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carrier mobility[13,15] and attain the appropriate energy level alignment to extract
free carriers.[13,14,16] When the heterostructure is formed between a 2D material and
the surface of a bulk material,[11,12,17,18]
precise control over the workfunction[17,18]
and doping level[17] can be achieved,
leading to substantial improvements in
built-in potential and carrier density. A
vertical heterostructure of stacked 2D
materials can have a controlled interface
without defects, strains, or reconstruction.
A sufficiently dense stack may give strong
absorption in a thin layer.[19]
Given that all of its components would be regularly arranged
and chemically connected to each other, a single-sheet solar
cell is expected to provide the most control over flux of particles and energy compared to the existing architectures made
of 2D materials. Functionalized graphene is a promising candidate for such a device, since in addition to the high carrier
mobility, large thermal conductivity, and the ability to sustain
high densities of electric current, high-quality graphene could
be produced by relatively simple and cheap approaches that
show promise for large-scale manufacturing.[1,11] Moreover, by
advanced solution processing techniques, chemical functionalization has been realized with both covalently bonded[20–24] and
physisorbed[17,25,26] molecules, which results in tunable conductivities[17,22,23,25] and openings of bandgaps.[21,23,25,26]
In this work, we explored a prototype architecture for a
single-sheet PV device (Figure 1a), wherein the active material is a single graphene sheet functionalized into 1D stripes.
Employing a combination of ab initio simulations, empirical
models, and scaling analyses, we predict this system to possess
strong absorption and desirable charge dynamics, among other
advantages, compared to vertical architectures. Our results suggest that both the in-plane and vertical heterostructure architectures should be considered for future device optimization.
While the potential applications of heterostructures of 2D
materials have been discussed in previous theoretical work,
based on the band alignment between transition-metal dichalcogenides in lateral heterostructures,[10] the concept of a single
sheet solar cell has not been proposed to our knowledge. Specifically, a full view of the potential for device operation (including
multiple relevant properties computed simultaneously) is still
lacking and yet would provide beneficial guidance for experimental efforts aimed at creating and optimizing functional
devices. Further, much of the work thus far on in-plane heterostructures has focused on tuning average sheet properties; in
contrast, here we explore a single-sheet photovoltaic device that

In-plane heterostructure engineering provides unique opportunities to control
device properties. Here, a single-sheet solar cell made of a graphene sheet
functionalized into 1D channels is explored. Compared to vertical heterostructure architectures based on 2D materials, the single-sheet solar cell
shows potential for improved robustness against defects, enhancement of
polaron dissociation, extra freedom for functionalization, and coverage of the
entire solar spectrum. The partition width, device length, and functionalizations can be tuned independently to optimize the key optoelectronic properties for photovoltaic performance.

1. Introduction
During the past several years, the emerging class of 2D materials has provided desirable electronic and optical properties
that would otherwise have been impossible to achieve in the
bulk phases.[1] Recently, there has been great interest in lateral
heterojunctions based on 2D materials after their successful
synthesis with atomic-scale precision,[2–5] which provides an
unprecedented opportunity for device design. For example,
conductor-insulator lateral heterojunctions between graphene
and hexagonal boron nitride (hBN) have been successfully
fabricated via scalable processes,[2,6,7] which show promise in
atomically thin integrated circuitry[2] and split closed-loop resonators.[7] The idea has been recently extended to lateral junctions in single-layer MoS2 with different phases[3] or dopings,[8]
and between WS2 and MoS2,[4] demonstrating the possibility
of generating intrinsic in-plane p–n junctions.[4] From a theoretical perspective, there have been a number of works that
attempt to understand and optimize the electronic, optical, and
thermal properties of in-plane 2D heterostructures.[9,10]
Within the category of in-plane heterostructure engineering,
the potential for a single-sheet solar cell is especially attractive, since photovoltaic (PV) device performance requires
controlling competing and correlated physical properties. 2D
materials are utilized in bulk heterojunction solar cells,[11–15]
not as absorbers, but rather to take advantage of the delocalized nature of the wavefunction in the 2D material to improve
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Figure 1. Design of a single-sheet solar cell. a) Generic single-sheet architecture based on a type-II heterojunction in a solar cell device, with required
energy-level alignments for efficient operation. b) Structures of benzyne and 3,4-difluobenzyne ligands used to functionalize donor and acceptor regions
respectively. Top and side views of c) valence band maximum (VBM) wavefunction in green and d) conduction band minimum (CBM) wavefunction
in magenta. The unit cell is highlighted by the orange rectangle.

exploits interactions at the interfaces of the heterostructure,
and consider the possibilities for controlling the highly correlated optoelectronic processes.
One possible architecture for a single-sheet solar cell is illustrated schematically in Figure 1a, wherein the active material
is an array of aligned nanoribbons. All regions are chemically
bonded to their neighbors, but made of different materials or
functionalized by different ligands or dopants. With energy
alignments as shown, excitons generated in either the donor or
the acceptor could dissociate at the type-II interface, followed by
carrier diffusion within the 1D domains. By investigating such
a system in detail, we find that the single-sheet device shows
advantages compared to the vertical heterojunction architecture
in four important aspects: 1) robustness against defects may
be enhanced because the periodic barriers hinder the carriers
from getting trapped by mid-gap states as long as the activation energy is much higher than thermal fluctuations (while
a similar mechanism could occur in vertical heterojunctions,
the effect is weaker as the isolated domains are much larger);
2) additional freedom for surface functionalization is available
given that the overlap between donor and acceptor wavefunctions localized on the sheet may be largely unaffected by the
attached ligands, addressing the challenge of maintaining sufficient charge separation in vertical heterojunctions due to the
large distance between functionalized sheets; 3) the polaron
pair (charge-transfer state) dissociation probability may increase
due to weakened Coulomb binding with larger in-sheet donoracceptor separation compared to that in stacked Van der Waals
layers; and 4) the single-sheet device may serve as a building
block for stacked tandem solar cells to match the entire solar
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spectrum, exploiting the fact that the optical gap can be tuned
continuously by modifying the functionalization and the width
of each partition.

2. Results and Discussion
In order to probe in detail these four potential advantages,
we considered a prototype system of a single graphene sheet
functionalized by benzyne and 3,4-difluorobenzyne ligands
(Figure 1b). These particular ligands are chosen because recent
experiments suggest that they can be added to graphene by
solution processing,[20] and the strong coupling between the
ligand and the substrate allows us to modify the local energy
levels via selection of the chemical end groups. The ligands are
arranged in the lowest-energy structure reported in previous
calculations.[27]
Our electronic-structure calculations show that a typeII energy level alignment is formed between the donor and
acceptor regions, with the electron and hole localized in separated areas within the single-sheet (Figure 1c,d). These localized states appear to be quite robust; for example, we observe
the same degree of localization independent of the width of the
1D domains, and their wavefunction distribution is insensitive
to irregularities at the domain interface (Section C, Supporting
Information). In spite of the large binding energy (1.24 and
1.21 eV for donor and acceptor respectively from GW corrections together with a solution to the Bethe–Salpeter equation
(BSE)) of excitons localized in each domain, charge separation is still energetically favorable with a driving force of
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Figure 2. Electronic and optical properties of the prototype system. Band structure and density of states of a) entire passivated graphene sheet,
b) donor/acceptor GNR calculated by standard density functional theory (DFT) with PBE functional. The k-points shown are Γ = (0, 0, 0), X = (1/2, 0,
0), Y = (0, 1/2, 0). c) Energy-level alignment between donor and acceptor regions calculated by three approaches: both interface potential offset and
VBM/CBM obtained from DFT with the GGA-PBE functional; both interface potential offset and VBM/CBM from DFT with the B3LYP hybrid functional;
the interface potential offset obtained by DFT with the PBE functional while the quasiparticle corrections were computed by the GW method. (Vacuum
level is zero.) d) Energy levels of ground state (GS), local exciton state on the donor (EX-don), local exciton state on the acceptor (EX-acc), and charge
transfer state (CT). Both the energy of these many body states and the driving forces (ΔG) for the charge separation and recombination processes are
shown in units of eV. e) Absorption spectra of donor (don) and acceptor (acc) GNRs obtained by the DFT random phase approximation (RPA) and
GW-BSE approach. f) Absorption spectra of donor, acceptor, their sum, and the full graphene sheet (system) computed by the RPA method. The solar
flux is presented in arbitrary units.

0.14/0.10 eV from donor/acceptor domain (Figure 2c,d), due
to the strong Coulomb stabilization effect between the electron–hole pair in the charge-transfer (CT) state (1.12 eV from
integration of the Coulomb interaction between VBM and CBM
wavefunction) within this weak screening (E ≈ 1) system.[28]
The density of states (DOS) and the bandstructure
(Figure 2a,b) indicate that while the change from sp2 to sp3
hybridization resulting from chemical functionalization opens
a band gap in the graphene sheet, no extra bands are introduced
by the ligands near the VBM/CBM as their gaps far exceed that
of graphene. Nevertheless, mid-gap states could appear in the
presence of hydrogen chemisorption and vacancy defects regardless of their positions (Section D, Supporting Information);
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fortunately, the possible deleterious effects from such states are
minimized by the partition of the single sheet into domains.
For example, in our prototype system, since the VBM and
CBM offsets between the donor and acceptor (0.20 and 0.26 eV
respectively) far exceed the thermal energy kBT (0.024 eV), carriers are unlikely to decay to defect states localized in other
1D domains of the same type via over-the-barrier hopping.
Tunneling is also unlikely to occur due to the weak coupling between 1D domains of the same type across the other
domains.
As revealed from the flat band structure in the x-direction
(perpendicular to the axis of the 1D domain) and large slope
in the y-direction (parallel to the axis of the 1D domain)
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Table 1. Comparison of carrier mobility and absorption flux between our
prototype system and several widely used PV materials. For bulk materials, the absorption flux corresponds to 1 nm thickness.
Material
Prototype system
Graphene

µe
[cm2 V–1 s–1]

µh
[cm2 V–1 s–1]

Jabs
[mA cm–2]

388

93812

0.5

200 000

200 000

2.0e)

Si

650–1300a)

48–500a)

0.1e)

GaAs

1100–1800b)

100–130b)

0.3e)

P3HT

0.00015c)

0.0003–0.1d)

0.2e)

a)

Experiment;[30] b)Experiment;[31] c)Experimen;t[32] d)Experiment;[32,33] e)Simulation.[19]

(Figure 2a,b), carrier transport should be restricted to the 1D
domains. Our computed electron and hole mobilities are much
lower than those in pristine graphene, yet comparable to values
for widely used inorganic semiconductors and several orders of
magnitude higher than most organic semiconductors (Table 1).
We note that one drawback of such a system is the unbalanced
electron and hole mobility, which may be addressed by tuning
the width of the graphene nanoribbon (GNR), as shown in previous studies[29] as well as in our present study in Section E of
the Supporting Information.
Our prototype system has a predicted absorption flux about
four times smaller than that of pristine graphene (Table 1),

although still quite a good absorber of light given a thickness
of < 1 nm. Compared to a 1 nm thick film of other typical PV
materials, our single-sheet PV device absorbs quite well due
to its direct band gap character and strong oscillator strength.
This may be further improved by adopting conjugated ligands
with smaller optical gaps so that they absorb too. Although
beyond the scope of this work, transition metal dichalcogenides
(TMDs) may be promising candidate materials for a singlesheet solar cell due to their extraordinarily strong light absorption.[19] We note that the positions of the absorption peaks of
the combined system are similar to those of the separated GNR
components, but the strengths are increased due to the contributions from interfacial and extended states (Section F, Supporting Information).
Even with the strong absorption and appropriate energylevel alignment we have shown thus far, it remains important
to predict the charge dynamics which are critical for extracting
free carriers from local excitons. As summarized in Figure 3a,
the charge separation rates for an exciton initially absorbed in
either the donor (1.90 × 1012 s−1) or the acceptor (4.09 × 1011 s−1)
regime are much larger than their respective photoluminescence (PL, radiative recombination) rates (1.72 × 108 and
1.76 × 108 s−1). This indicates that excitons would efficiently
dissociate into polaron pairs (electron and hole localized in
different domains but still bound to each other), which have
a much lower charge recombination rate (5.71 × 104 s−1) than

Figure 3. Charge dynamics in light-harvesting processes. a) Charge transfer (CT) from donor and acceptor exciton states, photoluminescence (PL),
charge recombination (CR), and electron/hole passing (hpass/epass) rates for the prototype system. Arrows are drawn between competing processes.
Change of polaron dissociation probability with respect to b) donor–acceptor distance, c) device length in y-direction and internal voltage drop (Vin).
The dashed line indicates a0, which is the center-to-center donor-acceptor distance of the prototype system. The device length is 30 Å in (b), while the
donor–acceptor distance is 1.5a0 in (c).
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Figure 4. Possibility of optimizing solar cells based on single-sheet device architecture. a) Three control parameters in a single-sheet device. Variation
of b) absorption flux c) PL rate, d) CT rate, e) CR rate, f) carrier passing rate, g,h) polaron dissociation probability with respect to the three control
parameters. Eg0 is the optical gap of the donor/acceptor.

the initial excitons, since only nonradiative recombination is
now possible. In terms of polaron dissociation, though, the
system with relatively small functionalization width (11 Å) is
not satisfactory. The dissociation probability in this case reaches
80% only if a strong electric field is built in the device with a
very short length of 30 Å (Figure 3b). Fortunately, this may be
remedied by weakening the Coulomb interaction with a slightly
larger width of the 1D domains, which is illustrated by the estimation of polaron dissociation rates with extrapolation of the
binding energy (Figure 3b,c). Once the free carriers are generated, a considerable proportion of them will be able to diffuse to
the electrode, as the charge recombination rate (5.71 × 104 s−1)
is much lower than the rates (>1012 s−1) for electrons/holes to move
to the contacts (referred to as carrier passing rates, Figure 3a).
Although the individual charge transfer rates could be sensitive
to the driving force, reorganization energy and electron coupling, the conclusion that our system is promising for charge
extraction is quite robust as the relation between the competing
processes does not change over a broad range of configurations (Section H, Supporting Information). Based on the carrier mobility and the charge recombination rate, the diffusion
lengths of electron and hole are estimated to be 132 and 2060 µm
respectively (Section J, Supporting Information).
While the above analysis illustrates the possible advantages
of building a single-sheet PV device, accomplishing these benefits simultaneously is a major challenge due to the correlation between relevant properties. This would be true for any
architecture, but an advantage of single-sheet devices is that
three parameters can be modified independently: the widths
of the partitions (w), the length of the device (L), and the local
energy levels of each domain (as a function of ligand type and
density, with Eg0 denoting the optical gap of donor/acceptor)
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(Figure 4a). We have mapped out the influence of these parameters on device performance based on a scaling analysis of GNR
systems (Sections I, J, Supporting Information), in which the
parameters are chosen to correspond roughly to this prototype
system. As summarized in Figure 4b–h, all target functions that
characterize the solar cell performance show different dependences on these three structural/chemical controls, which could
in turn allow for independent tuning. We note that some of the
target functions are more feasible to optimize because of the
smooth variation and clear trend. For example, absorption flux
could be enhanced either by decreasing Eg0 to harvest more
photons, or by decreasing w to intensify absorption strength.
Polaron dissociation probability could be increased either by
increasing Eg0 to reduce charge recombination, or by increasing
w to weaken the Coulomb binding effect. Other target functions, such as CT and CR rates, are more challenging to control
due to the large fluctuations. Resonant phonon-assisted transitions, with effective barriers of dominant phonon modes close
to zero, correlate with the sharp peaks and should be encouraged to improve charge separation while avoided to suppress
charge recombination. Even though there is no guarantee that
the entire set of six target functions (absorption flux, PL rate,
CT rate, CR rate, carrier passing rate, and polaron dissociation
probability) can be optimized by controlling only three parameters, the single-sheet device concept provides ample phase
space to achieve this goal.
Finally, we note that beyond the active material of the device,
which was the focus of this work, further considerations are
important to take into account. For example, the electronand hole-blocking layers will be important for the success of
a single-sheet architecture. In principle, these blocking layers
could be other parts of the graphene sheet with appropriate
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ligands. Such functionalization needs to be designed with
appropriate energy-level alignment, high carrier mobility, and
small interfacial strain. In addition to blocking layers, highquality contacts are necessary for efficient charge extraction,
which could be realized by the edge-contact geometry that
separates the contact metallization from the layer assembly processes.[5] In fact, such 1D electrical contacts have been shown to
preserve the ballistic transport in graphene sheets.[5]

3. Conclusion
In summary, we investigated the potential of an in-plane heterostructure solar cell using ab initio simulations. Specifically, a graphene-based single-sheet solar cell is predicted to
exhibit desirable characteristics of robustness against defects,
efficient polaron-pair dissociation, broad tunability by surface
functionalization, and the possibility to modify the optical gap
continuously. With such an architecture, the highly correlated
optoelectronic properties for photovoltaic performance can be
optimized simultaneously via tuning the partition width, device
length, and functionalizations independently. Although only
the case of a functionalized graphene sheet has been studied
in this work, it should be possible to design other devices based
on the same underlying principle, which opens opportunities to
explore more unique applications of low dimensional materials.

4. Computational Section
We employed DFT with both the B3LYP[34] and PBE[35] functionals within the VASP(v5.3)[36] and Quantum Espresso
(v5.0.3) packages[37] to calculate the atomic structure, density
of states, bandstructure, charge density, and phonon modes.
A one-shot GW approach with the generalized plasmon-pole
model[38] was used to account for the quasiparticle corrections, while the Bethe–Salpeter equation (BSE)[39] was applied
to calculate the optical absorption with excitonic effects (with
a rescaling approach as explained in Section A in the Supporting Information), as implemented in the BerkeleyGW
(v1.1) package.[40] The electron coupling was estimated at the
Hartree–Fock level[41] with the NWChem (v6.3) package;[42] the
carrier mobility was obtained by deformation potential theory
within the effective mass approximation;[29] the phonon mode
decomposition was computed within the harmonic approximation;[43] and the polaron pair dissociation probability was
estimated by the Onsager–Braun model.[44] The PL rates were
calculated from Fermi’s Golden Rule using BSE eigenstates and
the effective mass approximation.[45] The nonradiative charge
separation and recombination rates were computed within the
phonon-assisted nonadiabatic charge dynamics scenario,[46]
with a DOS-weighted average over all possible transitions with
positive driving forces.[47] A similar set of approaches has been
applied to the Si quantum dot system,[43,48] and similar analyses of the optical spectra and charge dynamics have been carried out on a range of organic,[46,49,50] inorganic,[51] and hybrid
interfaces[47] within both natural and artificial systems, which
successfully captured qualitative trends observed in experiments.[43,47,49,51] Further details regarding the computational

6

wileyonlinelibrary.com

methods employed are provided in Section A of the Supporting
Information.
While the DFT calculations are applied to the full system,
for the more computationally expensive GW-BSE and charge
transfer calculations, isolated GNRs are used to represent the
1D domains, with the interfaces replaced by hydrogen termination. This assumption is justified by the similarity we have
observed in the eigenvalues, wavefunctions, bandstructures,
density of states, and optical spectra between the GNRs and
the combined system, ascribed to the only slight orbital mixing
between chemically connected semiconductors (Sections B and
G, Supporting Information). We note that in order to make the
calculations feasible, we have utilized periodic GNRs and finite
fragments for parts of the calculation. We expect this approximation is sufficient for our goal of providing rough estimates
for this type of system as opposed to precise predictions.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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