-
actions into account at the mean-field level. As shown in Fig. 3b, we 
find that the LUMO states in the molecular array are all unoccupied 
for a Fermi level relative to the Dirac point of EF = −0.16 eV and 
are all occupied by one electron each when the Fermi level reaches 
EF = +0.15 eV. At an intermediate Fermi level of EF = +0.07 eV, how-
ever, we find that the LUMO occupancies spatially alternate along 
the molecular array, yielding a periodic charging pattern in Fig. 3b 
identical to what is seen experimentally in Fig. 3a. The theoreti-
cal doping levels here differ slightly from the average experimen-
tal values obtained from the gate-dependent Dirac point shift, but 
are well within the range expected for the doping level inhomo-
geneity due to the presence of molecules on the surface38. Perfect 
nearest-neighbour charge alternation is only seen over a relatively 
narrow range of EF values: 0.06 eV < EF < 0.08 eV. Outside this 
range, longer-wavelength and non-periodic charging patterns are 
observed (Supplementary Fig. 4a; no significant length dependence 
was observed in the charge alternation patterns). This behaviour is 
similar to the experimental data where periodic nearest-neighbour 
charge alternation is observed only over a narrow gate voltage range 
corresponding to 0.08 eV < EF < 0.10 eV. In the experiment, how-
ever, we do not observe the longer-wavelength patterns predicted 
by theory (Supplementary Fig. 4a). This is most likely due to elec-
trostatic inhomogeneity that is present in the experiment but not in 
the theoretical model.

The observed charge alternation can be interpreted as a 
nearest-neighbour Coulomb blockade: if an electron occupies a 
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Fig. 2 | Gate-tunable charge patterns in a 1D molecular array. a–c, dI/dV spectra of 16 F4TCNQ molecules in a close-packed 1D array at VG = 0 V (a), 
VG = 30 V (b) and VG = 60 V (c). The integer on the left marks the molecule’s location within the array. Arrows indicate the energy position of each 
molecule’s LUMO orbital. Filled-in (blue) peaks signify charged orbitals where the LUMO peak lies below the Fermi level. All experimental data were 
obtained at T = 4.5 K.
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molecule in the array then it is unfavourable for electrons to occupy 
the two adjacent molecules because the Coulomb potential raises 
their LUMO energies. The difference in energy between neighbour-
ing LUMO states thus provides a direct measure of the strength of 
the screened Coulomb interaction between molecules on graphene. 
Our calculation yields a value of 0.19 eV for this difference, which 
can be reasonably compared to the measured value of 0.28 eV. The 
difference between these values is probably due to overestimation 
of screening in our model, which does not account for the detailed 
shape of the LUMO orbital (Supplementary Note 5).

Tip-based operation of the shift register
An important result of our model is that the molecules at the two 
ends of a 1D molecular array are always filled by an electron for the 
intermediate doping levels that give rise to charge alternation. This is 
because the ends have only one nearest neighbour and so are subject 
to less Coulomb repulsion than the interior sites (thus lowering the 
LUMO energy at the ends). Such end-state charging is accommo-
dated gracefully by arrays with an odd number of molecules, because 
filled end-states are commensurate with the charge periodicity  

for odd-number arrays (Supplementary Fig. 5). However, for arrays 
with an even number of molecules, the charge periodicity is not 
easily compatible with filled end-states and frustration results. Our 
model implies that for even-number arrays the charge periodicity 
will be disturbed at one end by filling the last two molecules with 
electrons (Fig. 3b), thus yielding a charged dimer defect. The loca-
tion of the dimer defect (that is, left end versus right end) is chosen 
in our model by the initial conditions of our calculation (which we 
solve self-consistently), but for experimental systems we assume the 
symmetry will be broken by environmental factors (such as nearby 
defects and so on).

We are unable to directly experimentally test the predicted exis-
tence of charged dimer defects for even-number chains due to the 
fragility of the end-states, which are easily perturbed by the STM 
tip. However, this predicted odd/even asymmetry has significant 
experimental consequences for molecular arrays that can be mea-
sured, and can lead to new device opportunities. This comes from 
the fact that if a single molecule is removed from (or added to) the 
non-defect end of an even-number molecular array, then our model 
predicts that interior molecules (whose electronic structure is read-
ily accessible experimentally) will all spontaneously switch between 
neutral and charged states (Supplementary Fig. 5). This, in prin-
ciple, allows information to be transmitted from one end of a 1D 
molecular array to the other via a cascade-like mechanism that is 
equivalent to a charge-based shift register13,39.

To test this prediction we used tip-based molecular manipu-
lation to remove molecules from one end of an even-number 
molecular array held at intermediate doping (Fig. 4a) and then 
characterized the resulting changes in charge state of the interior 
molecules. We began by removing two molecules from the left 
end. If this end were to contain the dimer charge defect then we 
would expect all interior molecules to switch their charge state to 
accommodate the new charge boundary condition. In the absence 
of the dimer defect, however, we would expect the interior charge 
states to all remain unchanged (because then the boundary condi-
tion would be unchanged; Supplementary Fig. 5). Figure 4a shows 
the 16-member molecular array before removing molecules 1 and 
2 from the left end. The measured charge states (characterized via 
STS; Supplementary Fig. 2) are represented by filled circles for nega-
tively charged molecules and open circles for neutral molecules (the 
end molecules were not measured because of the end-state fragil-
ity). Figure 4b shows the same array after removing molecules 1 and 
2 by shifting them to the left by one molecular length via tip-based 
manipulation40,41. The charge states of the interior molecules are 
seen to remain unchanged, indicating that this side did not host a 
charged dimer defect prior to the manipulation. We then removed 
one additional molecule from the left end, thus converting the 
array from an even-number array (N = 14) to an odd-number array 
(N = 13). Figure 4c shows the resulting odd-number array and the 
experimentally measured charge states. The interior molecules are 
now seen to all exhibit shifted charge states relative to the previous 
even-number charge configuration (Fig. 4b), a charge reconfigura-
tion that has cascaded throughout the entire array. This behaviour 
is consistent with the even/odd asymmetry of our theoretical model 
and verifies charge-based shift-register functionality for atomically 
precise 1D molecular arrays on graphene.

Conclusions
We have reported a strategy for creating mechanically stable molec-
ular platforms for manipulating information at the nanoscale via 
applied fields. This is accomplished by using molecular templating 
to create close-packed 1D molecular arrays whose spatial charge 
configurations can be tuned by electrostatic gating and tip-based 
manipulation. This behaviour can be understood through a 
multi-site Anderson impurity model with screened Coulomb poten-
tial that predicts even/odd asymmetry effects arising from charge 
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occupancy at the ends of 1D molecular arrays. We have exploited 
this even/odd end-state asymmetry by using molecular manipula-
tion to create a charge-based molecular shift register. We expect this 
new technique for controlling molecular charge patterns to be gen-
erally applicable to other weakly screened semiconductor systems in 
addition to graphene. Although STM and STS measurements allow 
us to understand the principles of operation of our devices, inte-
grating these molecular devices with existing read-out and write-in 
technologies will require solving a number of difficult challenges 
such as aligning molecular arrays to macroscopic electrodes and 
creating molecular structures that have greater temperature stabil-
ity. The answer to these challenges may well lie within the toolbox 
of organic synthesis wherein molecules can be designed to self-align 
and to bind with different functionalized substrates. We expect 
these concepts to be generalizable to more complex chemically 
engineered molecular networks that incorporate charge-actuated 
switching elements.

Methods
Graphene device fabrication. Back-gated graphene/h-BN/SiO2 devices were 
prepared by overlaying CVD-grown graphene onto h-BN flakes exfoliated onto a 
SiO2/Si substrate. h-BN flakes were exfoliated onto heavily doped silicon wafers 
and annealed at 500 °C for several hours in air before graphene transfer. The 
graphene was grown on copper foil via CVD techniques and transferred to the 
h-BN/SiO2 substrate via a polymethyl methacrylate stamp42. Electrical contact was 
made to the graphene by depositing Ti (10-nm thick)/Au (30-nm thick) electrodes 
using a stencil mask.

STM/STS measurements. STM/STS measurements were performed under 
ultra-high vacuum (UHV) conditions at T = 5 K using a commercial Omicron 
low-temperature STM with tungsten tips. STM topography was obtained in 
constant-current mode. STM tips were calibrated on a Au(111) surface by 
measuring the Au(111) Shockley surface state before all STS measurements. 
STS was performed under open feedback conditions by lock-in detection of the 
tunnel current driven by a modulation of 6–16 mV (r.m.s.) at 400 Hz added to the 
tunnelling bias. WSxM software was used to process all STM and AFM images43.

Data availability
The data that support the findings of this study are available from the 
corresponding author on reasonable request.
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