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Strain-engineered artificial atom as a
broad-spectrum solar energy funnel

Ji Feng', Xiaofeng Qian?f, Cheng-Wei Huang? and Ju Li?3*

An optoelectronic material with a spatially varying bandgap that is tunable is highly desirable for use in photovoltaics,
photocatalysis and photodetection. Elastic strain has the potential to be used to achieve rapid and reversible tuning of the
bandgap. However, as a result of plasticity or fracture, conventional materials cannot sustain a high enough elastic strain
to create sufficient changes in their physical properties. Recently, an emergent class of materials—named ‘ultrastrength
materials’—have been shown to avoid inelastic relaxation up to a significant fraction of their ideal strength. Here, we
illustrate theoretically and computationally that elastic strain is a viable agent for creating a continuously varying bandgap
profile in an initially homogeneous, atomically thin membrane. We propose that a photovoltaic device made from a strain-
engineered MoS, monolayer will capture a broad range of the solar spectrum and concentrate excitons or charge carriers.

nic materials, in a low-cost manner, is highly desirable for a

wide range of energy and sensing applications, including
photovoltaics',  photocatalysis' and photodetection®.  For
example, the efficiency of photovoltaic devices comprising a single
p-n junction is subject to the thermodynamic constraint of the
Shockley-Queisser limit!, as only a limited portion of solar energy
can be absorbed. Although tandem solar cells consisting of multi-
junctions with cascaded bandgaps can achieve higher absorption
efficiencies, the increased complexity of their fabrication and the
high cost of materials are major drawbacks. It would therefore be
a great advantage if one could fine-tune the bandgap within a
single semiconducting material. Like chemical composition, elastic
strain is a continuous variable that is capable of altering many phys-
ical and chemical properties. Although elastic strain engineering is a
straightforward concept, its potential in photonics remains largely
under-exploited. The key hurdle is the fact that conventional
bulk-scale materials cannot sustain a high enough elastic strain to
induce sufficient changes to the physical properties before they
deform plastically or break.

Recently, materials belonging to an emergent class termed ‘ultra-
strength materials’®"® have been found to avoid inelastic relaxation
up to a significant fraction of their ideal strengths; that is, materials
of different size and dimensionality can exhibit dramatically distinct
physical and chemical properties as well as mechanical strengths.
Atomically thin membranes are a notable family of materials that
exhibit the property of ultrastrength®®. The elastic strain of a gra-
phene monolayer has been predicted theoretically and also
measured experimentally to be as high as 25% (refs 8,10,11), while
that of bulk graphite rarely survives beyond 0.1% strain. Recently,
a monolayer of molybdenum disulphide (MoS,) was experimentally
exfoliated and characterized. It demonstrated an effective in-plane
strain of up to 11% (ref. 12), a direct bandgap of 1.9 eV under
strain-free conditions!*!* and a more than 10,000-fold enhancement
of its luminescence quantum yield compared to its bulk counter-
part!®. The high elastic strain limit should make it possible to
control the electronic and optical properties of two-dimensional

_|_he ability to continuously control the bandgap in optoelectro-

materials through simple elastic strain engineering, which is often
infeasible in their three-dimensional bulk phases. In addition, the
lattice symmetry of MoS, also demonstrates a unique valley-selec-
tive circular dichroism!>16,

Here, we illustrate theoretically and computationally that elastic
strain is a viable agent for creating a continuously varying
bandgap profile in an initially homogeneous, atomically thin mem-
brane. As a proof of concept, an ‘artificial atom’ made of a nanoin-
dented MoS, monolayer was investigated and predicted to be able to
absorb a broad range of the solar spectrum from 2.0 eV to 1.1 eV as
the biaxial strain increases from 0% to 9%. More importantly, the
continuous spatial variation of electron and hole energies, together
with the large exciton binding energy in the MoS, artificial atoms,
makes it a unique solar energy funnel for conveying and concentrat-
ing the photoexcited charge carriers along the elastic strain gradient.

Introducing inhomogeneous elastic strain
When subjecting an atomically thin membrane to a simple external
load, as shown in Fig. la, an inhomogeneous strain field can be
created. The equilibrium geometry for a thin membrane is given
by the Foppl-Hencky equation for membrane deformation under
a stretching force at the boundaries only. For the geometry depicted
in Fig. 1a, we have, for any line A(y), hf,dxo, = f,, where f, is the
stretching force on the boundary and h is the nominal membrane
thickness. Owing to the force balance, the continuously narrowing
membrane geometry can efficiently focus the tensile strain.

For the proposed device to function, inelastic strain relaxation as
a result of dislocation plasticity or fracture must be avoided®. With a
high-quality atomic membrane with minimal lattice defects, the
edge lengths should also be minimized, as they are preferential
sites for stress-aided defect nucleation'’. We thus arrive at a setup
similar to nanoindentation'®, where a semiconducting membrane
covers a circular hole on a substrate, with its rim clamped
(Fig. 1b). A force probe is used to indent the suspended membrane,
which will then deform towards a bottom contact. The stress gradi-
ent and hence the elastic strain gradient are maintained by the con-
centrated load setup with the stress scaling inversely with the radius:
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Figure 1| Introducing inhomogeneous strain and classifying funnelling mechanisms. a, Schematic of an inhomogeneously strained membrane ribbon with
varying width A (dashed line). The two electrodes mechanically impose a vertical displacement on the central region of the membrane. Without the two
electrodes, the equilibrium geometry of the membrane is flat. b, Schematic device setup for elastic strain-engineered artificial atom (not drawn to scale).
Notice that although the bulk of the electrodes are metallic (for example, transparent conducting oxide), they are coated with semiconducting buffers to
facilitate selective quasiparticle collection (detailed in the text). This setup completely removes the edges of the membrane ribbon in a, as these can serve as
preferential sites for stress-aided defect nucleation. c-e, Three broad-spectrum solar energy funnelling mechanisms arising from a different band bending and

exciton binding profile in the strain-engineered semiconducting membrane.

0,7 1/r for r <R (outer radius). Such a strain field resembles the
potential field of a two-dimensional hydrogenic atom (but at a
much larger length scale). It is in this sense that the strain-engin-
eered atomic membrane can be regarded as a mesoscopic ‘artificial
atom’ with electronic and optical properties that depend strongly on
the strain and stress fields.

Broad-spectrum solar energy funnel

The connection between elastic strain and electronic structure in a
strain-engineered artificial atom becomes apparent when the mem-
brane is a semiconductor whose bandgap reflects a covalent bonding
interaction. When stretched elastically, the covalent interaction gen-
erally weakens as the bonds lengthen, and consequently becomes a
function of the imposed strain field. The stress is expected to exert
significant modulation on the band energies and bandgap, analo-
gous to band bending in a diode. The general principle here is to
create a device with an electronic structure that has a continuous
spatial variation due to an inhomogeneous strain field.

The scenario of continuous band bending leads us to propose the
concept of a solar energy funnel. Based on the energy profiles of
quasiparticles (that is, electrons and holes) and photoexcited
states (that is, free electron-hole pairs or strongly bound excitons),
three funnelling mechanisms are possible, as shown in Fig. 1c-e. In
a Type I funnel, the energy level of photoexcited electrons continu-
ously decreases towards the centre, while that of holes increases.
Consequently, charge carriers are concentrated at the centre, as
long as the lifetime of carriers is large enough for carrier migration
before electron-hole recombination takes place. However, if both
levels decrease with increasing strain, the result will depend on
the strength of the Coulomb interaction between the quasiparticles,
that is, the exciton binding energy. With weak exciton binding, elec-
tron-hole pairs will be separated by the built-in field and move in
opposite directions, resulting in a Type II funnel. On the other
hand, if the binding energy of an exciton is large enough to hold
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the electron-hole pair together despite the built-in field, the
decreasing exciton energy profile will drive the exciton to migrate
towards the centre. A device based on this mechanism is classified
as a Type III funnel. In all three types, the varying band/carrier
energy leads to a funnelling effect. The strength of exciton
binding energy determines whether Type II or III funnelling will
operate in the device when the quasiparticle energy of both electron
and hole decreases towards the centre of the membrane. A key
advantage of such a strain-engineered device is that the performance
of these devices can be adjusted to the lighting environment, as the
optical bandgap is also continuously tunable.

Strain-dependent properties of MoS, monolayer

The structure of the MoS, monolayer is shown in the inset to Fig. 2d
(Supplementary Fig. S1) and exhibits a remarkable trigonal pris-
matic geometry'>!®1°, On application of a biaxial strain, Poisson
contraction? is expected. Owing to its hexagonal space group
(P6m2) symmetry, the MoS, monolayer has isotropic in-plane
elasticity, so the bandgap depends only on the two-dimensional
hydrostatic strain invariant to the linear order. We therefore focus
on the effect of biaxial strain on electronic structure. First-principles
density functional theory??* (DFT) calculations (see Methods)
indicate that both direct and indirect DFT bandgaps decrease
(Fig. 2ab), so a transition from direct bandgap to indirect
bandgap occurs once the biaxial strain is applied. Other
groups?>?* have recently reported a similar DFT bandgap reduction
under biaxial tensile strain.

To acquire an accurate electronic band energy profile for the
device design, we also performed many-body GW calculations?>26
(G, Green’s function; W, screened Coulomb interaction; see
Methods). The strain-dependent bandgaps are shown in Fig. 2b,
and the strain-dependent energy levels for an electron and hole at
the K point in the first Brillouin zone are shown in Fig. 2d.
As shown in Fig. 2b, the direct and indirect bandgaps calculated
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Figure 2 | Strain-dependent electronic and optical properties of MoS, monolayer. a, Electronic DFT band structure of monolayer MoS, under different
biaxial strains from 0% (blue line) to 9% (red line). b, Direct and indirect bandgaps under different biaxial strains calculated using DFT and GW. The GW
direct bandgap refers to the minimal direct transition energy. It is located at the K points of the hexagonal Brillouin zone, indicated by an arrow in a.

The corresponding lowest optical excitation energy (black triangles) is calculated by BSE on top of GW quasiparticle energies with electron-hole Coulomb
interaction included. ¢, Biaxial strain-dependent optical absorption spectra calculated by BSE. d, Biaxial strain-dependent GW quasiparticle energies for

electrons and holes at the K point. Inset: atomic structure of MoS, monolayer.

from DFT and GW are indeed similar, except for a constant shift
of 0.7 eV. Furthermore, the dielectric functions and electron
energy loss spectrum of a MoS, monolayer are also predicted
to undergo substantial changes under biaxial tensile strain
(Supplementary Fig. S2).

The biaxial strain also modifies the absorption spectra and optical
gap of the monolayer—the latter being another physical quantity
important for device operation. As screening is generally reduced in
a two-dimensional material, photoexcited quasiparticles in a MoS,
monolayer are expected to experience stronger Coulomb attractions.
We therefore go beyond the random-phase approximation by
solving the Bethe-Salpeter equation (BSE)*”?® with GW quasiparticle
energies. The calculated strain-dependent optical absorption spectra
are displayed in Fig. 2c and show that the direct-to-indirect transition
of the bandgap with biaxial strain does not affect the strength of the
vertical optical absorption compared to the GW direct bandgap in
Fig. 2b, BSE; it only shifts the whole spectrum to lower energy due
to exciton binding. The lowest optical excitation in Fig. 2¢ originates
from the doubly degenerate singlet excitons around the K points?.
The exciton energy of 2.0 eV at zero strain is in excellent agreement
with the A peak at 1.9 eV measured using photoluminescence spec-
troscopy'>!* (the fine structure due to spin-orbit coupling discussed
in ref. 29 is ignored here as it will not affect the main conclusion of
strain-dependent electronic and optical energies). The excitation
energy experiences substantial reduction when the strain is imposed,

868

decreasing to 1.1 eV at 9% biaxial strain. We then arrive at a
roughly constant exciton binding energy of 0.5 eV from 0% to 9%
biaxial strain. Such large constant exciton binding energy together
with the reduced quasiparticle energies (Fig. 2d) makes the strain-
engineered artificial MoS, atom a Type III solar energy funnel.

Exciton wavefunctions for the lowest excitation under zero strain
are displayed in Supplementary Fig. S3. The hole state is dominated
by d._, and d,, orbitals of molybdenum atoms and p, and p,
orbitals of sulphur atoms, and the electron state is dominated by
d,. orbitals of molybdenum atoms. The large exciton radius
(~2 nm) and exciton binding energy (~0.5 ¢V) indicate a mixed
Frenkel-Wannier-Mott exciton character. This arises from the
reduced screening in two-dimensional atomically thin materials
and thus stronger Coulomb attraction between electrons and holes
upon photoexcitation.

Nanoindented MoS, monolayer as artificial atoms

To compute the morphology of the MoS, monolayer in the pro-
posed device, we used a bicontinuum finite-element simulation®,
with a force field parameterized in the Tersoff potential form?!
(see Supplementary Information). This coarse-grained force
field method yields essentially the same membrane morphology
as the analytical solution to the Foppl-Hencky equations®
(Supplementary Fig. S4). The computed morphology of the
deformed membrane shows characteristic scale invariance; that is,
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Figure 3 | Structural and physical properties of nanoindented MoS, monolayer. a, Atomic structure of circular MoS, membrane under indentation with a
maximum vertical displacement of R/5 (R, circular membrane radius). b, Biaxial strain in the MoS, membrane calculated from the least-square atomic strain
tensor. ¢,d, Corresponding local electron and hole energy profile (¢) and local exciton energy profile (d). These are directly mapped from the profiles of
homogeneously biaxial strained MoS, monolayer against the biaxial invariants of the strain tensor in inhomonegeously deformed MoS, membrane

under indentation.

w/R as a function of r/R is nearly independent of R for R > 100 A,
where w is the vertical displacement at radius r. In practice, a force
probe with a rounded tip (Fig. 1b) can be used to avoid stress singu-
larity near the centre. A relaxed atomic structure of nanoindented
MoS, membrane is shown in Fig. 3a, demonstrating a maximum
vertical displacement of Z=R/5. The displacement increases
gradually towards the centre of the membrane. This is expected as
the boundary conditions (edge clamping and central indenting)
have cylindrical symmetry, and the hexagonal lattice implies the
same symmetry in the Young’s modulus and Poisson ratio®. The
computed biaxial field is visualized in Fig. 3b (see Supplementary
Information for calculation details). Right at the clamped rim of
the suspended membrane, the biaxial strain has a small abrupt
increase due to the boundary used in the simulation. As one
moves inwards, the strain increases quickly, corresponding to the
increase in radial stress. Because the tip of the force probe is
rounded, the elastic strain does not diverge near the centre of
the membrane.

With the computed strain pattern shown in Fig. 3b, we can map
out the energy profiles of electronic and optical excitations on the
membrane in a semiclassical sense, using those of the MoS, mono-
layer under different amounts of homogeneous biaxial strain, as pre-
sented above. The mapped band edges of electrons and holes and
the energy profile of excitons for the representative membrane are
shown in Fig. 3c and d, respectively. Both valence and conduction
band edges are shifted downward from the rim to the centre. At
the region with slowly varying strain, there is a large plateau
where the positions of the band edges are almost constant, with
an area occupying almost two-thirds of the circular region. The
spatial variation of exciton energy in the membrane, except for
the sign difference, is very similar to the strain profile, as the total
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exciton energy changes almost linearly with respect to the applied
biaxial strain (Fig. 2b).

The size of Type III solar energy funnel device is essentially
constrained by the exciton drift length, beyond which radiative
recombination will dominate and prevent the exciton from reaching
the electrodes at the centre. The exciton drift length®* can be
estimated by

VE
_ _ exc
ldrift - <v>drift T /2 — m 7-dephase TI/Z

€xc

(1

where 7, , is the exciton lifetime and (v) 4,4 is the average drift vel-
ocity. The latter is then estimated by the acceleration of the exciton
due to the exciton energy gradient VE_ . within phase relaxation
time (v) 4 The exciton mass is denoted m,, .. As we would like
to have most excitons collected at the centre of the membrane, the
radius of the membrane should be set to the drift length, that is,
R=1,,s Hence, the spatial gradient of the exciton energy VE,, .
can be approximated by AE, /R. We therefore have an effective
membrane radius,

R= \/me_xchEexc TdephaseTl/Z' (2)

In the plateau region, the energy variation AE,,_is ~0.1 eV. As we
do not know exciton mass m,, and phase relaxation time 4o haqe>
we approximate them by the electron rest mass m, and ~5 ps in
GaAs™®, respectively. Fortunately, the exciton lifetime 7,,, of a
MoS, monolayer has recently been measured®, with a fast
photoluminescence decay component of 5 ps at temperatures of
~4.5-150 K and a slow decay component of 100 ps at 270 K.
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Figure 4 | Schematic of charge extraction near the centre of the atomic
membrane. The atomic membrane lies on the x-y plane, and the indentation
is along the z-direction. Two semiconducting buffer layers between the MoS,
monolayer and the two electrodes serve as electron-selective and hole-
selective transporters due to their specific band alignment with respect to
the MoS, monolayer. These two buffer layers are thick enough to make
direct tunnelling negligible. In addition, a transparent conducting oxide is
used as the cathode so as not to block the incoming light from the top.

The estimated radius of the atomic membrane is then ~660 nm and
3 um for the fast and slow decay components, respectively.

Compared to the above characteristic size of the membrane, the
exciton radius of 2 nm (Supplementary Fig. S3) is indeed much
smaller, meaning that the strain profile continuously and smoothly
varies over a length scale comparable to the exciton size in the
region of interest. The continuum strain mapping procedure is
therefore justified. It is now entirely plausible that upon excitation
from the ground state, the excitons will be swept by the strain-
induced potential gradient and funnelled toward the centre. As
both hole and electron carriers are bound in the same direction,
we expect that the membrane will stay essentially charge neutral
during device operation. This is advantageous, as charging might
otherwise significantly reduce the efficiency of the carrier funnel-
ling. The final charge separation and harvesting of solar energy
can be achieved by contacting an electron-collecting transparent
semiconductor on top of the arrangement and a hole-collecting
semiconductor at the bottom (Fig. 1b), with appropriate band-
edge alignments to ensure one-way electron/hole flow, as in stan-
dard photovoltaic technology. As the electron-hole pairs represent
energetic excited states, the membrane device works like a battery
with an electropotential AV, <AV, .

Discussion

What we have created in the MoS, membrane with the elastic strain
pattern is a continuous bending of the energy levels of electrons,
holes and excitons, similar to that in a photodiode, except that the
photoexcited electron-hole pairs in MoS, are strongly bound exci-
tons. When an electron-hole pair is generated in the plateau
region following light absorption, the semiclassical potential for
the quasiparticles exerts forces on the electron and hole in opposite
directions. However, the large exciton binding energy will force the
electron-hole pair to hold together like a molecule (despite a small
polarization) and migrate towards the centre of the membrane. This
is different from the case of a photodiode, where electron-hole pairs
quickly dissociate, with the electrons and holes then migrating in
opposite directions.

Although not central to the proposed photocarrier funnelling
effect, the eventual collection of solar energy is also critical. To effi-
ciently extract charge carriers from the centre, the device design
shown in the schematic in Fig. 1b was proposed, with a band align-
ment as shown in Fig. 4. Such a structure is similar to that of organic
photovoltaic cells*”3%. The charge extraction process is accom-
plished with two carrier-collecting contacts, one of which is the
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indenter itself, and the other is located beneath the indented
MoS, membrane. The bulk of the electrodes are made of transparent
conducting oxide to maximize illumination of the membrane. Key
to the design are two semiconducting buffer layers, which cover
the electrodes and come into direct contact with the MoS, monolayer.
The role of these buffer layers is to selectively admit one type of charge
carrier (electron or hole) while blocking the other. The carrier selec-
tivity of these buffers arises from band alignment (detailed in Fig. 4)
and follows the standard principle from photovoltaics. The nanoin-
denter tip in Fig. 1b should therefore be made of, or coated with,
transparent semiconductors with selected band edges. This is particu-
larly important when building a functional funnel device such as that
in Fig. 1b, because the buffer layers can help suppress direct tunnel-
ling of carriers between anode and cathode and allow for efficient
extraction of charge carriers. A layered patterning scheme is also pro-
posed in Supplementary Fig. S6 to achieve arrays of strain-engineered
artificial atoms.

The concept of a solar energy funnel achieved by engineering
the electronic band energy and optical bandgap is not entirely
new, and has been demonstrated experimentally in several nano-
structures with graded gaps, including layer-by-layer assembled
CdTe nanocrystals of different sizes*® and core-shell and corrugated
carbon nanotube filaments*’. Here, however, we have explored an
alternative approach by generating continuously varying electronic
band energy and optical bandgap in two-dimensional atomically
thin membranes, by means of inhomogeneous elastic strain engin-
eering within a single crystalline material. We would like to empha-
size that it is the varying profile of band energy that leads to the
direct funnelling effect, while the strength of the exciton binding
energy determines whether a Type II or Type III funnel device is
created. The present approach is enabled by recent rapid advances
in two-dimensional atomically thin sheets such as graphene, hexa-
gonal boron-nitride, MoS, monolayer and so on. All of these have
been exfoliated experimentally and characterized to have very high
elastic strain limits. In addition, MoS, has some other attractive
properties such as high thermal stability and chemical inertness.
We therefore expect that the proposed funnel device can be verified
by experiments in the near future.

In closing, we would like to make three remarks. First, photo-
voltaic conversion and the solar energy funnel are not the only
applications of the proposed artificial atom. For example, without
the electrodes, the excitons concentrated at the centre will be
relaxed through radiative recombination, resulting in stronger
luminescence near the centre of the membrane. This may be
useful for exciton lasing, if an appropriate resonator design is
devised*!. The unique feature of the device, as exemplified above,
is its mechanical tunability; the frequency and intensity of the
emission can be tuned continuously by varying the applied
strain to the atomic membrane. Second, the concept of a strain-
engineered artificial atom may work with many other atomically
thin sheets, including GaS, GaSe, GaTe, MX,-type dichalcogenides
(M=Mo, Nb, Ni, Sn, Ti, Ta, Pt, V, W, Hf and so on, and X=S, Se,
Te), M,X,-type trichalcogenides (M=As, Bi, Sb and so on, and
X=S, Se, Te), MPX, (X=S, Se), MAX, (A=Si, Ge, and X=S, Se,
Te), and alloy sheets like M, M, _S,. It can also be applied to
other thin membranes based on conventional materials, such as
a silicon nanomembrane, which can sustain a significant tensile
strain of a few percent. This level of tension is sufficient to
induce the proposed funnelling effect, even though the driving
force is still not as large as in maximally indented atomic sheets.
Finally, although we illustrate the application of the elastically
deformed membrane semiconductor as a solar energy concentra-
tor, we would also like to emphasize the more general notion of
it being a tunable artificial atom. Each deformable membrane
should have its own characteristic excitations (electronic and elec-
tromagnetic). Upon juxtaposition, they will interact electronically
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and optically. It is our hope, then, that complex superlattice arrays
of these artificial atoms can be built on a whole membrane, the
properties of which will be tuned at the level of the fundamental
‘atomic’ building blocks by strain engineering.

Methods

Ground-state properties of MoS, monolayer. The ground-state atomic structure of
MoS, monolayer under different biaxial strains was first assessed by DFT?!22
calculations. These were carried out using the Vienna Ab initio Simulation Package
(VASP) with a plane wave basis**** and the projector-augmented wave method**.
Exchange-correlation functionals in a Perdew-Berke-Ernzerhof (PBE) form*®
within the generalized-gradient approximation (GGA)*"*® were used in all DFT
calculations. We adopted the Monkhorst-Pack scheme* of k-point sampling for
zone integration, and selected the number of k-points to achieve a convergence in
total energy within ~1 meV /atom. The total energy of each optimized structure was
calculated again with the more accurate tetrahedron zone summation with Blchl
correction®. A qualitative electronic band structure for different biaxial tensile strain
was also obtained from DFT-PBE calculations.

Excited-state properties of MoS, monolayer. Two physical quantities related to this
design of solar energy funnel are the electronic excitation energy (quasiparticle band
energy for electron and hole) and optical excitation energy (exciton energy).
However, neither of these can be obtained accurately from DFT Kohn-Sham eigen
energies using the GGA exchange-correlation function. We therefore computed
quasiparticle energies for electrons and holes using many-body perturbation theory
calculations within Hedin’s G, W, approximation®>?¢, while the optical absorption
spectra and exciton energies were further obtained by solving a Bethe-Salpeter
equation®”?® on top of GyW,, quasiparticle energies within the Tamm-Dancoff
approximation, which explicitly takes into account Coulomb interactions between
quasi-electrons and quasi-holes. Here, an energy cutoff of 350 eV and Monkhorst-
Pack k-point sampling of 18 x 18 x 1 were chosen. Both GW and BSE calculations
require much more computational effort and memory storage than DFT
calculations, because the GW method needs to evaluate frequency-dependent non-
local self-energy and the BSE method is essentially solving two-particle Green’s
function, whereas DFT with GGA functions is intrinsically local and frequency-
independent. Because an exciton corresponds to the excitation of electron-hole
pairs, its wavefunction is a six-dimensional quantity, W(r,, 1) = > . A, 4 Pa(r,)
& (r,), where ¢y (r,) and ¢, (r;,) are electron and hole wavefunctions. We have
reconstructed exciton wavefunctions and plotted out the corresponding electron
(hole) wavefunction by holding its counterpart hole (electron) at a specific location
(Supplementary Fig. S3). Spin-orbit coupling is not included as it will not

affect the main conclusion of strain-dependent electronic and optical bandgaps
of Mo$S, monolayer.

Geometry of the MoS, membrane under nanoindentation. Owing to the large size
of the atomic membrane under consideration here, it is unrealistic for us to relax the
nanoindented membrane by first-principles DFT calculation directly. We therefore
fitted a set of Tersoff potential parameters for MoS,, and then performed force-field
calculations to obtain the geometry of the MoS, membrane under indentation. More
details are provided in the Supplementary Information.
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A. Inhomogeneous elastic strain in atomically thin membrane

When subjecting an atomically thin membrane to a simple external load as shown in Fig. la of
the paper, an inhomogeneous strain field is created. The equilibrium geometry at the thin
membrane limit is given by the Foppl-Hencky equation for a membrane deformation under

stretching force only at the boundaries,

2
3
Iw o, Lw_g (S1)

O =0,
Jadp P

where o,3 = x, y, w is the displacement along z-direction, 6, the stress tensor, and the pressure

differential across the membrane is taken to be zero. The first and second equations express the
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force balances along the z-direction and x-y plane, respectively. For the geometry depicted in Fig.
la, we have for any line A(y), &J; dxo« = fa, Where fy is the stretching force on the boundary and

h is nominal membrane thickness. Apparently, the average tensile stress in y-direction along line

Ay) is

5 =Ll (S2)

Thus, a continuously narrowing membrane geometry can efficiently focus the stress and the
tensile strain. For a simple concentric geometry, the width w scales as ', where r=(x*+*)""2, so

the elastic strain and strain-controlled properties (e.g. band gap) would also scale as 7.

B. Ground-state atomic and electronic structure of monolayer MoS,

MoS, belongs to a family of low-dimensional semiconductors, the transition metal
dichalcogenides MX, (X = S, Se). The structure of MoS, monolayer is shown in Fig. S1, where
Mo atom sits in the cage formed by six sulfur atoms, forming a remarkable trigonal prismatic
geometry' . Crystal field splitting in such geometry determines its electronic structure, resulting
in the states near the band gap largely residing on Mo atoms. This is clearly seen from electronic
density of states (DOS) (Fig. S1) obtained from first-principles density-functional theory™* (DFT)
calculations. Owing to its hexagonal space group (P6m2) symmetry, MoS, monolayer has
isotropic in-plane elasticity, so the band gap depends only on the hydrostatic strain invariant in
2D (i.e., biaxial strain), #nydqro= (#xx+ #yy)/2, in the linear order. We therefore focus on the effect

of biaxial strain on the electronic and optical properties of MoS, monolayer in the main text.

However, it is known that DFT using local density approximation or generalized gradient

approximation of exchange-correlation functional usually underestimates by 30%-50% the true

2 NATURE PHOTONICS | www.nature.com/naturephotonics
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quasiparticle band gap. The DFT band structure (Fig. 2a) and DOS (Fig. Slc) only provide
qualitative information of electronic structure of monolayer MoS,. We thus have performed
quasiparticle GW calculations for electron and hole energy levels and solved Bethe-Salpeter
equation (BSE) for optical excitation energy and absorption spectrum. These two quantities

together with the nonlinear strain map are the key physical parameters used in our device design.

-2

E'EHOMO ev)

Figure S1 | Structure of monolayer MoS, viewed from (a) side and (b) top. (c¢) Electronic DOS
of MoS,; monolayer from DFT calculations, with projection onto Mo and S atoms. Inset: the
local coordiation of a Mo atom and the crystal-field splitting of its d-orbitals at the Brillouin zone

centre.

C. Strain-dependent dielectric functions and electron energy loss spectrum of
monolayer MoS;

Below we report strain-dependent real ¢ and imaginary &, part of dielectric functions and
electron energy loss spectrum (EELS) of monolayer MoS, for light polarized parallel to the
monolayer surface. They are computed using the density-functional perturbation theory within

the random-phase approximation. The results are shown in Fig. S2. We can see that all three

NATURE PHOTONICS | www.nature.com/naturephotonics 3
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optical properties are found to be altered significantly under biaxial strain, which could be

important for designing 2D photonic crystal using arrays of strain-engineered atomic membranes.
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Figure S2 | Strain-dependent real (¢, ) and imaginary (&, ) part of dielectric functions and

electron energy loss spectrum of monolayer MoS, for light polarized parallel to the monolayer

surface.
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D. Exciton wavefunction in MoS,; monolayer
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Figure S3 | The lowest exciton wavefunction in the unstrained MoS, monolayer. Its hole
amplitude is shown in (a) with electron fixed at the centre (red dot), and its electron amplitude is
shown in (b) with hole fixed at the centre (green dot). The magenta and cyan isosurfaces

correspond to plus and minus sign, respectively, of the real part of amplitudes.

E. Coarse-grained force-field calculation

Before computing the morphology of MoS, monolayer under the proposed experimental setup,
we note the following. First, the shape of circular, elastically isotropic membrane is well
described by the Foppl-Hencky equation in the continuum limit. The hexagonal symmetry (3/m
class) of MoS, monolayer indicates that its Young’s modulus and Poisson’s ratio are isotropic in
the plane. The only material properties entering the Foppl-Hencky are the Young’s modulus (E)
and the Poisson ratio (v)*®. Second, the bipartite lattice of MoS, monolayer renders its
mechanical deformation amenable to a bicontinuum treatment’. Therefore, we choose the
Tersoff’s force field that has a three-body angular term,® with which a graphene-like structure is
stable. The pair of S atoms occupying each site on the honeycomb net is treated as one particle.

Further, we ignore the mass difference between the Mo and S-pair sites, which is appropriate

NATURE PHOTONICS | www.nature.com/naturephotonics 5
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when only static morphology is sought. We also assume the variation of the potential

corresponding to bending modes Mo-S-Mo and S-Mo-S are identical. Again, this is justified as

only Young’s modulus and Poisson’s ratio determine the static response to an external stress” .

Although Foppl-Hencky equation for circular membrane under a central load does entail the

possibility of wrinkling instability®, we have not seen wrinkle formation in the membrane up to

the point of membrane rupture in our simulations.

12 ;
R=100 A

10 ° R=2004A
° R=400A
=== Analytical

8- -

w(r)Ro/R (A)

00 20 40 60 80

rRo/R (A)

100

Figure S4 | Comparison between the membrane geometry computed from the coarse-grained
force-field calculation and the exact results. Here, the vertical displacement w(r) and the radius r
are both scaled by R¢/R, where Ry =100 A and R is the radius of the current simulation in A.

We started with the Tersoff potential® for carbon, and found that the only modifications we

needed were, following the same notations in Ref. 8:

A(MoS,) = 0.1833 x A(carbon) = 255.44688 eV

(S3)
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B(MoS;) =0.1833 x B(carbon) = 63.55011 eV

where A and B appear in Eq. 3 of Ref. 8, and
d(MoS;) = 0.84 x d(carbon) = 3.652656 (dimensionless) (S4)

where d is the angular term (Eq. 5a of Ref. 8). The set of parameters yield a Young’s modulus £
= 2.561 eV/A?, and a Poisson ratio v = 0.238, identical to what we obtain in DFT calculation.
The computed morphology compares closely to the exact solution to the Foppl-Hencky equation,

as shown in Fig. S4.

F. Least-square atomic strain

d i
d, : where j4€six 2nd NN.

Figure S5 | (a) The tangent plane. (b) Six nearest neighbors included in the calculation of the
least-square strain.

The local strain is computed as follows. We compute the surface normal of, say, the i-th atom
with a bicubic interpolation of the surface, with which the tangent plane can be located. We then
project the initial atomic con6uration onto the tangent plane’. As shown in Fig. S5a, the curved
surface of the deformed membrane is denoted S, and the tangent plane S;. Six second-nearest

neighbors, as shown in Fig. S5b, are selected to compute the least-square atomic strain.'*"!
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The least-square atomic strain is computed as follows. Let d; =r, —r, for the current

configuration, and d?.l. = rj(.’ ‘1}0 for the reference configuration. Then matrices W,, V. and J. are

define as,

J

6
0T
Wl.=2dl.dﬂ.
=

6
0T 40 (S5)
Vi = Zdﬁ dji
=
J=VW,

With which the strain tensor is:
1 T
n =0 - (56)

And the hydrostatic strain invariant is defined as

1
nhydro,ZD = E Tr n; (S7)
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G. Layered patterning of strain-engineered artificial atom arrays

r Incoming light from top

Cathode (transparent conducting oxide)

Electron-selective buffer (transparent semiconducting
nanocones/nanowires on top of the substrate)

MoS, monolayer

Transparent silicon oxide substrate with arrays of 1~2 ym holes

Hole-selective buffer layer

Anode

Figure S6 | Layered patterning for achieving arrays of inhomogeneous strain engineered

artificial atoms.
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LASER FABRICATION

The ability to fold microstructures allows the
fabrication of complex three-dimensional
shapes. Unfortunately, current laser-based
folding techniques require the use of
extremely intense laser beams reaching
thousands of watts per square centimetre.

Now, by exploiting a polymer trigger layer
on a pre-stressed metallic bilayer, Kate Laflin
and co-workers from John Hopkins
University and the US Army Research
Laboratory in the USA have developed a
laser-triggered sequential folding method
that requires a beam intensity of just
680 mW cm (Appl. Phys. Lett. 101, 131901;
2012). Their laser-triggered actuation also
provides spatial control over the individual
hinges, thus allowing three-dimensional
patterned cubes to be folded sequentially.

The key to their technique is the hinged
actuation, which is based on the intrinsic
stress built into metallic thin films. The thin-
film hinges contain a layer of chromium,
which has high intrinsic stress, and a layer
of gold, which has low intrinsic stress. The
researchers fabricated their bilayer hinges
on copper-coated silicon wafers by vapour
deposition and photolithography, and then
placed a polymer trigger on top. Bending
occurred when the polymer was softened
upon heating by laser irradiation.

The team used a commercially
available green laser (wavelength of

532 nm, beam power of 40 mW and
beam diameter of 1.5 mm) to trigger
folding of the smaller cruciform. They
then used the same laser to trigger
folding of the larger cruciform. This high-
precision demonstration of sequential
folding across two size scales offers
considerable control over the complexity
of structures that can be fabricated using
laser-triggered actuation.

The researchers also investigated
the folding behaviour of various sizes of
microstructure, ranging from 300 um to
3 mm, using both the green laser and a
near-infrared laser (wavelength of 808 nm,
beam power of 100 mW and beam diameter
of 3mm). When the photoresist in each
microstructure was heated above 40 °C,
it softened and no longer retained the

Folding three-dimensional microstructures

stressed bilayer, resulting in spontaneous
bending. The time taken for each hinge

to close varied between 67 ms and 21s,
depending on the wavelength and intensity
of the laser irradiation. By analytically and
numerically modelling heat losses from the
microstructure, the researchers discovered
that the time taken for the hinge to close

is determined by thermal conduction

into the surrounding air domain, and is
therefore proportional to the inverse of

the irradiance.

These microdevices could be useful for
defence applications such as the remote
initiation of energetic materials and for
attaching transponder tags or other
electronics to various surfaces.

NORIAKI HORIUCHI

OPTICAL MATERIALS

Inspired by strain

Researchers at Peking University and the Massachusetts Institute of Technology propose the use of strain
engineering to create a broadband solar ‘funnel’ in an atomically thin sheet of MoS.,.

Arend van der Zande and James Hone

tuning a material’s electronic properties

by altering its structural or mechanical
properties. This technique is widely used
throughout the semiconductor industry as a
means of enhancing the mobility of electrons
in silicon by depositing strained silicon
nitride layers on top of transistor channels.
The understanding and optimization of
strain-engineered materials is also a major

S train engineering is the process of
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milestone in the international technology
roadmap for semiconductors'. However,

the low maximum strains of brittle bulk
crystalline materials limit the extent to which
their electronic properties can be changed

by mechanical means. Bulk silicon, for
example, can be strained only 1.2% before
breaking, although silicon nanowires with
breaking strains of nearly 5% have recently
been reported.

The past few years have seen an
explosion of interest in two-dimensional
(2D) crystals derived from layered
materials that possess strong in-plane
bonding and weak van der Waals
bonding between crystal planes. The
most prominent member of this family
is graphene; other 2D crystals include
hexagonal boron nitride and a number
of transition metal dichalcogenides
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such as MoS,, WS, and NbSe,. These
materials offer a wide variety of interesting
optical and electronic properties. For
example, graphene is a highly conductive
semimetal, hexagonal boron nitride is a
5.5 eV wide-bandgap semiconductor, and
monolayer MoS, is a 1.8 eV direct-gap
semiconductor®. These materials can be
fabricated as atomically thin membranes,
transferred on to arbitrary substrates and
then stacked on top of one another, and
can be poked, strained or rippled without
breaking. They are also easy to synthesize.
Graphene can already be produced in metre
lengths using chemical vapour deposition,
and rapid progress has been made over the
past year in the synthesis of high-quality
hexagonal boron nitride, MoS, (ref. 3) and
WS, monolayers.

The 2D sheet geometry of these crystals
offers a unique opportunity for studying
and utilizing much larger strains than those
achievable in bulk (3D) materials. In three
dimensions, the ultimate strain is limited by
both bulk defects and surface imperfections.
2D crystals can circumvent these limitations
for two reasons: first, 2D crystals lack
dangling bonds or other imperfections at
their surfaces; and second, it is possible
to apply highly anisotropic strain to 2D
sheets, which limits the strain to a small
area inside a single crystalline domain
and far from clamping points and edges.
These advantages are seen most clearly in
graphene, the best-studied 2D material.

In experiments, graphene has been seen

to withstand elastic strains of up to 25%*,
which represents the ultimate maximum
strain of a perfect carbon lattice. Owing

to the large changes in electronic band
structure that result under such strain, there
is currently great interest in exploiting strain
engineering for electronic applications®.
Moreover, the ability to grow graphene over
large areas, combined with its mechanical
robustness, has led to a surge of interest

in using graphene for flexible electronics.
Recent work has demonstrated that other
2D materials share many of the outstanding
mechanical properties of graphene: for
instance, MoS, has a breaking strain of at
least 10%°. It is likely that the entire family
of 2D materials will become a fertile area for
exploring and utilizing strain engineering.

Now, writing in Nature Photonics,

Feng et al. consider a new application area of
strain engineering in optoelectronic devices’.
Specifically, they propose a creative new idea
in which non-uniform strain applied to an
MoS, monolayer produces a solar ‘funnel’
that can capture photons with a wide range
of energies, thus channelling the resulting
electron-hole pairs to a single point for
collection. This implementation requires only

Membrane surface

Figure 1| Solar funnel based on a strained monolayer of MoS,. Non-uniform strain is induced using
an atomic force microscope probe at the centre of the membrane. Light hitting the membrane creates
photogenerated electron-hole pairs that draft towards the region of most strain (shown in red) where
they are separated and travel to two electrodes, thus generating electricity.

a single sheet of material, whereas previous
demonstrations have relied on stacks of
graded materials®.

By developing theoretical models,

Feng et al. first show that in-plane tension
can be used to tune the bandgap of
monolayer MoS, continuously from the
unstrained value of 1.8 eV all the way down
to zero, near a strain of 10%. This result
alone, which has also been demonstrated
by several other groups’, is of significant
interest: finding a suitable technique for
fixing the strain in the monolayer could
allow the bandgap to be set at any arbitrary
value. The researchers then propose a new
and creative idea of creating spatially varying
strain across a single 2D membrane. One
of the most unique aspects of a 2D material
is the ease at which it can undergo the
application of non-uniform strain. In the
simplest example, when a suspended circular
2D membrane is indented at its centre, the
strain varies almost inversely with radial
distance from the centre. For MoS, in this
geometry, Feng et al. show that the bandgap
should decrease from the edge to the centre
in response to the applied force.

The spatially varying bandgap has two
important consequences for the collection
of solar energy. First, the bandgap can
absorb photons with energies from zero up
to the unstrained bandgap of 1.8 eV, which
makes the MoS, membrane a very wideband
absorber. Second, photogenerated excitons
(weakly bound electron-hole pairs) created at
any point in the membrane will ‘fall’ towards
the point of highest strain in the centre of
the device, thereby creating a solar energy
funnel. In the example studied by Feng et al.,
these photogenerated electrons and holes
are guided to the centre of the membrane
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towards an atomic force microscopy tip,
which is used as an actuator to apply strain.
The fundamental challenge when
making a practical solar funnel is how
to separate the electron-hole pairs and
transport the charge to electrodes so that
electricity can be successfully extracted.
In conventional photovoltaics, a built-in
electric field at a p-n junction separates
the electrons and holes. The positive and
negative charges are then collected at
different locations by placing electrodes on
opposite sides of the exciton-generating
material. However, in the MoS, solar
funnel, both the electrons and holes are
funnelled to a single point. To resolve this
issue, Feng et al. say that two electrodes
composed of metals with different work
functions placed at the centre point could
be used to selectively remove the electrons
and holes. Although this approach might
work, it introduces several experimental
and material challenges. For example,
monolayer MoS, does not provide a
sufficiently large barrier to quantum
tunnelling between different electrodes. As
a result, parasitic tunnelling will probably
prevent generation of a significant open-
circuit voltage, which is a key performance
metric for an efficient solar cell. One
solution to this problem could be to use an
applied electric field to break the electron-
hole symmetry, thereby allowing the
electrons to be collected in the centre of the
membrane, while holes could be collected
at the edge. Another approach might be to
place the MoS, on a nanostructured surface
(such as a periodic array of steps or holes)
rather than suspending it over large holes.
The van der Waals adhesion to the substrate
would pull down the membrane and induce
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spatially varying tension; by carefully
placing the electrodes over strained and
unstrained regions, the electrons and holes
could then be collected separately.

At a fundamental level, the work of
Feng et al. demonstrates that the strain
engineering of 2D materials has many
potential applications beyond electronics,
and it is likely that these findings will
inspire many more investigations
into this rich field. For example, it
would be interesting to study stacked

heterostructures of these materials. For
solar collection, such a heterostructure
could allow the vertical separation of
electrons and holes, while strain could

then be used to guide diffusion to

opposite electrodes. )

Arend van der Zande and James Hone are at the
Department of Mechanical Engineering and Energy
Frontier Research Center, Columbia University,
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VIEW FROM... 73RD JSAP AUTUMN MEETING 2012

The search for high efficiency

Tandem solar cells, inverted triple-junction solar cells and photonic-crystal-based solar cells were among the
photovoltaic devices discussed at the 73rd Autumn Meeting of the Japan Society of Applied Physics.

Noriaki Horiuchi

has placed increasing pressure on the

search for alternative energy sources in
Japan, and high-conversion-efficiency solar
cells are in high demand. It is unsurprising,
therefore, that photovoltaic technology was
the highlight of this year’s Japan Society of
Applied Physics (JSAP) Autumn Meeting,
held on 11-14 September in Matsuyama.
The meeting gathered 5,700 researchers at
the campuses of Ehime and Matsuyama
Universities.

In April 2012, the Ministry of Education,
Culture, Sports, Science and Technology
of Japan assigned Makoto Konagai from
the Tokyo Institute of Technology as the
Director of Renewable Energy Projects to
coordinate research projects ranging from
fundamental studies to the commercialization
of silicon-based tandem solar cells. These
projects are being carried out jointly by
academia and industrial collaborators such
as Panasonic, Mitsubishi and Kaneka. At the
meeting, Konagai, who is also the president
of JSAP, announced the launch of Centres
of Excellence for solar cells based on silicon
nanowires in April 2014 in the Fukushima
prefecture. Research performed at these
centres will focus on tandem solar cells
comprising silicon nanowires on the top layer
and conventional silicon solar cells on the
bottom layer.

“It is difficult to achieve conversion
efficiencies of more than 25% by using
conventional silicon-based solar cells because
silicon cannot absorb the spectrum of natural
sunlight from 1.4 to 1.7 eV, where a fair
amount of the energy is distributed,” Konagai
pointed out. Devices based on silicon

T he Fukushima nuclear disaster of 2011
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Around 5,700 participants attended the Autumn Meeting of JSAP 2012, which was co-hosted by Ehime
and Matsuyama Universities.

nanowires are a different matter altogether.
At the meeting, Konagai’s research group
presented numerical results for tandem solar
cells reaching conversion efliciencies of more
than 30%.

Atsushi Yoshida from Sharp reported
an inverted InGaP/GaAs/InGaAs triple-
junction cell with a conversion efficiency
of 43.5%. “This conversion efficiency is due
to the reduction of current loss by using
InGaAs, which has a bandgap of 1 eV, as the
bottom cell,” Yoshida explained. However,
this approach is far from straightforward
because the large difference in lattice

constants between InGaAs and InGaP (or
GaA) degrades the crystalline quality and
thus increases the current loss. To overcome
this problem, Yoshidas group developed an
inverted deposition method for growing the
disconformable bottom cells at the end of
deposition procedure and a technique for
printing the InGaP/GaAs/InGaAs triple-
junction cells on a supporting substrate. As a
result, they succeeded in obtaining a record-
breaking solar-cell conversion efficiency of
43.5% under 306-Sun conditions.

The ability to convert broadband thermal
emission into a narrowband spectrum with
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