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Ever since the development of diffractive optical elements in the 
1970s, researchers have uncovered increasingly sophisticated, 
fundamental optics principles by which bulky optical elements 

can be replaced by thin, lightweight counterparts1. This has recently 
culminated in a worldwide activity aimed at creating nanophotonic 
metasurfaces, essentially flat optics composed of dense arrays of 
metal or semiconductor nanostructures2,3. Such structures facilitate 
effective control over the local light scattering phase and amplitude 
by employing plasmonic4 or Mie resonances5. These two types of 
resonance have been instrumental in realizing small-form-factor 
optics delivering multifunctionality6,7, very high numerical aper-
tures8,9, minimal aberrations10–12, nonlinear optics13,14 and control 
over the light field15,16. Despite these impressive advances, meta-
surface functions have largely remained static. For emerging appli-
cations, such as light detection and ranging (LIDAR), dynamic 
holography, computational imaging and sensing17,18, it would be 
highly desirable to find ways to electrically activate metasurfaces 
and achieve dynamic control.

Whereas the importance of plasmonic and Mie resonances in 
metasurface design cannot be overstated, their use in active metade-
vices can also prove limiting as they tend to offer only weak electri-
cal tunability. This finds its origin in the limited magnitude of most 
electroabsorption and electrorefraction effects in metals and semi-
conductors. It is thus worth considering what other resonances can 
be utilized in realizing electrically tunable flat optics. From decades 
of research on optical modulation, it is clear that the strongest, 
high-speed modulation of materials’ optical properties is achieved by 
manipulating excitons, electron–hole pairs in semiconductors bound 
by the Coulomb force19. Their resonant excitation can give rise to 
sharply peaked absorption features, just below the bandgap of a semi-
conductor. The associated absorption coefficients can reach levels as 
high as 1,000 cm−1. In the larger (~100 nm) Mie resonant semicon-
ductor nanostructures used in metasurfaces, the optical material’s 
properties are essentially bulk-like and the exciton binding energy 
tends to be small (5–10 meV). As a result, the excitonic features are 
absent at room temperature. In contrast, excitons dominate the near- 
edge optical properties of two-dimensional (2D) semiconductors,  
such as the monolayer transition metal dichalcogenides (TMDCs).  

The reduced screening in these quantum materials leads to binding 
energies of hundreds of millielectronvolts and consequently excitons 
can exist even at room temperature20,21. Exciton resonances can also 
effectively be tuned over several 100 meV with changes in the materi-
al’s composition, environmental index22–24, electric/magnetic fields22,25 
and strain26,27. The suppression of exciton states through carrier injec-
tion28–30 can have an even stronger impact on the material’s opti-
cal properties. Based on recent measurements showing near-unity 
reflectivity from monolayers of MoSe2 (refs. 31–33), it is also clear that 
the interaction with a single layer can be extremely strong.

These findings raise the intriguing question whether excitonic 
resonances can be harnessed to realize electrically tunable and atomi-
cally thin metasurface components. Materials with excitonic reso-
nances have already been placed near plasmonic and Mie resonators 
with the goal of tuning them through strong coupling34,35. A variety 
of passive optical elements has also been realized by patterning mul-
tilayer 2D TMDCs36,37, multilayer graphene38, and 200-nm-thick gra-
phene oxide39, and even small-area, monolayer TMDCs40. However, 
the critical role excitons can play in optical wavefront manipulation 
has not yet been elucidated and a demonstration of active modulation 
of atomically thin optical elements has therefore remained elusive.

Here, we demonstrate large-area, actively tunable and atomically 
thin optical elements by carving them directly out of a monolayer 
of WS2. This material displays a strong excitonic resonance in the 
visible spectral range. Counter to the usual approach of engineer-
ing the size and shape of geometrically resonant antennas, the 
design of metasurfaces made from 2D excitonic materials relies on 
identifying, engineering, and modifying the material’s resonance. 
Furthermore, in optimizing the spatial arrangement of 2D materi-
als to achieve specific optical functions, it is important to realize 
that resonant, tunable light–matter interaction is naturally obtained 
wherever the material is located. These notions open entirely new 
design strategies for highly tunable flat optics.

Tunable atomically thin zone plate lens
Figure 1a illustrates an atomically thin zone plate lens whose prop-
erties can be controlled by electrical gating with an ionic liquid. It is 
1 mm in diameter and features a series of 202 concentric rings that  

Exciton resonance tuning of an atomically thin lens
Jorik van de Groep   1,4, Jung-Hwan Song   1, Umberto Celano   1,2, Qitong Li   1, Pieter G. Kik   1,3 and 
Mark L. Brongersma   1 ✉

The highly engineerable scattering properties of resonant optical antennas underpin the operation of metasurface-based flat 
optics. Thus far, the choice of antenna has been limited to shaped metallic and high-index semiconductor nanostructures that 
support geometrical plasmonic or Mie resonances. Whereas these resonant elements offer strong light–matter interaction 
and excellent control over the scattering phase and amplitude, their electrical tunability has proven to be quite limited. Here, 
we demonstrate how excitonic resonances in atomically thin semiconductors can be harnessed as a different, third type of 
resonance to create mutable, flat optics. These strong materials-based resonances are unmatched in their tunability with vari-
ous external stimuli. To illustrate the concept, we first demonstrate how excitons can enhance the focusing efficiency of a 
millimetre-scale, patterned WS2 zone plate lens. We also show how electrical gating can completely turn on and off the exciton 
resonance and thereby modulate the focusing efficiency by 33%.

Nature Photonics | VOL 14 | July 2020 | 426–430 | www.nature.com/naturephotonics426

mailto:brongersma@stanford.edu
http://orcid.org/0000-0003-3033-8005
http://orcid.org/0000-0001-9502-5718
http://orcid.org/0000-0002-2856-3847
http://orcid.org/0000-0001-8048-9181
http://orcid.org/0000-0003-3575-3865
http://orcid.org/0000-0003-1777-8970
http://crossmark.crossref.org/dialog/?doi=10.1038/s41566-020-0624-y&domain=pdf
http://www.nature.com/naturephotonics


ArticlesNaTure PHoTonicS

are patterned into a monolayer of WS2 grown by chemical vapour 
deposition (CVD) on sapphire. The design of the ring diameter and 
spacing is conceptually similar to that of a conventional zone plate and 
aims to achieve constructive interference of the diffracted light from 
the WS2 rings into a sharp focus. Figure 1c presents the centre part of 
the zone plate lens (see Supplementary Figs. 1, 4 and 5 for atomic force 
microscope (AFM) topography, large-area microscope image and 
Raman analysis, respectively). To facilitate dynamic electrical con-
trol over the lens properties, we found that it is beneficial to transfer 
a large-area graphene monolayer on top of the WS2 as a transparent 
electrode. The graphene facilitates enhanced d.c. surface conductiv-
ity and warrants uniform gating of the WS2 (Supplementary Fig. 1). 
It also serves as a protective layer for the WS2 in the electrochemical 
gating experiments and enhances long-term stability. It is known 
that monolayer graphene does not fully screen gate-induced elec-
tric fields, allowing effective doping of the underlying WS2 (ref. 41).  
A total of eight gold radial finger-electrodes are applied to bias the 
lenses. Finally, we place an optically transparent electrochemical cell 
filled with ionic liquid (diethylmethyl(2-methoxyethyl)ammonium 
bis(trifluoromethylsulfonyl)imide (DEME-TFSI)) on top (Fig. 1b  
and Supplementary Fig. 2). See Methods and Supplementary Fig. 3 
for details on the sample fabrication.

When the lens is bottom-illuminated with 620 nm light, we  
can use confocal scanning microscopy (Supplementary Fig. 6) to 

characterize the shape and intensity of the focused beam. A clear focal 
spot is observed (Fig. 1c inset) behind the lens with a characteristic 
flat-top beam profile that is well described by a super-Gaussian line 
shape42 (Supplementary Fig. 7) with a full-width at half-maximum 
of 6.7 µm. The spot size and shape result from the experimental illu-
mination conditions. The measured focal length is slightly shorter 
than the free-space design of 2 mm due to the presence of the elec-
trochemical cell (Fig. 1d).

To highlight the important role exciton resonances can play in 
the operation of the flat lens, it is of value to view the rings of WS2 
as sources of scattered fields, driven by an incident plane wave. The 
locally generated scattered fields are proportional to the polariza-
tion P = ɛ0χEi of the WS2 material, where ɛ0 is the permittivity of free 
space, χ is the complex electric susceptibility and Ei is the local driv-
ing electric field. The spectral behaviour of χ is thus encoded into 
the spectral dependence of the amplitude and phase of the scattered 
fields. The strongest scattering is therefore expected near the exci-
ton resonance where the magnitude of χ is largest and we explore 
this situation first. Figure 1e shows a scattered field simulation that 
illustrates the focusing action of a 20-µm-diameter WS2 zone plate 
lens illuminated at the exciton resonance wavelength (λ = 620 nm). 
Using room-temperature literature values for exfoliated WS2 (ref. 43) 
for χ we find a focusing efficiency of 0.08%. Substantially higher 
focusing efficiencies could be reached with higher-quality exfoliated 
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Fig. 1 | Atomically thin and tunable flat lenses. a, Schematic of the proposed WS2 zone plate lens in an electrochemical cell. Time-varying ionic-liquid gate 
voltages result in a modulation of the focusing efficiency by quenching exciton resonances. b, Schematic of the working principle of ionic-liquid gating 
inside an electrochemical cell. Charged molecules screen the Coulombic potential of the doped WS2/graphene heterostructure and the Au reference pad.  
c, Optical microscope image of the centre of a fabricated lens (right) and the designed WS2 pattern overlaid (left, light shaded regions). Inset: x–y scan 
of the focus formed approximately 2 mm above the patterned surface (λ = 620 nm). d, x–z scan of the focused beam (λ = 620 nm). Cross-cuts of the 
normalized intensity along the z axis of the focused beam and x axis (for z = 1,993 µm) are also shown in arbitrary units (a.u.). e, Scattered field intensity 
(λ = 620 nm) behind a 20-µm-diameter zone plate lens with a focal length f = 10 µm on sapphire (log10colour scale).
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materials and at low temperatures for which the exciton linewidth 
is noticeably reduced31–33. Even at these low diffraction efficiencies 
these lenses can have important applications in free-space optical 
beam tapping and sensing44. Whereas the current lens is virtually 
invisible to the human eye for non-resonant wavelengths, it can cap-
ture important information from its surroundings and the intensity 
in the focus well exceeds the intensity of the incident plane wave 
(by a factor 2.75) as the light is concentrated by the ratio of the lens 
area to the focal spot size of about 103. This factor is for the simu-
lated 20-µm-diameter lens and substantially larger concentration is 
achieved with our millimetre-sized, fabricated lenses.

The spectral dependence of the focusing efficiency is intrin-
sically linked to the complex material susceptibility χ of the WS2 
monolayer. Using literature values for χ (ref. 43), we find that the sus-
ceptibility near the A and B exciton resonances appears as loops in 
the complex plane with radii proportional to the oscillator strength 

of each resonance (Fig. 2a). As a result, the resonances not only give 
rise to a strong oscillation in the magnitude of χ, but also a notable 
change in the phase angle up to ~0.4π around λ = 617 nm (Fig. 2b). 
In the absence of the direct substrate transmission, the scattered 
light intensity in the focus of the 20-µm-diameter WS2 zone plate 
lens (as obtained from Fig. 1e) also shows an asymmetric line shape 
that is governed by the WS2 material susceptibility squared (Fig. 2c). 
Experimentally, the scattered fields cannot be isolated, and the spec-
tral line shape results in general from interference with the direct 
substrate transmission. However, by collecting the weakly scattered 
light from a large area (1 mm diameter), the focal intensity of our 
experimental zone plates is high and largely determined by the scat-
tered fields from the WS2 material.

Exciton resonance tuning
The possibility to modulate the focusing efficiency of our lens stems 
from our ability to alter the exciton resonances of the WS2 material 
via electrical gating. We first analyse the induced reflectivity changes 
from a simple square 20 × 20 µm2 isolated patch of monolayer WS2 
(Fig. 3a inset) as a function of applied gate voltage. As expected, 
the reflection spectrum is dominated by the B and A excitons at 
λ = 520 nm and λ = 625 nm, respectively. Note that the linewidth of 
the main reflection peak (~75 meV) is notably larger than reported 
for exfoliated flakes43, quite common for lower-quality, large-area 
CVD-grown WS2 monolayers. The main excitonic reflection peak 
is completely suppressed and a small, redshifted peak at λ = 655 nm 
is observed when a 3 V gate bias is applied to induce n-type doping. 
The suppression and redshift of the A exciton result from a screen-
ing of the electron–hole interaction due to the increased electron 
density and an interconversion to negatively charged exciton states 
(A− trions)30,45. A similarly strong suppression is observed for the B 
exciton located at λ = 520 nm. The observed complete removal of 
the excitonic resonances is known to produce one of the largest pos-
sible changes in the susceptibility19. The exciton suppression is also 
fully reversible and highly reproducible (Fig. 3b). These observa-
tions highlight the benefits of excitonic resonances over plasmonic 
and Mie-type resonances, which are much harder to tune or quench.
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Fig. 2 | Material susceptibility and focusing efficiency. a, Phasor plot of 
the complex susceptibility of WS2. The white dots and numbers indicate 
the corresponding wavelengths. A and B refer to the exciton resonances. 
b, Absolute value (top) and phase angle (bottom) of the material 
susceptibility. c, Simulated focusing efficiency spectrum of the scattered 
light for the 20-µm-diameter zone plate lens shown in Fig. 1e.
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Focal intensity modulation
Next, we will capitalize on the large tunability of the exciton res-
onances to modulate the intensity in the focal spot of a lens. We 
experimentally measure the power in the focus as a function of 
wavelength and normalize to the power incident on the zone plate 
lens to determine the focusing efficiency spectrum (see Methods for 
procedure). A clear asymmetric line shape is observed for the pris-
tine zone plate lens (Fig. 4a, red), closely matching the calculated 
response in Fig. 2c that omitted the directly transmitted light. This 
correspondence is a clear indication that the focused excitonic light 
scattering dominates the direct substrate transmission. Next, we 
apply a 3 V gate bias (Vg) to the WS2/graphene heterostructure to sup-
press the exciton resonance. The asymmetric excitonic line is fully 
suppressed (Fig. 4a, blue) and a flat non-resonant efficiency spec-
trum is clearly observed. Note that slight over-etching into the sub-
strate during the sample fabrication (~15 nm; Supplementary Fig. 1)  
gives rise to non-resonant background focusing (Supplementary 
Fig. 8). Finally, we use the reversible switching of the exciton res-
onance to restore the neutral resonant state (Fig. 4a, grey). The 
distinctive asymmetric resonant line shape is reproduced, with an 
enhanced amplitude that corresponds to an increase in oscillator 
strength and reduction in exciton linewidth. This is consistent with 
observations of linewidth narrowing in reflection measurements 
on our patch devices (such as Fig. 3a) upon the first gating cycle 
(Supplementary Fig. 9). We attribute this effect to the passivation of 
positively charged intrinsic and fabrication-induced defects during 
the first gating cycle. We note that the measured focusing efficiency 
is relatively low (<0.1%) and is primarily limited by the relatively 
low material quality of the commercial WS2. Recent experiments on 
small flakes of MoSe2 have demonstrated that high-quality encap-
sulated monolayers can achieve an optical reflectance of ~80%31–33. 
Improvements in the large-area growth of high-quality monolayer 
TMDCs will therefore strongly enhance the focusing efficiencies 
(see Supplementary Note 1 and Supplementary Figs. 10 and 11 for 
an analysis of the potential efficiencies and future improvements of 
flat optics based on 2D semiconductors).

Using room-temperature, large-area active manipulation of the 
exciton resonance, we demonstrate dynamic light intensity modu-
lation in the focus of the 2D material zone plate lens (Fig. 4b). 
Reproducible switching between the exciton-dominated (Vg = 0 V) 
and the exciton-quenched (Vg = 3 V) states enables active control 
over excitonic light scattering amplitude (Fig. 4b). The asymmet-
ric exciton resonance line shape in the focusing efficiency gives 
rise to decreased (λ = 605 nm) or increased (λ = 625 nm) intensity 
in the focus compared with the non-resonant state. For λ = 615 nm 
the efficiency curves intersect (Fig. 4a) however, which results in 
no observable contrast (Fig. 4b). The maximum modulation depth 
observed is ~33% for λ = 625 nm, despite the single-pass interaction 
of light with the atomically thin structure. In our current sample, the 
modulation depth is limited by non-resonant background focusing 
as a result of the gently over-etched pattern (Supplementary Fig. 8). 
The typical device response time is characterized from accumulated 
time traces (5 ms resolution) of the focal intensity for λ = 625 nm. 
The rise and fall time are measured to be 39 ± 3 ms and 16 ± 1 ms, 
respectively. The response time and asymmetry are a result of the 
ion-transport-limited complex formation and disassembly of the 
ionic-liquid electrical double layer46. Implementing solid-state 
gating schemes rather than ionic-liquid gating would increase the 
device response time by orders of magnitude and is merely limited 
by fabrication challenges.

Conclusions
The presented results demonstrate the important role of excitonic 
material resonances in the operation of atomically thin optical 
lenses. More advanced gating schemes with local and interleaved 
gating electrodes will enable excitonic optical devices with more 
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Methods
Sample fabrication. The bracketed numbers in the text below refer to the step 
number in Supplementary Fig. 3, which schematically shows the fabrication 
steps. (1) 1 × 1 cm2 CVD-grown monolayer WS2 on sapphire was obtained 
commercially (2D semiconductors), cleaned with solvents and baked at 
100 °C for 3 min. (2) Large-area commercially obtained monolayer graphene 
(ACSMaterial Trivial Transfer Graphene) was placed on top of the WS2 to form 
a WS2/graphene bilayer using wet-transfer techniques. The sample was dried by 
annealing in a tube oven at 100 °C in a nitrogen atmosphere for 1 h. (3) Gold 
micrometre-scale contact lines, pads and markers were fabricated by maskless 
photolithography using a Heidelberg MLA 150 direct-write lithography tool. 
The sample was coated with vapour-phase hexamethyldisilizane (HMDS) using 
an oven (Yield Engineering Systems) to promote photoresist adhesion. Next, 
photoresist (PR3612) was spin-coated, baked, exposed at 80 mJ cm–2, post-baked 
and developed using MIF-26A developer. (4) A 15 s O2 descum plasma etch 
was used to remove any residual photoresist from the trenches, followed by 
deposition of 5 nm Ti and 100 nm Au through electron-beam evaporation. 
Lift-off was performed by soaking in acetone and 5 s of ultrasonication, followed 
by solvent cleaning. (5) Using low-resolution electron-beam lithography, we 
patterned the lens outline into the bilayer, thereby isolating the zone plates 
electrically. To do this, the sample was immersed in HMDS primer (SURPASS 
3000), baked, and coated with negative-tone resist (maN-2405) diluted at 1:2 
volume ratio with methoxybenzene (anisole), exposed, and developed in MF-319 
developer. (6) CF4-based reactive-ion etching was used to etch the non-covered 
graphene and WS2, followed by resist stripping in acetone and solvent cleaning. 
(7) Next, the zone plate pattern was fabricated using electron-beam lithography. 
Poly(methyl methacrylate) (PMMA, 495PMMA A4) was spin-coated, baked, 
exposed and developed in a mixture of methyl isobutyl ketone (MIBK) and 
isopropanol (IPA), MIBK:IPA 1:1. (8) The zone plate pattern was then transferred 
into the WS2/graphene bilayer using CF4-based reactive-ion etching, and 
the PMMA was stripped using overnight immersion in acetone. (9) We then 
fabricated an optically transparent electrochemical cell on top. We placed 
~150-µm-wide strips of thermoplastic (~60 µm thick, Solaronix Meltonix  
1170–60) along the sides of the sample, and placed a cover glass on top  
(type no. 1). Heating the thermoplastic to 130 °C on a hot plate sealed the cover 
glass in place, creating an open channel. (10) Finally, we filled the cell with 
DEME-TFSI ionic liquid, and sealed the two openings using epoxy.

For the optical measurements, the sample was mounted and wire-bonded 
onto a custom-made printed circuit board that had an opening to enable optical 
transmission measurements (Supplementary Fig. 2).

Reflection measurements. In situ reflection measurements (Fig. 3) were 
performed using a Nikon C2 confocal microscope. Unpolarized light from a 
halogen lamp illuminated the sample through a ×50 long working distance 
objective (Nikon LU Plan ELWD numerical aperture (NA) = 0.55). Broadband 
wide-field illumination was used, with the aperture stop closed to obtain 
minimally focused excitation with angles of incidence close to normal. The 
reflection signal was collected by a confocal scanner with a 60-μm pinhole 
and analysed using a SpectraPro 2300i spectrometer (150 lines mm–1, blazed 
for λ = 500 nm) and a Pixis Si charge-coupled device (CCD; −70 °C detector 
temperature). The reported spectra are the average of 100 frames (0.5 s integration 
time each). The spectra are normalized to the reflection spectrum of a protected 
silver mirror (Thorlabs, PF10-03-P01).

AFM and conductive AFM measurements. AFM measurements (Supplementary 
Fig. 1) were performed using a Park XE-100 in tapping mode equipped with 
NSC15/AL BS from Mikromasch (spring constant 40 N m–1). For the conductive 
AFM measurements conductive Cr–Au coated probes were used in contact mode 
(NSC18/Cr-Au, Mikromasch). The current was sensed with a variable-gain, 
low-noise FEMTO current amplifier (DLPCA-200) that covers a large current 
amplification range (transimpedance gain from 103 to 1011 V A–1). The FEMTO 
amplifier was connected in series with the tip while the bias (2–4 V) was applied 
to the sample.

Raman characterization. All Raman measurements (Supplementary Fig. 5) 
were performed using a Horiba Scientific LabRAM HR Evolution spectrometer. 
A 532-nm pump laser was focused to a diffraction-limited spot using a ×100 
objective. A 30-µm confocal pinhole was used and the Raman signal was spectrally 
dispersed using a grating with 1,800 lines mm–1. Each spectrum is an average of 12 
spectra with 5 s integration time, and the dark background signal is subtracted. For 
the line scan, a 250-ms integration time and a 250-nm step size were used.

Focusing efficiency measurements. The focusing efficiency measurements  
(Fig. 4a) were performed using a WiTec α300 confocal microscope (Supplementary 
Fig. 6). A supercontinuum laser and acousto-optic tunable filter (both Fianium) 
were used to generate monochromatic light (~5 nm bandwidth). The laser light 
was coupled into a 105-µm-diameter multimode fibre to feed the light into the 
experimental set-up. After outcoupling, the light was collimated (focal length 
f = 11 mm) and used to illuminate the sample from below through the substrate. 

The focus formed above the surface was mapped confocally using a piezo stage to 
scan the sample through the focus of a ×50 objective (Zeiss Epiplan HD NA = 0.7). 
The collected light was coupled into a 25-µm-diameter core collection fibre that 
functions as the confocal pinhole and analysed using a fibre-coupled avalanche 
photodiode (APD; Micro Photon Devices). The typical scan range was 15 × 15 µm2 
with a 200-nm step size, and 25-ms integration time. The electrical bias was 
applied using a Keithley 2612 sourcemeter.

We determined the focusing efficiency in five steps. First, a 2D super-Gaussian 
was fitted to the focal shape (see Supplementary Fig. 7 for example cross-cut), 
which also gives the background intensity. The analytical super-Gaussian 
function was then spatially integrated without the background contribution to 
obtain the power in the focus. Second, we removed the sample and mapped the 
(uniform) intensity in the laser spot for a central wavelength (λ = 610 nm), and 
spatially averaged the count rate. Third, we measured the laser power incident 
on the sample Plaser(λ) using a calibrated power meter for all wavelengths 
(including λ = 610 nm). Fourth, we took the ratio of the averaged power measured 
using the APD and the calibrated power meter at λ = 610 nm. This gave the 
wavelength-independent system collection efficiency ηcoll (units counts W–1). 
Finally, we obtained the power incident on the zone plate as measured by the APD 
as ηcollPlaser(λ)Azp, where Azp is the surface area of the zone plate. The efficiency 
was obtained by the ratio of the integrated intensity in the focus and integrated 
intensity incident on the zone plate.

The error bars (shaded area in Fig. 4a) represent the uncertainty that is caused 
by the spatial inhomogeneity of the light directly transmitted by the substrate. 
Other potential sources of error—such as the uncertainty in the focal position (z 
coordinate used for the focal mapping) and the fitting error—were evaluated and 
give negligible error bars. The uncertainty in the input intensity was obtained by 
comparing the measured laser power spectrum and the background intensity from 
the 2D super-Gaussian fit to the focus. These both represent the input intensity 
and should therefore follow the same trend. The error was calculated by taking the 
standard deviation between the two curves and applying this as the error in the 
input intensity.

Time-modulation measurements. The time-dependent intensity measurements 
(Fig. 4b,c) were recorded using the same equipment as the focusing efficiency 
measurements. Here, the focus position was determined once by confocal 
mapping. Next, the collection spot was positioned at the centre of the focus, 
and the APD count rate was recorded as a function of time. For Fig. 4b, a 50-ms 
integration time was used and the signal was normalized by the laser power 
to enable direct comparison of the APD count rates. The d.c. bias was cycled 
between Vg = 0 V and Vg = 3 V manually every 10 s. For Fig. 4c, a 5-ms integration 
time was used.

Full-field simulations. Full-field simulations of the scattered field (Figs. 1e and 
2c) were performed using commercial finite-difference time-domain simulations 
(Lumerical). A 20-µm-diameter zone plate was simulated as an infinitely thin 2D 
object with an optical surface conductivity given by

σs ¼ �iðε Eð Þ � 1Þωε0d
I

, with ε(E) the dispersive optical constants taken 
from ref. 43, ω the angular frequency, and d = 6.5 Å the monolayer thickness. A 
total-field scattered-field source (λ = 570–670 nm) illuminates the zone plate with 
a plane wave, launched from within the semi-infinite sapphire substrate (simulated 
as a homogeneous non-dispersive medium with refractive index n = 1.77). The 
scattered field above the substrate (Fig. 1e) was recorded by a field monitor. The 
simulated mesh is uniform, and the mesh resolution is 20 nm. To determine the 
focusing efficiency (Fig. 2c), a Gaussian line shape was fitted to the focal shape and 
integrated to determine the total power in the focus. Next, the integrated signal was 
normalized by the power incident on the zone plate from within the substrate.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author upon reasonable request.
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