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ABSTRACT The recent advent of two-dimensional monolayer Power Conversion Efficiency

materials with tunable optical properties and high carrier mobility

N

offers renewed opportunities for efficient, ultrathin excitonic solar

cells alternative to those based on conjugated polymer and small

o
®

molecule donors. Using first-principles density functional theory

I
S

and many-body calculations, we demonstrate that monolayers of
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hexagonal BN and graphene (CBN) combined with commonly used
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acceptors such as PCBM fullerene or semiconducting carbon 1 15 2 25 3 35
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nanotubes can provide excitonic solar cells with tunable absorber
gap, donor—acceptor interface band alignment, and power conversion efficiency, as well as novel device architectures. For the case of (BN—PCBM
devices, we predict power conversion efficiency limits in the 10—20% range depending on the CBN monolayer structure. Our results demonstrate

the possibility of using monolayer materials in tunable, efficient, ultrathin solar cells in which unexplored exciton and carrier transport regimes are

at play.
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olar cell devices converting energy

radiated from the sun to electricity

have developed into two main families:
those based on bulk inorganic semiconduc-
tors such as Si, GaAs, CdTe, and CIGS," in
which free charge carrier generation follows
light absorption without intermediate steps,
and those based on conjugated polymers and
small molecules®® or other materials where
following light absorption a complex of hole
and electron carriers (exciton) is formed with a
binding energy in large excess of kT. The latter
type, referred to as excitonic solar cell (XSC),*
realizes charge carrier generation by dissociat-
ing bound excitons at semiconductor hetero-
interfaces, owing to discontinuities across the
interface in the electron affinity and ionization
potential.

A typical solid state XSC® employs a
donor—acceptor blend of conjugated poly-
mer or small molecule donors with high optical
absorption in the visible, and fullerene deriv-
ative acceptors (e.g., Cgo, PCBM or similar
fullerene molecules).>®’ In such devices,
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the polymer donor dominates (and limits)
the key physical processes in the solar cell,
including optical absorption and transport
of excitons and charge carriers. In particular,
exciton diffusion lengths of 5—10 nm pre-
vent the use of bilayer devices, and mobi-
lities lower than 1 cm?/(V s) limit the thick-
ness of bulk heterojunction devices to less
than the absorption depth (typically 0.1—
1 um), thus limiting the output current.

In addition, tuning the highest occupied
molecular orbital (HOMO) and lowest un-
occupied molecular orbital (LUMO) levels of
conjugated polymers is a challenging task,
requiring trial and error chemical synthesis
of a large number of compounds; band gaps
of less than 1.5 eV are hard to achieve, and thus
the absorption loss in the red part of the solar
spectrum can be significant Despite such
inherent material limitations and the related
constraints they place on the device architec-
ture, polymer and small molecule XSC techno-
logies have progressed to impressive power
conversion efficiencies of up to ~11%.2°
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Alternative XSC technologies have emerged in re-
cent years, including efficient quantum-dot-based'®
and more recently nanocarbon-based XSC."" The key
advantage of these novel excitonic devices is the
possibility of altering the HOMO and LUMO levels,
the band alignment, and the optical absorption using
quantum confinement in nanomaterials in addition
to just different chemistries as in the case of polymers
and small molecules. Of great relevance is also the
possibility of realizing novel device architectures,'
while retaining the inherent advantages of solution
processability and low temperature manufacturing
typical of XSC.

In this context, the recent advent of two-dimen-
sional (2D) monolayer materials with tunable optical
properties and high carrier mobility, such as mono-
layers of graphene,'? graphene-BN,">~ "> MoS,,'®'” and
other transition-metal oxides and dichalcogenides,'®
offers renewed opportunities for thin-film XSC. Several
such 2D monolayer materials present very strong
optical absorption at photon energies of interest in
photovoltaics. For example, one layer of graphene can
absorb 2.3% of incident photons at visible wavelengths'®
within a van der Waals stacking thickness of only 3.3 A
in the direction normal to the layer, while MoS, and
MoSe, monolayers present optical gaps in the range
of 1.5—2 eV.'®"® By stacking multiple layers of gra-
phene or other 2D materials with a total thickness as
smallas 50—100 nm, a significant fraction of incoming
sunlight could be captured.

Although graphene is a semimetal that can only be
used in Schottky-type solar cells,?° other monolayers
are semiconductors with strong excitonic effects and
could be combined to form efficient XSC. Possible
strategies for tuning the optical and electronic proper-
ties of monolayer materials include the formation
of domains with quantum confinement within the
layer,'® or the use of stackings of different monolayers
to create novel van der Waals structures.?’ An example
of the former strategy is the case of hybridized gra-
phene-BN (CBN) monolayers,'>~"> whose electronic
band gap, optical absorption, and exciton binding
energy can be varied by tuning the C domain size
and shape, due to quantum confinement of carriers
and excitons within the C domains." As a further point
of novelty, carrier and exciton transport in solar cells
based on 2D monolayers could occur in a different
regime than in conventional photovoltaic materials,
due to the peculiar nature of electron—phonon cou-
pling in monolayer materials.>~2* Operation regimes
including hot carrier extraction and coherent exciton
transport could be envisioned and tested using ultra-
thin solar cells based on a few monolayers.

In this work, we employ ab initio calculations to
study interfaces between CBN monolayers and car-
bon-based acceptors such as PCBM and semicon-
ducting single-walled carbon nanotubes (s-SWCNT).
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Figure 1. (a) CBN monolayer unit cell used in our DFT calcu-
lations, with an armchair edge between the C and BN
domains. Shown in the dashed box is a C atom row, with
an approximate width of 0.25 nm. Following the nomen-
clature used here, the unit cell shown is C3(BN)s. Panels b—d
show interfaces between a CBN monolayer and (b) PCBM
fullerene, (c) a (14,0) zigzag SWCNT, and (d) another CBN
layer with different composition.

We demonstrate that such CBN monolayer interfaces
can form tunable type-ll band alignment,®® and hold
promise to realize exciton dissociation in 2D monolayer
based solar cells. We show that the photovoltaic power
conversion efficiency resulting from such CBN interfaces
can be significantly tuned by varying the carbon domain
size in the CBN monolayer, with predicted upper effi-
ciency limits in the 10—20% range. Our calculations
further suggest that even just two stacked monolayers
of CBN with the proper structure could constitute an
ultrathin solar cell with ~3 A thickness, thus allowing one
to investigate carrier and exciton transport at very short
time and length scales during photovoltaic operation.

RESULTS AND DISCUSSION

Ab Initio Calculations and (BN Interfaces. We study model
CBN systems constituted by a monolayer with Cand BN
stripe domains arranged in a 2D superlattice and
separated by an armchair edge. The CBN repeat unit
consists of a layer with eight atom rows and an overall
composition of C,(BN)g_, where x is the number of C
rows in the structure, each 0.25 nm wide (Figure 1a).2

Interfaces containing CBN sheets (Figure 1Tb—d) are
formed by placing PCBM, or s-SWCNT of chirality (10,0),
(14,0), and (16,0), or a second CBN layer at a van der
Waals distance of 3.3 A from a given CBN monolayer. In
CBN bilayer calculations, the unit cell consists of two
C«(BN)(s_» layers with AB stacking in the BN domains
(B atoms on top of N atoms).”” We compute the elec-
tronic structure of such CBN interfaces by means of ab
initio density functional theory (DFT) calculations with
a plane-wave basis set, using the QUANTUM ESPRESSO
code?® (see Methods).

The DFT band offsets are estimated in all cases as
differences in the peaks of the projected density of
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Figure 2. (a) DFT valence band offset (AE,, dashed curve) and DFT, GW, and BSE conduction band offsets (AE, solid curves)
between C,(BN)s_,, monolayers and PCBM fullerene, expressed as a function of the C domain size in the
CBN layer. AE, and AE_ are referenced, respectively, to the valence and conduction band edges of the acceptor, as shown
schematically above the plot. Within our model, AE, is the same at all levels of theory since the GW correc-
tions were applied as a rigid shift of the LUMO levels (see Methods). The number x of C atom rows in the CBN superlattice
structure increases by one unit (from 1 to 7) at each consecutive point in the plot, and for each added row the C lateral domain
size increases by 0.25 nm. The alignment is consistently found to be type-Il for C domain sizes of up to approximately 1—2 nm
depending on the level of theory used. (b) Power conversion efficiency contour plot as a function of the CBN donor optical gap
and conduction band offset AE,. Constant efficiency level curves up to 21% are shown in the figure. The diamonds represent
the efficiency limits of the three CBN—PCBM combinations yielding type-Il alignment in the BSE curve in panel a. Efficiency
values in the 10—20% range are predicted depending on the C domain size.

states (PDOS) for the two structures constituting the
interface.?® While this approach is usually reliable for
the estimate of valence band offsets,*® the accuracy of
conduction band offsets depends on a compensation
of errors on the DFT band gap of the two materials
constituting the interface. Hence for the case of
CBN—PCBM interfaces, we choose to compute band
offsets with higher accuracy at the GW and GW plus
Bethe—Salpeter equation (GW + BSE) levels of theory
(see Methods), justified by our interest in computing
the power conversion efficiency of CBN—PCBM inter-
faces, a quantity rather sensitive to errors in the optical
gaps and interface band offsets. On the other hand, for
the CBN—SWCNT and CBN bilayer interfaces our anal-
ysis is based solely on DFT results, and is mainly aimed
at determining qualitatively the possibility of forming
type-ll interfaces involving CBN monolayers.

Band Offsets and Efficiency in CBN—PCBM Interfaces.
Figure 2a shows DFT valence band offsets (AE,) and
conduction band offsets (AE.) at different levels of
theory for interfaces between PCBM and C,(BN)ig_
monolayers with different C domain sizes. Each con-
secutive point represents the addition of one C atom
row and the removal of one BN row in the unit cell
(Figure 1a), leading to a 0.25 nm increase of the C
domain size. The DFT band alignment is found to be
type-ll for C domain sizes of up to 1.5 nm, with the
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PCBM acting as the acceptor at the interface, as seen by
the positive values of AE, and AE, using the conven-
tion shown in Figure 2a. The trends in AE, and AE,
show that the HOMO and LUMO energies of the donor
can be tuned according to the C domain size, yielding a
unique control over the interface band offsets. This
results in a tunable power conversion efficiency, as
explained below.

To confirm the type-Il alignment found within DFT,
we apply GW corrections separately to the LUMO levels
of CBN and PCBM (see Methods and Supporting
Material). The GW corrected AE, values,*' shown in
Figure 2a (GW curve) yield the same qualitative trends
as the DFT results, with type-Il alignment for C domain
sizes of up to 1.5 nm.

Assuming that CBN is the main absorber in the solar
cell, the exciton binding energy in the CBN layer is a key
quantity to determine the energetics of photoexcited
electron transfer to PCBM. To address this point, we
calculate AE. values as differences between the optical
LUMO level of the CBN donor (using GW + BSE, and
thus accounting for exciton binding energy) and the
GW LUMO level of the PCBM acceptor. This combined
scheme utilizing the optical LUMO of the donor and the
quasiparticle LUMO of the acceptor takes into account
the minimum energy of the exciton formed after
photoabsorption in the CBN donor, as well as the
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electronic quasiparticle level for the transfer of a
photoexcited electron to the acceptor. The AE. values
derived at this combined level of theory are shown in
Figure 2a (BSE AE. curve), and are used below to
compute power conversion efficiencies; within this
approximation, the useful range for XSC operation is
restricted to C domain sizes of up to ~1 nm, for which
the AE, > 0 condition is met.3?

The three CBN—PCBM interfaces satisfying this
condition include the CBN layers C;(BN);, C5(BN)g,
and C3(BN)s, as seen from the BSE curve in Figure 2a.
For these cases, we estimate here a practical upper
limit to the power conversion efficiency.

Though the thermodynamic efficiency limit for
thermalized carriers and in the absence of nonradiative
recombination is set by the optical gap of the donor
through the Schockley—Quisser limit,*** trends and
practical efficiency limits are far more useful for XSC
than ultimate thermodynamic limits.>*3*

Following Scharber et al,>* we estimate maximum
power conversion efficiencies 1 for CBN—PCBM de-
vices with type-Il alignment as

0.65(ESP¥ 4 — AE. — 0.3) / o) 4 )

vd  Aw
Eq”

n= =
/ Jon(ho) d(hw)
E;pt,d

m

where 0.65 is the fill factor (FF), J, (hw) is the AM1.5
solar energy flux (expressed in W m~2 eV ) at the
photon energy fiw, and Egp"d is the optical band gap of
the CBN donor.

Ineq 1, the (ESP*! — AE. — 0.3) term is an estimate of
the maximum open circuit voltage (V,, here in eV units),
calculated as the effective interface gap (E3”* — AE,)
taken here between the DFT HOMO level of the donor
and the GW LUMO level of the acceptor, minus 0.3 eV,
which accounts for energy conversion kinetics.>**” The
integral in the numerator is the short circuit current
Jsc calculated using a limit external quantum efficiency
(EQE) of 100%, while the denominator is the integrated
AM1.5 solar energy flux, which amounts to 1000 W/m?,
The efficiency 7 is thus estimated as the product
FF - Voc+Jsc normalized by the incident energy flux, in
the limit of 100% EQE.*®

Figure 2b shows the efficiency of the three
CBN—PCBM interfaces with type-Il alignment, as a
function of the CBN donor optical gap and the interface
AE,, the latter computed as the difference between the
optical LUMO level of CBN and the GW LUMO level of
PCBM, as explained above. For the C;(BN);, C5(BN),
and C3(BN)s monolayers, the computed efficiency
values are, respectively, 11%, 15%, and 20%. Assuming
an error AEP* of ~0.1 eV in the calculation of the
optical gap, and an error AV, on the interface elec-
tronic gap (and thus on V,) also of 0.1 eV, the relative
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Figure 3. Valence (AE,) and conduction (AE,) band offsets
at CBN—SWCNT interfaces, calculated using DFT and shown
here for combinations of the two CBN structures C,(BN);
and C4(BN), and the three zigzag nanotubes (10,0), (14,0),
and (16,0). AE, and AE. are referenced, respectively, to the
valence and conduction band edges of the acceptor, as
shown above the plot, and are plotted as a function of
nanotube diameter. Both AE, (dashed lines) and AE, (solid
lines) are positive in all cases, indicating type-Il alignment.

error on the efficiency Ay/n can be calculated as

2 2
3’7 opt, d
+ [(8E§pt’d> AEg

Using AESP* = AV, = 0.1 eV, and the optical gaps
and V. values found here, the relative errors for the
three cases shown in Figure 2b are estimated to be of
the order of An/n =~ 0.1—-0.15. This translates to an
overall efficiency range of = 11—20 4+ 3% for the
three cases studied here.

The striking efficiency tunability found here is
achieved by changing the C domain size within the
CBN monolayer over a 1 nm range. Though such small
C domains might seem challenging to achieve in
practice, the immiscibility of C and BN in a monolayer
leads to the formation of a large amount of subnano-
meter scale domains, to the point that single C and BN
domains cannot be resolved in as-synthesized CBN
monolayers.'® While several approaches for controlling
the domain size and shape at the atomistic scale in CBN
are being actively explored,'**° the strategy found
here of lateral quantum confinement in 2D monolayers
to achieve tunability in XSC is general and can be
extended to other monolayer materials.

(BN—SWCNT and (BN Bilayer Interfaces. Next, we ana-
lyze the band alignment at CBN—SWCNT and CBN
bilayer interfaces. While accurate band offset calcula-
tions were necessary to extract efficiency trends of
CBN—PCBM interfaces, for the CBN—SWCNT and CBN
bilayer systems our analysis is based on DFT without
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Figure 4. PDOS (left) and HOMO and LUMO orbital isosur-
faces (right) for CBN bilayers studied using DFT. The en-
ergies in the PDOS plots are referenced to the Fermi energy
E:. Two monolayer combinations are shown: (a) C;(BN);/
C4(BN); and (b) C4(BN)4/C7(BN);. Type-l or type-ll band
alignments are predicted depending on the structure and
C domain size of the CBN layers composing the bilayer. The
high-frequency oscillations seen in the PDOS curve in panel
b near the band gap are an artifact due to Brillouin zone
sampling in the DFT calculation.

further corrections, and has the main goal of qualita-
tively showing the possibility of forming type-Il align-
ment at interfaces involving monolayer CBN. Figure 3
shows the DFT valence and conduction band offsets
for interfaces between the two CBN systems C;(BN);,
and C4(BN); (with respectively 0.25 and 1 nm C
domain size) and zigzag s-SWCNT with three different di-
ameters. Both AE, and AE. are found to be positive
(with the convention shown in Figure 3) for both CBN
cases and regardless of the nanotube diameter, imply-
ing a type-Il alignment for these interfaces. The band
offsets show little variation with nanotube diameter,
and AE. becomes smaller for increasing C domain
sizes, similar to the CBN—PCBM case. At the interface,
the nanotube behaves as the acceptor, and should
thus be n-doped in a real device for optimal perfor-
mance. Similar to the case of CBN—PCBM interfaces,
band offset values with a strong dependence on the C
domain size in CBN are found, which could allow one to
tune the solar cell performance by varying the struc-
ture of the CBN layer.

Though we do not verify it explicitly, the type-Il
alignment would be retained at the GW and GW + BSE
levels of theory. For the alignment type to be inverted,
the GW corrections to the nanotube band gap would
need to be higher than the corresponding corrections
to the CBN layer band gap, which are, respectively, 3.25
and 1.72 eV for the C,(BN); and C4(BN), cases.””
However, only small GW corrections are predicted for
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holes electrons

Figure 5. Proof-of-concept design of a solar cell based on
2D semiconducting monolayer materials, for the CBN—PCBM
material combination. Note that the PCBM could be replaced
by a second 2D monolayer, and the same architecture can be
extended to other monolayer materials. The shaded oval
indicates the interface where excitons are separated upon
illumination (from the top in figure), and the arrows indicate
the direction of carrier diffusion and extraction at the contacts,
shown as thin metal fingers.

s-SWCNT in this diameter range (~10% of the band
gap),*® and such corrections certainly cannot be as
large as 1.7 eV. Similar considerations hold for the
GW + BSE level of theory, since the optical gaps of the
two materials composing the interface are numerically
close to the DFT gaps due to compensation of errors.'”

As a last case study, we analyze the electronic
structure and the PDOS of CBN bilayer systems, in
which the two composing CBN monolayers have a
different atomic structure and C domain size. Figure 4
shows the PDOS and the HOMO and LUMO orbitals of
two bilayer cases among those studied in this work,
calculated using DFT with a van der Waals corrected
exchange-correlation functional (see Methods). In both
bilayer systems, the LUMO localizes within the layer
with the smaller energy gap. For the C;(BN);/C4(BN),4
bilayer (Figure 4a), we observe a complete hybridiza-
tion of the valence states, as seen by the perfect
overlap of the valence PDOS, causing the HOMO to
delocalize to both layers. In contrast, in the C4(BN),/
C,(BN), bilayer the HOMO is found to be localized on
the C4(BN)4 layer, that is, the layer with the larger band
gap. In this case, the incomplete hybridization of the
valence states is seen by the slight valence band offset
in the PDOS. We found an analogous behavior in the
C;(BN);/C5(BN), system.

On this basis, we predict the C;(BN);/C4(BN), inter-
face to be a type-I heterojunction with ohmic character
(due to the absence of barriers for the transport of
holes), and the C4(BN)4/C7(BN); and C;(BN),/C;(BN),
interfaces to be type-Il heterojunctions, whereby ex-
citon dissociation may be possible within a ~3.3 A thick
CBN bilayer. In both cases, the orbitals are predicted to
dramatically change their spatial distribution upon
photoexcitation (Figure 4), which may lead to oppor-
tunities for engineering the flow of photoabsorbed
energy at the nanometer scale. We note that the
alignment types found here for the bilayer systems
would also be retained beyond the DFT level of theory,
since the GW and the GW+-BSE corrections to the band
gaps are higher for the CBN monolayer with the larger
band gap."”
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Practical Implementation. Our results suggest that in
principle it may be possible to fabricate a two atomic
layer thick (~3.3 A) XSC device by stacking two CBN
monolayers with the proper C domain structures. Alter-
natively, given the tunability of the CBN layer electronic
structure, a Schottky junction solar cell may be formed
between a monolayer of graphene and a monolayer of
CBN. While such a device would likely not absorb a
significant fraction of sunlight, it could constitute a
new platform for the experimental study of quantum
transport effects (characteristic of 2D monolayers)
under photovoltaic operation. For example, while hot
carrier injection and hot exciton dissociation are pos-
sible at or near an interface,*' in typical XSC such
processes are hindered by diffusive transport through
the bulk of the absorber. However, if a solar cell is made
with a single monolayer or bilayer, no bulk diffusion
would be involved and the hot carrier regime could be
enabled. Similarly, it could be possible to study the
impact of coherent exciton transport on XSC perfor-
mance, a topic poorly explored in photovoltaics due to
the fact that exciton transport operates in an incoher-
ent regime in micrometer-thick bulk heterojunction
solar cells.

As a test bed for these fundamental effects, we
propose in Figure 5 an architecture whereby XSC based
on 2D monolayer materials could be fabricated and
characterized—for example using ultrafast spectros-
copy measurements*>—to study the presence of hot
exciton or hot carrier effects.

In addition to opportunities for fundamental trans-
port studies, ultrathin-monolayer-based XSC could be
fabricated by stacking as few as ~50 monolayers with a
total thickness of ~50 to 100 nm, a configuration that

METHODS

Density Functional Theory Calculations. For all CBN interfaces
studied here, an orthorhombic simulation cell was adopted,
and all structures were fully relaxed within DFT to less than
30 meV/A in the residual atomic forces. A 15 A vacuum is placed
in the direction normal to the CBN sheet to avoid spurious
interactions with the image system. The Perdew—Burke—
Ernzerhof exchange-correlation functional*® is adopted, and
ultrasoft pseudopotentials** are used to describe the core
electrons. A kinetic energy cutoff of 35 Ry was used for the
wavefunction and of 200 Ry for the charge density, in combina-
tion with converged Monkhorst-Pack k-point grids** of up to
48 x 24 x 1. For the CBN bilayer calculations, the vdW-DF
exchange-correlation functional®® (as implemented in the
QUANTUM ESPRESSO code) was employed to describe inter-
layer van der Waals interactions, both for structural relaxations
and for band offset calculations.

GW and Bethe—Salpeter Calculations. To estimate the conduc-
tion band offsets with higher accuracy for the CBN—PCBM
interfaces, we applied GW corrections* separately to the band
gaps of the CBN and PCBM materials. For the three CBN mono-
layers C;(BN);, C4(BN)4, and C,(BN),, both the GW corrections
and the GW -+ BSE optical gaps were taken from our previous
work (see ref 15 for further details). As discussed in ref 15, six
valence and eight conduction bands were used in the BSE,
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could suffice to absorb a significant fraction of incident
sunlight with energy above the band gap.

Finally, we remark that while the tunability of the
solar cell properties presented here originates from
changes to the composition and domain structure of a
single monolayer, additional tuning of physical quan-
tities of interest in photovoltaics could be achieved by
stacking sequences of different 2D semiconducting
monolayers or by chemically functionalizing 2D mono-
layers, two approaches we are currently investigating.

CONCLUSION

We present the idea of XSC based on semiconduct-
ing 2D monolayer materials with the potential to
achieve tunable 10—20% power conversion efficiencies,
and show that combinations of CBN monolayers and
PCBM or s-SWCNT are well-suited for the practical
implementation of such devices. Even a photovoltaic
device as thin as two atomic layers of CBN (or other
monolayer materials with type-ll band alignment)
holds the potential to achieve solar energy conversion
at exceptionally small length and ultrafast time scales.
While a similar device configuration would allow one to
probe transport in this poorly explored physical re-
gime, multilayer stackings could be employed to ab-
sorb a significant fraction of incident sunlight, and
could enable ultrathin (50—100 nm thick) solar cells
based on photostable materials with high carrier mo-
bility. The unique tunability in 2D monolayer materials
of the band gap, interface band alignment, exciton
binding energy, optical absorption, carrier mobility,
and electron—phonon coupling entails new opportu-
nities for fundamental studies and practical implemen-
tation of solar cell devices.

which were enough to achieve convergence in the optical BSE
peaks up to approximately 6 eV. Consistent with previous work
on 2D monolayers, the perturbative GW approach was used,
and thus the states entering the BSE excitonic Hamiltonian are
Kohn—Sham states. The corrections decrease linearly for in-
creasing C domain size, so that corrections at intermediate C
domain sizes were derived by interpolation (see Supporting
Material). The GW correction for the PCBM electronic gap was
calculated here using the Yambo code.*” Briefly, we used the
LDA exchange correlation functional*® in combination with
norm-conserving pseudopotentials*® for the DFT ground-state
calculation. The PCBM was studied in the solid state, using an
orthorhombic unit cell containing one PCBM molecule, and
choosing a 35 Ry kinetic energy cutoff and a 2 x 2 x 2 k-point
grid. The geometry was relaxed using both the LDA*® and the
vdW-DF*® exchange correlation functionals, with analogous
results. The cell size employed in the GW calculation was chosen
as the one minimizing the total energy within LDA, which
resulted in a density within 1% of the experimental value.>
We employed a GoW, update scheme in combination with a
plasmon pole model for the dielectric function. Cutoffs of 35
and 8 Ry were used, respectively, for the exchange and correla-
tion part of the self-energy, together with up to 1500 empty
bands. We obtained an LDA gap of 0.9 eV, which summed to a
GW correction of 1.2 eV yields an electronic quasiparticle gap of
2.1 eV, in excellent agreement with the experimental value
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measured by photoemission techniques on a thin film of
PCBM.>° We remark that the GW correction needs to be applied
to a condensed (rather than gas) PCBM phase in our systems in
order to model the presence of the CBN at the interface, acting
similarly to a continuous polarizable medium both in the
CBN—PCBM interfaces used in the DFT calculations (whose band
alignment we mean to correct), and in real interfaces within a thin
film solar cell.

We note that if the GW correction was applied to the gas
rather than condensed PCBM phase, a significantly larger GW
correction would be found.>' This effect is due to the difference
in the ionization potential between the gas and condensed
phases, and it derives from the polarization energy stabilizing
the ionized molecule in the condensed phase.***>3 For both
the CBN and PCBM materials, the GW band gap corrections
were converged to within 0.1 eV and the corrections to the
single states to within 0.15—0.2 eV. In all cases studied here, the
GW band gap correction is constituted for approximately 95%
of the total by a shift of the LUMO level. For this reason, the
entire value of the GW correction was applied in each case as a
shift of the LUMO level (ie., we used a scissor operator
approach), and thus the valence band offsets remain the same
at all levels of theory in Figure 2a.
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