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Abstract

Two-dimensional (2D) layered metal dichalcogenides constitute a promising class of
materials for photodetector applications due to their excellent optoelectronic properties.
The most common photodetectors, which work on the principle of photoconductive or
photovoltaic effects, however, require either the application of external voltage biases
or built-in electric fields, which makes it challenging to simultaneously achieve high
responsivities across broadband wavelength excitation—especially beyond the mate-
rial’s nominal band gap—while producing low dark currents. In this work, we report
the discovery of an intricate phonon—photon—electron coupling—which we term the
acoustophotoelectric effect—in SnSs that facilitates efficient photodetection through the
application of 100-MHz-order propagating surface acoustic waves (SAWs). This effect
not only reduces the band gap of SnSy, but also provides the requisite momentum
for indirect band gap transition of the photoexcited charge carriers, to enable broad-
band photodetection beyond the visible light range, whilst maintaining pA-order dark
currents—remarkably without the need for any external voltage bias. More specifically,
we show in the infrared excitation range that it is possible to achieve up to eight or-
ders of magnitude improvement in the material’s photoresponsivity compared to that
previously reported for SnSo-based photodetectors, in addition to exhibiting superior

performance compared to most other 2D materials reported to date for photodetection.



Two-dimensional (2D) layered metal chalcogenides have drawn significant attention for
optoelectronic applications due to their excellent electronic and optical properties.!? Specifi-
cally, 2D group IV metal chalcogenides have emerged as strong candidates for photodetectors
because of their high absorption coefficient and relatively narrow band gap.®® A number
of mechanisms exist by which the absorbed light is converted to electrical signals in these
2D materials, the most common of these being based on photoconductive and photovoltaic
effects.® While photodetectors based on the photoconductive mechanism can be constructed
from a single monolithic material, they require an external DC bias for transfer of the pho-
toexcited charge carriers, resulting in high dark currents, which lower their detectivity. On
the other hand, photovoltaic photodetectors are based on heterostructures of p—n junctions
with built-in electric fields such that an external DC bias is not required. As such, they
produce lower dark currents, but nevertheless involve more complex architectures and suffer
from lower responsivities due to their limited active areas.” In addition, the photodetection
range is limited by the band gap of the materials used. Therefore, a single-material photode-
tector that is capable of generating low dark currents while maintaining large responsivity,
along with the ability to detect broadband illumination beyond the material’s nominal band
gap, would be of significant interest.®

Recently, SnS,,? which is an earth-abundant and environmentally-friendly intrinsic n-type
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semiconductor possessing a relatively wide band gap (2.1-2.8 eV) and high absorption
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coefficient (& 10* cm™!),!? has shown considerable promise for nanoelectronics, and,
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in particular, photodetectors, even in comparison to other 2D materials such as

MoS, and WS,.%*?7 In order to improve its photodetection performance, various strategies
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have been explored, including the application of gate voltages, chemical doping,
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sensitization with PbS quantum dots,?? oxygen plasma treatmen surface coating,?* alloy
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engineering, vacuum operation, and heterojunction formation.?%3! Among these,
chemical doping has been shown to facilitate considerable performance improvements in

SnSo-based photodetectors. Such schemes however commonly involve the use of aggressive



chemical or electrochemical processes that result in poor stability,?® in addition to irreversibly
deteriorating the crystal structure by introducing defects into the material,*® although some
doping techniques may not be suitable for wafer-scale 2D semiconductors.?” Moreover, it is
important to note that SnS,, as with many other semiconductors, is not expected to produce
photocurrents when excited by wavelengths with lower energies than its nominal band gap.2®
Furthermore, given that SnS, is an indirect semiconductor, an additional momentum source
is required, usually in the form of phonon energy, to facilitate the indirect transition across
the valence and conduction bands.! As such, SnS,-based photodetectors, as well as most
other photodetectors based on other 2D materials, have been limited to date to operation
in the visible region; operation at wavelengths beyond 600 nm, where they exhibit very low
photoresponsivities, have therefore rarely been reported.?®

An alternative approach that we postulate could improve the photoresponsivity of SnSs,
while maintaining its pristine condition, is through the use of MHz-order electromechanical
coupling in the form of surface acoustic waves (SAWs)—nanometer-amplitude electrome-
chanical waves that are generated on a single-crystal piezoelectric substrate, which have
found application in telecommunication devices, superconducting circuits and acoustoflu-
idics, among others.3”3° In addition to their demonstration as an efficient means for the
synthesis and manipulation of 2D transition metal dichalcogenides and carbides /nitrides, 404
SAWs have also been shown to facilitate the control and manipulation of charge carriers in
nanostructures. 448 Broadly, SAWs have been used to either (i) manipulate photoexcited
charge carriers in 2D semiconductors, to prevent their recombination and therefore allow

49-51

their transfer over long distances (Fig. la), or, (ii) to enhance the electrical output in

46,5261 The latter effect arises as a consequence of

non-photoexcited 2D systems (Fig. 1b).
the native SAW electromechanical coupling that facilitates interaction of the wave with the
mobile carriers. In a two-dimensional electron system (2DES), for example, this interaction

has been shown to alter the SAW velocity and attenuate the wave intensity.%® The momen-

tum from the wave is then transferred as a force onto the 2DES—a phenomenon known as
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Figure 1: Schematics illustrating (a) the acoustic modulation of photoexcited charge carriers
in a semiconducting material, in which the SAW alters the energy bands and hinders the
recombination of photoexcited electron—hole pairs (F¢, Er, and Ey denote the conduction
band, Fermi level, and valence band, respectively), and, (b) the acoustoelectric (AE) effect,
in which the SAWs generate an AE current I,g that supports momentum transfer to elec-
trons in the conduction band. (c¢) Schematic depiction of the experimental setup facilitating
the coupling of the SAW, which is generated on and which propagates along a single crystal
piezoelectric substrate (LiNbO3), into a 50-nm-thick (approx.) SnS; nanoflake. The magnifi-
cation in (d) shows the deformation of the nanoflake under the SAW excitation in relation to
the position of the source and drain contact pads (not to scale); the inset shows top and side
views of the SnS, atomic structure. (e) Schematic demonstration of the acoustophotoelectric
effect (APE), wherein the SAW lowers the band gap, and the momentum transfer from the
SAW facilitates transport of the photoexcited charge carriers to the drain to produce an
acoustophotoelectric current Ippg.

the acoustoelectric (AE) effect, which has been investigated for a variety of other materi-

als, including GaAs, 1952 InGaAs,? AlGaAs/GaAs heterojunctions, % single-walled carbon



nanotubes,® graphene,5”% black phosphorus (BP),% and MoS,.5! However, enhancement
in carrier mobility due to the intricate tripartite coupling of phonons, photons and electrons
in a photoexcited 2D material under the influence of the SAW has yet to be explored.

In this work, we report the discovery of unique phonon—photon—electron interactions,
which we refer to as the acoustophotoelectric effect, that arises when the SAW is coupled
into a 2D photoexcited SnSs nanoflake on a piezoelectric substrate (Fig. 1(c,d)). Such an
effect is observed to dramatically enhance the photocurrent output while operating at 0 V
external DC bias, yielding a very low pA-order dark current and high photoresponsivity
over a broad range of illumination wavelengths from the ultraviolet through to near-infrared
regions. Moreover, the acoustophotoelectric effect not only lowers the nominal band gap
of SnS, from 2.3 to 1.4 €V, as confirmed by density functional theory (DFT) calculations,
but also provides the requisite momentum to effect indirect transition of charge carriers
into the conduction band, thereby extending photodetection capability considerably beyond
the nominal band gap of SnS, (approx. 550 nm). Specifically, photoresponsivities up to
eight orders of magnitude higher than those of SnSs-based photodetectors reported in the
literature were achieved in the infrared excitation range. We show too that thinner SnSs
flakes (approx. O(10 nm)) exhibit larger acoustophotoelectric effect and hence acoustically-
induced photoresponsivity R values compared to thicker ones (approx. O(100 nm)), across all
wavelengths excitations across the UV, visible, and infrared ranges. This can be attributed to
the enhanced acoustophotoelectric effect due to larger phonon—photon—electron coupling as a
result of the material’s higher innate piezoelectricity (as inferred from its electromechanical
coupling coefficient, ds3) in thinner films that lead to more efficient interactions between
the SAW and the charge carriers in the material. With thicker films, however, the weaker
coupling of the SAW into the material results in a diminished acoustophotoelectric effect.
In addition, we briefly demonstrate that a similar acoustophotoelectric effect can be induced
in other 2D materials, including MoS, and SnS, therefore highlighting the promise of this

technique as a practical, reversible, and non-destructive approach to significantly improve



the performance of photodetectors based on 2D nanomaterials.

Results and Discussion

Although the focus of the present work encompasses the interplay between the electrome-
chanical coupling of the SAW with a photoexcited material, i.e., the acoustophotoelectric
effect, we first begin by baselining our observations of the electric current produced under
the acoustic forcing but in the absence of light excitation, i.e., the acoustoelectric effect,
these results will therefore be used as the control case to benchmark the results obtained for
the photoexcited cases. Parenthetically, we note though that while the acoustoelectric effect
has previously been reported in other 2D materials, such as graphene®” %6263 GaAs, 46 black
phosphorus,® and MoS,,% it has not been demonstrated to date in any group IV A metal
dichalcogenides.

Figure 2a shows the current—voltage characteristics of a pristine (as verified from the
x-ray photoelectron spectra (XPS) in Fig. S1) SnS, nanoflake with thickness 48.7 + 1.3 nm
(Fig. S2; considering a monolayer to be 0.6 nm thick, we estimate the flake to be composed
of around 80 layers),%5! from which we calculate the flake’s conductivity to be 10.6 nS. The
linearity in the profile over the -30 to 30 mV applied voltage range Vpg verifies the good
Ohmic contact between the flake and the Cr/Au electrical contact pads.!420:21:252933 [Jpon
excitation of the SAW| it can be seen that the conductivity increases to 15.8 nS due to the
momentum transfer from the acoustic waves to the charge carriers.?” More importantly, the
application of the SAW can be seen to generate an offset acoustoelectric current of 79.5 pA
at Vpg =0 V.

The transient acoustoelectric response of the SnSy; nanoflake to the SAW, obtained by
cycling the SAW over four input powers from 15 to 27 dBm in 10 s on/off intervals with
Vbs = 0V, is plotted in Fig. 2b. It can be seen that the acoustoelectric current increases

with increasing SAW power (see the inset of Fig. 2b), consistent with that predicted by the
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Figure 2: (a) Output current Ipg as a function of the applied voltage Vpg for a SnSs nanoflake,
both in the absence and in the presence (21 dBm SAW power) of the acoustoelectric effect
(AE). (b) Zero volt DC bias (Vps = 0 V) transient response (Ips—t) of the SnS, nanoflake to
the SAW excitation at different input powers; the areas shaded in yellow show the excitation
periods and the inset is a plot of the acoustoelectric current I,g as a function of the SAW
power Psaw calculated from the Ipg—t response.

16,6566 (Equation S.1 in the Supplementary Information) together with

Weinreich equation
the mobility of SnS,, calculated from the transfer curves in Fig. S3. For example, for a given
input SAW power of 21 dBm, the theoretically estimated current is 210 pA, which is the
same order of the experimental value of 60 pA (obtained from Fig. 2b).

In contrast, it can be seen from Fig. 3a that a significantly larger current is produced
when the SnS, nanoflake is illuminated with light (365 nm), even in the absence of the SAW
excitation (-20 nA at -30 mV bias compared with -600 pA in the absence of light), attesting

1424 which we note is the strongest under 285 and

to the strong photosensitivity of SnS,,
365 nm illumination. The photosensitivity of SnSy can be attributed to the commonly known

photoconductive effect in which photon absorption in a semiconducting material results in



the generation of excess free carriers, thereby leading to an increase in conductivity (i.e., the
slope of the Ips—Vpg curve). A further indication of the transport of photoinduced charge
carriers over the electrical contact barriers is also evident from the linearity of the curves. !’

When excited with the SAW, however, we observe a significant offset in the Ins—Vpg profile
for the same illumination wavelength (365 nm) and intensity (3.0 mW/cm?), resulting in a
current output of -8 nA at zero-bias voltage (Fig. 3a; cf. -0.1 nA in the absence of the SAW).
To further probe the effect of the acoustic coupling, we turn to the current—time (Ipg—t)
measurements conducted at zero DC bias in Fig. 3b, wherein the nanoflake is again excited
by incrementally increasing SAW powers within 10 s on/off periods, but in the presence of
light illumination at different wavelengths. In distinct contrast to the case where the SAW
is not present, we see giant enhancements in the photocurrent (Iphoto = Ix — Ipark, Wherein
A, Iy and Ip,, denote the illumination wavelength, and the collected current in the presence
and in the absence of light excitation, respectively) output due to the SAW, which can be
more evidently seen in Fig. 3c. For comparison, the photocurrent under an illumination
wavelength of 365 nm with an intensity of 3.0 mW /cm? is only 135 pA, whereas excitation of
the nanoflake with the SAW at 21 dBm input power yields 7.8 nA—an enhancement of almost
two orders of magnitude. Importantly, this acoustophotoelectric current is also much larger
than the acoustoelectric current, in the absence of light excitation of 60 pA, with the same
SAW power (top panels in Fig. 3b,c), alluding to the stronger current generation capacity
of the acoustophotoelectric effect over both the typical photoconductive and acoustoelectric
effects.

To verify that the observed acoustophotoelectric current did not arise from the substrate
itself, we conducted the same experiment on bare LiNbO3 in the absence of the SnS, flake,
in which no change in conductivity was observed (Fig. S4a) or electrical current produced
(Fig. S4b). Additionally, it is also possible to rule out the contribution of thermally-generated
currents, particularly given that the relatively low applied SAW power over short durations

(10 s) did not lead to appreciable temperature rises. Prolonged exposure to the SAW at
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Figure 3: (a) Output current Ipg as a function of the applied voltage Vg for a SnS, nanoflake
under light illumination (3.0 mW /cm? intensity) with different wavelengths, both in the ab-
sence (solid lines) and in the presence (21 dBm) of the SAW coupling (dashed lines). (b) Zero
volt DC bias (Vps = 0 V) transient response (Ipgs—t) of the SnSy nanoflake under different
illumination wavelengths (3.0 mW /cm? intensity) to the SAW excitation at varying powers;
the shaded areas show the excitation periods whereas the top panel shows the acoustoelec-
tric (AE) response (no illumination) for comparison. (c) Magnified view of the transient
response in (b) corresponding to the start of the illumination period and subsequently the
initiation of the SAW excitation (24 dBm). (d) Rise (7;) and (e) fall (7¢) response times of
the SnSy nanoflake to 15 dBm SAW excitation under 365 nm illumination with 3.0 mW /cm?
intensity. (f) Cycling characteristics of the SnS, nanoflake under 365 nm illumination at
different illumination intensities and 24 dBm SAW. (g) Absolute current output Ipg (with
a representative standard error of + 0.1 nA), and, (h) photoresponsivity R as a function
of the input SAW power for different illumination wavelengths with 1.0 mW /cm? intensity.
(i) Variation of the photoresponsivity in the absence and in the presence of 27 dBm SAW
excitation (R) and the relative enhancement (R*) with illumination wavelength.
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27 dBm over 30 s yielded a temperature rise in the substrate of only 0.5 °C, with no observ-
able changes in the acoustophotoelectric current at 365 nm illumination. In any case, we
note that the thermoelectric performance of SnSs is typically hindered by intrinsically low
carrier concentrations as a consequence of the material’s large band gap and high thermal
conductivity. 57

We further observe that the SnS, nanoflake responds to the SAW excitation with rise
and fall times of 79 and 69 ms, respectively, as can be seen from Fig. 3d,e. Moreover, a study
of the electrical stability of the nanoflake subject to multiple SAW excitation cycles under
illumination (Fig. 3f) indicated no significant deterioration to its performance, at least up
to 6 cycles. We note that the acoustophotoelectric effect observed here is not just limited
alone to SnS,. Similar observations were evident in other 2D materials, for example, MoS,
and SnS (see Fig. Sba,b), therefore alluding to the generality of the phenomenon.

An understanding of how the SAW interacts with the photoexcited carriers is neverthe-
less crucial to elucidate the underlying mechanisms responsible for the acoustophotoelectric
effect. Typically, upon illumination of a semiconducting material, the charge carriers are
excited from the valence band (Ey) to the conduction band (E¢), following which they tend
to recombine to generate a photoluminescent (PL) signal. It is nevertheless well-known that
SAWs are able to prevent the recombination of charge carriers, and quench the photolumines-
cence in semiconducting materials (Fig. 1a), as has been previously reported, for example, in
MoS,, %0 WSe,,5! GaAs, 176%™ and InGaAs/GaAs.™ Similar PL quenching and spectrum
broadening was observed here for the representative SnSs nanoflake (Fig. S6), even beyond
its nominal band gap up to 800 nm, thus indicating an alteration of the band structure in
the material. In the absence of light excitation, and when a source and drain are present
(Fig. 1b), the transfer of momentum from the SAW to the fast conduction electrons gener-
ates an acoustoelectric current™ (Eqn. S.1 (Supplementary Information)), as has been shown

46,58,60,61

for graphene and other 2D materials. On illumination, however, the photoexcited

charge carriers are raised to the conduction band that is altered by the SAW (Fig. le), where

11



they accumulate and are transported to the drain. This tripartite phonon—photon—electron
coupling is then responsible for the generation of the acoustophotoelectric current, thereby
nullifying the need for an external DC bias that inevitably increases the dark currents. This
is in contrast to typical photoconductors, where an external DC bias across the source and
drain is required to collect the photocurrent. This can, for example, be seen in Fig. S7 where
in the absence of the SAW, a large dark current of 20 nA is introduced with 1 V applied DC
bias. Moreover, long rise and fall times (tens of seconds) can be seen, and little to no change
in photocurrent is observed when the SnS, nanoflake is excited at longer wavelengths (e.g.,
850 nm). In stark contrast, we observe in Fig. 3g low (pA-order) dark currents as well as an
increase in the acoustophotoelectric current for all illumination wavelengths, and especially
beyond the SnSy nominal band gap at 565, 660 and 850 nm, even without an applied DC
bias.

Further insight into the acoustophotoelectric enhancement of the current can be gleaned
from density functional theory (DFT) simulations™™ (see Methods section) of the effect
of the electromechanical coupling afforded by the SAW on the electronic properties of a 20
nm SnS, (defect-free) thin film. The SAW is approximated in the simulations as combined
electric (E ~ O (108 V/m)) and mechanical strain (e ~ 0.1%) fields corresponding to that
estimated for the 27 dBm SAW from the experiments. Figure 4 shows the resultant band
structure (BS) and total electronic density of states (eDOS) for the case in which the strain
and externally applied field are absent (Fig. 4a(i,ii)) and that for an applied external electric
field of 3 x 10® V/m and strain of 0.1% associated with that for 27 dBm SAW power in
the experiments (Fig. 4b(i,ii)). A comparison between these plots allows us to conjecture
that the electromechanical coupling arising from the SAW enhances the photocurrent at all
illumination wavelengths by lowering the band gap (initially 2.32 eV; indirect) in the absence
of SAW excitation, as seen from the BS plot in Fig. 4a (which is in good agreement with
the experimental optical band gap calculated from the Tauc plot in Fig. S8), consistent with

that observed in Fig. 3g.
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To elaborate, it is expected that the degree of photocurrent enhancement is dependent
on whether the illumination wavelength corresponds to an energy region for which indirect
or direct radiative transition can occur. Both Figs. 4 and S8 show that SnS, is a semicon-
ductor with an indirect band gap, i.e., it possesses energies lower than the threshold for
direct radiative transitions. The enhancement in photocurrent at 285 and 365 nm can be
attributed to the efficient transport of the photoexcited carriers since the photon energy is
already deeper within the conduction band region, thereby permitting direct radiative tran-
sition to occur. For longer wavelength excitation and in contrast to direct semiconductors,
additional phonons are required for conservation of energy and crystal momentum in indirect
semiconductors; as such, indirect semiconductors usually require larger momentum transfer
to effect indirect transitions. 757" Since such transitions involve a two-step process and are
strongly dependent on the phonon density of states, the rate at which these transitions oc-
cur are typically much slower than those for direct transitions.™ Nevertheless, we see from
Fig. 4b that even though the photon energy at 565 nm is below that for direct (I'-I") radiative
transition, detailed analysis of the band structure shows that direct radiative transition is
possible along the I'-M path of the Brillouin zone due to the effect of the SAW in lowering
the band gap of the SnSs thin film from 2.32 eV down to 1.35 e€V. As such, the enhancement
in the photocurrent due to the applied SAW at 565 nm can be attributed to the fact that
the photon energy is now sufficient for direct (I'-I"), as opposed to indirect, transition.

We should note that although band gap tuning of semiconductors has been achieved
to date through the application of a static transverse electric field via the Franz—Keldysh
and Stark effects, the change in the band gap that has been demonstrated through these
methods has been confined to only a few hundred meV and at the extra cost of patterning
complex electrode structures to include physical top and bottom gates.”™ The application
of the SAW here therefore not only offers a facile means by which electrode-free electric
field perturbation with associated directional strain can be imposed on the material, but

also facilitates considerably larger changes in the band gap, in addition to providing the
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required momentum for indirect transitions. In the present case of SnS,, the indirect band
gap is lowered by 0.97 eV, so much so that the electromechanical coupling of the SAW
into the SnSy thin film not only provides the momentum required for the generation of the
acoustophotoelectric current but also for the photoexcitation of the charge carriers to be
extended to illumination wavelengths up to 850 nm.

To contrast the acoustophotoelectric effect observed with the SAW with the typical photo-
conductive effect that has been discussed to date, we examined the SnSs film under different
illumination wavelengths from 285 to 850 nm with 1 V applied DC bias in the absence of
the SAW excitation. As can be seen in Fig. S7, high photocurrent values are obtained but
at the expense of higher dark currents and much longer response times, the latter due to
the slow generation of electron-hole pairs.?” The eDOS and BS plots for SnS, in the ab-
sence of the SAW excitation (Fig. 4a) confirm the stronger photocurrent response at 285
and 365 nm since direct radiative transitions occur at these photon energies in comparison
with the weaker response at 565 nm where the energy becomes sufficient to permit indirect
transitions. At 660 nm, below the band gap in Fig. 4a, we nevertheless observe a very weak
photocurrent in the experiments (although this could possibly arise due to defects in the thin
film, which could introduce defect states and assist the absorption of photons with energies
lower than the intrinsic band gap?’) whereas poor photosensitivity was observed at 850 nm,
even in the presence of the 1 V DC bias.

Finally, to demonstrate the utility of the platform in enhancing the photodetection per-
formance of SnS,, we measure the important figure of merit qualities of photodetectors,
including the dark current, photoresponsivity (R) = Iphoto/(PrA), in which Ry, Py, and A
constitute the responsivity under an illumination wavelength A, the illumination intensity,
and the active area of the photodetector, respectively), external quantum efficiency EQE,
noise equivalent power NEP (calculated from the noise characteristics plots in Fig. S9), spe-
cific detectivity D*, and response times (see calculation methods for each parameter in the

photodetector characterization section in the Supplementary Information). Values for the
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Figure 4: Simulated (i) electronic density of states (eDOS), and, (ii) band structures (BS)
of a 20 nm SnS, thin film for the case (a) when the electric field and strain are absent
(E =0, e =0), and, (b) in the presence of both electric field and strain (£ = 3 x 108 V/m,
€ = 0.1%). The insets in the eDOS plots show magnified views of the regions delineated by
the orange squares. In the band structures, CBM and VBM denote the conduction band
minimum and valence band maximum, respectively.

dark current extracted from the Ips—t plots in Fig. 3b are tabulated in Table S1, from which

we note their pA-order magnitude across the cases examined—an advantage of operating
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Figure 5: Spectral responsivity R of SnS, flakes of varying thicknesses under different illumi-
nation wavelengths (24 dBm SAW power). The inset shows the piezoelectric force microscopy
measurements of the electromechanical coefficient ds3 for SnSy flakes of similar thicknesses.

without an external DC bias, which results in lower noise levels and higher D*,8 in addition
to minimizing quiescent power.8! As can be seen from Fig. 3g,h, both the acoustophotocur-
rent as well as the photoresponsivity are dramatically enhanced with increasing SAW input
powers up to Rzss= 68.9 A/W at 27 dBm. For the longer illumination wavelengths (565, 660,
and 850 nm), we note that the decrease in the band gap due to the electric and strain fields
produced by the SAW electromechanical coupling into the material, in addition to momen-
tum transfer from the SAW to the charge carriers to faciliate their indirect transition, lead to
higher photoresponsivities, especially Rgso of 0.2 A/W for a 48.7 nm flake—up to eight orders
of magnitude larger than that reported in the literature;'"'28; an even larger enhancement
of 9.1 A/W for thinner (27.4 nm) flakes was also observed (Fig. 5). It is worth further
noting that although acoustic modulation in photodetection has previously been shown for
a heterojunction p-n diode,®® the performance enhancement achieved here is far greater,
particularly for a homogeneous material, especially in terms of the other photodetection

parameters, namely, R, EQE, and D*.

In a similar manner to that observed with other 2D nanomaterials, the properties of
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SnS,, such as its band gap, photodetection performance,“* or piezoelectric response,
are expected to vary with its thickness. Indeed, we observe from Fig. 5 that while the
acoustophotoelectric responsivity R of flakes with different thicknesses in general decreases
with increasing illumination wavelengths due to the reasons discussed above, the decrease
appears to be more pronounced for thicker samples due to the weaker coupling of the SAW
into the flake as a consequence of the relative inability of the wave to penetrate into the bulk
of the material given the O(10 nm) vibration displacement amplitude; this was similarly ob-
served in previous work on coupling the SAW into thick*® and thin®® MoS, flakes. Moreoever,
we note that while both the 27.4 nm and 48.7 nm thick flakes exhibit strong responsivities
in the UV region due to the high optical absorption of SnS, at these wavelengths, it is the
thinner (27.4 nm) flake that notably maintains a more uniform photoresponse across the
range of illumination wavelengths, decreasing only from 33.9 A/W at 285 nm to 9.1 A/W at
850 nm. This can be attributed to the increased piezoelectricity of thinner SnS, flakes (as
observed from the piezoresponse force microscopy (PFM) measurements of the electrome-
chanical coefficient ds3 in the inset of Fig. 5). As has been observed with other piezoelectric
2D materials, 20°0 this leads to more effective coupling of the SAW into the material. In this
respect, the acoustophotoelectric effect also qualitatively behaves in a similar way to the
acoustoelectric effect, wherein the current increases with increasing input SAW power: from
Eqn. S.1, we observe the influence of the piezoelectric coupling coefficient K2 (which is re-
lated to ds3), and more specifically, the piezoelectricity of the material on the acoustoelectric
(and, in the present case, the acoustophotoelectric) current that is generated. The strong
role of the SAW coupling into the material on its acoustophotoelectric response can perhaps
be seen in the difference in the responsivities of the 48.7 nm and 322.9 nm thick flakes: on
the one hand, the higher d33 value that leads to more effective coupling of the SAW for the
322.9 nm thick flake compared to the 48.7 nm thick flake facilitates greater attenuation of

the SAW such that more of its momentum is available to be transferred to the charge carriers

to produce the acoustoelectric and acoustophotoelectric current; concurrently, the relatively
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weaker acoustic penetration into the thicker flake, in contrast, results in weaker coupling of
energy into the material, which could explain the poorer responsivity for the 322.9 nm thick
flake compared to that for the 48.7 nm flake despite its higher d33 value. Conversely, while the
piezoelectricity and hence acoustoelectric and acoustophotoelectric effects are expected to
improve toward the monolayer limit, thinner flakes below 20 nm possess diminishing optical
absorption, and are hence not ideal for photodetection applications.?*

The present demonstration of the ability to extend the range of SnS, photodetectors
beyond its nominal band gap without altering its pristine chemical condition for broadband
operation has yet to be reported to date. This relative enhancement in the photoresponsivity
with the SAW coupling across a wide wavelength range can be seen more clearly through the
modified responsivity parameter, R* = Ry,saw/R), in which Ry ;saw denotes the respon-
sivity in the presence of the SAW coupling. Importantly, two to three orders of magnitude
increases across a broad wavelength range, from the ultraviolet (UV-B, UV-A) to visible, and
through to near-infrared (NIR) illumination, can be seen in Fig. 3i, noting particularly the
two- to eight-decades of improvement in the NIR region at 850 nm compared to existing R
values in the literature.!”'®2® Enhancements in the other photodetection performance mea-
sures, namely EQE and D*, can also be observed with the SAW (Fig. S10a,b), with similar
two to three order of magnitude improvements seen across all wavelengths (Fig. S10c,d).
Notably, the EQE and D* values at 850 nm of 42% (compared to 0.15 % in the literature)!®
and 2.7 x 108 Jones (compared to 9.9 x 10° Jones)'®, respectively, were achieved. In addi-
tion, we obtain NEP values of 7.4 x 1073 W/Hz!/? at 285 nm to 1.9 x 1071 W/Hz'/? at
850 nm, which are the lowest reported in the literature for SnSs photodetectors to date. A
detailed performance comparison of the current acoustophotoelectric platform against other
SnS, photodetectors reported in the literature is presented in Supplementary Table S1. Ad-
ditionally, we also note that superior photoresponsivity of the present platform in the NIR
region compared to the performance of other 2D materials and heterostructures that have

been reported to date, with the exception of BP, which is known to be unstable in air, and
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PdSe,, which requires high intensity laser illumination and gate voltage® and is hence not

suited for low power light detection (Supplementary Table S2).

Conclusions

We experimentally uncover the existence of, and elucidate through DFT simulations, a novel
acoustophotoelectric effect arising from a trifecta of phonon—photon—electron interactions
generated through coupled oscillating electric and strain fields associated with the elec-
tromechanical coupling of SAWs into a thin SnS, film. We show that the effect, and the
large acoustophotocurrents that can be generated as a consequence of decreasing the band
gap of the material and providing the required momentum for indirect transitions, is par-
ticularly advantageous in enhancing the photodetection capability of the material, yielding
improvements in its photoresponsivity, external quantum efficiency and specific detectivity
by two- to three-orders of magnitude while maintaining low pA-order dark currents—without
the need for an external applied DC bias. Critically, the effect is observed over a broad range
of illumination wavelengths, way beyond the nominal band gap of SnS,, therefore extending
the operability of the photodetector into the NIR region where the 9.1 A/W responsivity
that can be obtained for 850 nm illumination is up to eight decades in magnitude larger
than SnS,-based photodetectors reported in the literature to date at similar wavelengths.
Given that the effect is not merely confined to SnSy, we expect the potential of the phe-
nomenon, and, more broadly, the SAW platform, in general, can be extended to enhance the

performance of other photodetectors based on 2D materials.
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Methods

Experimental procedures
Device fabrication and operation

SAW device: The piezoelectric chip, schematically illustrated in Fig. 1c, consists of a single-
crystal piezoelectric lithium niobate (LiNbO3, 128° Y-rotated, X-propagating LiNbOj3; Roditi
Ltd., London, UK) substrate, on which two sets of interdigitated transducer (IDT) electrodes
were fabricated by sputter depositing (SPI-Module Sputter Coater, Structure Probe Inc.,
West Chester, PA, USA) a 10-nm-thick titanium adhesion layer followed by a 200-nm-thick
gold layer, and subsequently wet etching IDT patterns comprising 60 straight interleaved
finger pairs. To minimize the wave reflections and noise levels during the experiments, the
LiNbOj3 chip was cut into a diamond shape and placed on a shock absorption sheet (#Gel,
Taica Corporation, Tokyo, Japan). The SAW is then generated by applying an oscillating
electrical signal at the resonant frequency (80 MHz) using a signal generator (N9310A,
Keysight Technologies, Santa Rosa, CA, USA) coupled to an amplifier (LYZ-22+; Mini
Circuits, Brooklyn, NY, USA).

Crystal exfoliation: SnS, bulk crystals (2D Semiconductors, Scottsdale, AZ, USA) were
mechanically exfoliated (Scotch Magic™, 3M Pty. Ltd., North Ryde, NSW, Australia) and
dry-transferred onto the LiNbOj3 chip. As illustrated in Fig. 1d, two electrical contact pads
were then patterned to span an individual nanoflake using standard photolithography (Mask-
less Aligner MLA 150, Heidelberg Instruments Mikrotechnik GmbH, Heidelberg, Germany)
by depositing a 10-nm-thick chromium adhesion layer followed by a 100-nm-thick gold layer
through e-beam evaporation (PRO Line PVD 75, Kurt J. Lesker Company, Jefferson Hills,
PA, USA) via a lift-off process.
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Characterization

Electrical measurements: The electrical measurements were performed on a source mea-
sure unit (Keithley 2450 and KickStart Instrument Control Software version 2.7.0, Tektronix
Inc., Beaverton, OR, USA) in a 4-wire configuration, connected to the electrical contact pads
using metal probes (T20-50 Solid Tungsten, Everbeing, Hsinchu, Taiwan) while the chip was
mounted on a probe station (C-2 Mini, Everbeing, Hsinchu, Taiwan).

Illumination: Light emitting diodes (LEDs) with nominal wavelengths of 285, 365, 565,
660, and 880 nm (M285L5, M365L2, M565L3, M660L4, M850L3, Thorlabs Inc., Newton,
NJ, USA), operated with an LED driver (DC4104, Thorlabs Inc., Newton, NJ, USA), were
employed as the illumination sources in the study. The illumination power was measured
with a thermal sensor (S120VC, Thorlabs Inc., Newton, NJ, USA) connected to a power
and energy meter console (PM100D, Thorlabs Inc., Newton, NJ, USA). The experimental
data were plotted with data analysis software (Origin 2023, OriginLab, Northampton, MA,
USA).

Piezoresponse force microscopy (PFM) measurements: Exfoliated SnS, flakes were
transferred onto a SiO,/Si substrate (300 nm oxide thickness) coated with 2 nm chromium
and 10 nm gold through electron beam evaporation. The electromechanical response of
the SnS, flake of a specific thickness was then measured using an atomic force microscope
(AFM; MFP-3D, Asylum Research, Oxford Instruments, High Wycombe, UK) in Dual AC
Resonance Tracking Piezo Force Microscopy (DART-PFM) contact mode, in which the shift
in contact resonance frequency was 276 kHz. Igor Pro 6.32A software (WaveMetrics Inc.
Portland, OR, USA) was used for data acquisition and analysis. A 25 nm radius conductive
Pt/Ir coated AFM tip (SCM-PIT-V2, Bruker AFM Probes, Camarillo, CA, USA) with a
resonance frequency of 75 kHz and spring constant of 3 N/m was employed for the DART-

PFM measurements.
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Simulation procedures

A SnS, bulk supercell of symmetry (P3m1) was constructed using crystallography infor-
mation provided by the Crystallography Open Database (COD).8¢ Hybrid density func-
tional theory (DFT) calculations were performed using the Gaussian basis set ab initio
package CRYSTAL14.747 The Screened-Coulomb hybrid functional HSE06,%"® which uses
a Perdew—Burke-Ernzerhof (PBE) functional with 25% Hartree-Fock exact exchange, was
used to calculate the slab energies and electronic density of states. For all atoms, a double
zeta valance basis set (DZV), with polarization functions, was used to model the electrons.®
Band structure and energy calculations were conducted using a 9 x 9 x 1 Monkhorst-Pack
k-point mesh. The bulk crystal was geometry optimized (atoms and cell), and then a slab
of thickness 20.48 nm (as a good representation of the exfoliated nanoflake) with a (001)
surface was cut from the bulk phase and relaxed. Van der Waals dispersion corrections to
the energy were performed using the D3 method proposed by Grimme.? The following high

symmetry points corresponding to the in-plane paths of a hexagonal Brillouin zone was used

for the band structure plots: T'(000), M(1/2,0,0), K(1/3,1/3,0), '(000).°
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