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Abstract
Femtosecond-duration and nanometre-size pulses of electrons are emerging as unique probes for
ultrafast dynamics at the nanoscale. Such pulses are achievable only in highly sophisticated ultrafast
electron microscopes or equally complex setups involving phase-stable few-cycle pulsed lasers and
nanotip probes. Here, we show that nanoscale femtosecond pulses of tunnelling electrons can be
achieved routinely using any (deep-UV to mid-IR) femtosecond laser in combination with photosensitive
asymmetric nanogap (PAN) diodes fabricated via easy-to-scale adhesion lithography technique. The
work function difference in PAN electrodes allows generation of electron pulses via strong-field emission
without reliance on optical phase stability or external voltage, greatly simplifying and improving
sensitivity of the measurements. We apply PANs to measure sub-ps dynamics in individual metal-halide
perovskite quantum dots and zinc oxide nanoparticles immobilised inside 10-nm nanogaps and to
characterise laser pulses across the entire optical region (266-6500 nm). Short electron pulses in PANs
open the way towards scalable on-chip femtosecond electron measurements and novel design
approaches for integrated ultrafast nanodevices.

Introduction
Rapid advances in nanotechnology call for new disruptive approaches to characterise molecular
systems and materials with extreme temporal and spatial resolution. Nanoscale probing can be
achieved using electrons, similarly to the widely used transmission electron microscopy and scanning
tunnelling microscopy (STM). To achieve temporal resolution, the probe electrons should be produced
and detected in short bunches, rather than as continuous particle beams. 

Over the last two decades, the ability of ultrafast lasers to manipulate electrons with high precision in
both time and space has exhibited remarkable potential for probing molecular dynamics.1,2 Operating
within picosecond to attosecond time scales, electron-probe techniques could track the processes on
the level down to individual atoms and molecules, providing more direct access to previously
underexplored issues in material fundamental properties and device physics.3-6 These issues
encompass microscopic ultrafast spin dynamics,7 nanoscale current transport,8 quantum light source
properties,9 observation of excitonic states in low-dimensional materials,10 and the operational

mechanisms of individual biological structures.11 Efforts in the field of time-resolved electron nanoscopy
have primarily focused on developing powerful but bulky and highly sophisticated techniques that
integrate commercial electron microscopy instruments with ultrafast lasers.12,13 Several alternative
approaches have been proposed, where electrons are generated and/or detected at the nanoscale14-16

using metal-insulator-metal structures, such as the nanotip emitters, STM machinery,17-19 and on-chip
platforms.20 These approaches have been successfully applied to measure nanoscale carrier dynamics
in semiconductor materials and molecules with sub-nanometre resolution.21,22 
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Nanoscale electron emitters, such as laser-illuminated nanotips23-26, in combination with macroscale
electron detection are currently a mature field. The emission probabilities can be predicted based on a
framework similar to one derived for strong-field laser ionisation and high-harmonic generation and can
be described using the Keldysh ionisation theory.27 Based on the Fowler-Nordheim (F-N) field-emission
mechanism, nanotip electron emission shows no apparent correlation between the electron emission
efficiency and photon energy, easing the constraints on the viable optical sources.28 The photoelectron
spectrum and pulse duration can be further controlled using  -2  field shaping,29 which also partly
relaxes the requirement for CEP stabilisation.30,31 While all this makes nanotips an attractive source of
electron pulses, the collection of probe electrons and the application of this approach to characterisation
and spectroscopy is still a complex task. Further advancements in electron collection and mapping are
necessary to implement these emitters in high throughput nanoscopic measurements.

The use of tunnelling nanostructures has emerged as a robust and scalable approach to achieve high-
throughput characterisation of ultrafast dynamics in nanoscale systems. It has the potential to
transform and expand many fields currently relying on tunnelling probes – from ultrafast electronics32 to
single-molecule biosensors.33,34 Nevertheless, a number of limitations needs to be overcome for
efficient ultrafast on-chip sensing. The key limitation is based on the fact that short current pulses are
generated in nanostructures using the strong (Keldysh parameter  ≤1) alternating electric field of

ultrafast optical pulses.35 However, when the optical field exhibits temporal symmetry (e.g., for
multicycle ultrashort pulses) and a nanostructure with symmetrical tunnelling barrier is irradiated, an
alternating flow of electrons produces negligible net direct current (DC). To address this challenge,
various ‘photocurrent rectification’ strategies have been employed. The most successful was utilising
temporally asymmetric optical fields, such as near-IR17 or terahertz18 laser pulses with few optical cycles
and controlled carrier-envelope phase (CEP).8,17,20 Such methods may provide non-zero net tunnelling

currents leading to demonstration of sub-femtosecond ultrafast STM with nm spatial resolution.36

However, few-cycle CEP stabilised lasers are currently expensive and require specialist expertise to
operate,  limiting application as a general and scalable analytical tool. 

An alternative approach to generate pulses of tunnelling current, not requiring sophisticated CEP-
stabilised apparatus, relied on applying bias voltages to introduce the asymmetry in nanostructures’
current-voltage characteristics to achieve the partial rectification of alternating current generated by the
optical field.19,37 Unfortunately, this latter approach is prone to low-frequency thermal modulation of dark
tunnelling current in the nanostructure38-40 due to plasmonic heating, leading to artefacts, reduced

detectivity, and impacting the temporal resolution of the experiments.41 

A straightforward and robust approach to generate short nanoscale electron pulses would be via
nanodevices bearing asymmetric work function electrodes. Combining such structures with ultrashort
pulses would enable the generation of sub-cycle electrons from intense optical fields across a broad
spectral range, with arbitrary pulse shape and duration.28,42-44 Given the significant reduction in the
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requirements for the optical field, including no need for few-cycle pulses with CEP stabilisation,
asymmetric work function devices can be seamlessly integrated into most conventional experimental
setups, simplifying ultrafast nanoscale electron probes for molecular-scale spectroscopy. However, the
scalable and reliable manufacturing of such nanodevices presents significant challenges; when based
on electron beam lithography or scanning probe microscopy techniques, fabrication becomes expensive
and low-throughput.45

In this study, we employ asymmetric on-chip nanostructures to generate and utilise ultrafast tunnelling
current pulses. These nanostructure devices, known as photosensitive asymmetric nanogaps (PANs),
are fabricated using adhesion lithography, a simple, high-yield, and cost-efficient coplanar nanogap
fabrication technique.46 Electron pulses in PANs were generated upon irradiation of the nanogap with
different ultrafast lasers, without either CEP stabilisation or the need for external voltage bias. PANs
performance, reminiscent of a double Schottky diode with a sub-10-nm empty-gap tunnelling barrier,
demonstrated rectification of optically induced current under short-pulse illumination. By tuning the
wavelength from 266 to 6500 nm and the pulse duration from <10 fs to >100 fs, we show that ultrafast
pulses of electrons are produced by the Fowler-Nordheim field emission, rather than thermal expansion,
thermoelectric effects, or multi-photon assisted tunnelling. We demonstrate the practical use of PANs
for optical detection, tracking the ultrafast electronic dynamics in individual nanosystems located in the
nanogap, suggesting broad future applications of PANs technology. 

Photosensitive Asymmetric Nanogaps (PANs)

To achieve CEP-free and bias-free photoinduced tunnelling currents, we engineered47 PANs, metal-
nanogap-metal diodes with an asymmetric structure. A planar quasi-2D gold-insulator-aluminium
structure is fabricated through adhesion lithography on a glass substrate (Fig. 1, a-d, Supplementary
Note 1 for fabrication details). This technique enables the easy and high-throughput fabrication of arrays
of asymmetric metal electrodes with large aspect ratios without requiring costly and time-consuming
processes and equipment, such as e-beam lithography.46 Asymmetric electrodes fabricated with
adhesion lithography have been used in GHz radiofrequency diodes,48 fast photodetectors,49 organic

light-emitting diodes,50 and memory devices51, including ferroelectric tunnel junctions.52 However, the
strong-field effects at these nanochannels have not been studied so far.

The PAN chips are composed of a glass substrate covered by a thin (40 nm) layer of aluminium. The Al
film does not cover the substrate completely; 1-mm square ‘islands’ of gold (40 nm thickness) are
periodically patterned on the substrate, each Au island separated from aluminium by a nanogap. (Fig.
1a) The length of each nanogap is equal to the island’s perimeter (~4 mm) and the width of the gap is
~10 nm based on SEM, TEM (Fig. 1,c,d) and previous work.47 During the experiment, only a part of the
gap (typically 50 mm in length) was illuminated by ultrafast laser pulses. 

The significant nominal offset (~1.2 eV) in work functions of the metal counterparts (Au vs Al) (Fig. 1a,
inset) leads to strong current rectification properties of PANs due to the asymmetric and nonlinear
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response to the external electric field. For instance, this effect can be seen, in the J-V characteristics
measured without laser irradiation from -3 V to +3 V (Fig. 1e and Supplementary Fig. 1). The minimal
current flow in the reverse bias regime as well as the exponential increase in current at ~1.2 V in the
forward direction is reminiscent of diode characteristics. Although the electron emission rate depends
upon the optical field direction the inherent asymmetry ensures there is a net photocurrent.

Under continuous-wave laser illumination, we did not observe any photocurrent (Supplementary Fig. 2),
indicating the device is not susceptible to heating-induced current modulation, which is one of the key
effects limiting externally-biased optically-assisted STM approaches.53,54 Upon ultrafast laser irradiation
(with intensities ~1010 W cm-2 and above), the J-V characteristics of the PAN change (Fig. 1e), showing a
distinct photocurrent response in on-off tests (Fig. 1f). This suggests optical activation of tunnelling
electrons emission via the strong electric field which is potentially further enhanced by plasmonic
effects (Fig. 1g). As measurements are done at zero applied bias and CW illumination does not produce
photocurrent, the measurement of ultrafast light with PANs can be considered background free. This
allows PANs to routinely detect photocurrents down to 10 fA (1-5 electrons per pulse), which is highly
challenging in biased electronic devices (Supplementary Fig. 4). 

Mechanism of photocurrent generation in PANs

To explore the limits of PANs’ applicability and to investigate the mechanism behind the electron pulses,
we have studied the efficiency of photocurrent generation depending on the photon energy, pulse energy,
and pulse duration. We test the nanogap using various ultrafast laser systems (Supplementary Fig. 5,
Supplementary Table S1), encompassing wavelengths ranging from 266 nm (deep-UV) to 6.5 μm (mid-
IR), with pulse durations varying from ~8 fs to over 100 fs. 

Fig. 2a presents the dependencies of photocurrent on the radiant exposure for the different laser
systems used in the absence of the external bias voltage. Across a very broad UV-to-IR spectral range,
under ~0.2-20 mJ/cm2 illumination, photocurrents in the range of ~0.3-30 pA are achieved across the
nanogap. At higher illuminations, photocurrents up to 0.5 nA were achieved (Supplementary Fig. 3),
though we avoided using this regime not to compromise the device stability. The presented curves are
roughly linear in log-log plot and can be fitted by the power law function with the power indexes ranging
between 1.7 and 3.4. The 2-fold variation in the power index is much smaller than the 15-fold variation in
the incident photon energy, indicating that the underlying mechanism is unlikely to be based on a
multiphoton process. Different slopes were observed for lasers of similar wavelengths, indicating that
both the light pulse intensity and duration affect the systems’ behaviour. Our measurements indicate
that the peak light intensities (and, correspondingly, the peak electric field in the nanogap) rather than
photons’ energies play the dominant role in the photocurrent generation. When the power index (the
exponent of power dependence) is plotted as a function of the calculated peak electric field achieved by
the optical pulse, the results from all laser systems follow a single trend (Fig. 2b), which can be well
reproduced using a field emission model discussed below. 
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To identify the specific mechanism governing the generation of ultrafast photocurrents, we considered
the signal dependence on the key experiment parameters, namely the light wavelength, external voltage,
and peak field strength. The potential factors that may contribute to the photocurrent are: (i) slow
modulation of the barrier due to thermal expansion and related phenomena; (ii) multiphoton-assisted
tunnelling below the barrier energy; (iii) multiphoton-assisted electron emission with photon energy
surpassing the barrier, or (iv) Fowler-Nordheim emission via modulation of the ionisation barrier by a
strong optical field. 

The non-linear response of photocurrent upon illumination and its weak dependence on the illumination
wavelength indicates that sample heating and heat-induced nanogap modulation have negligible
contributions to the observed signals (see Supplementary Note 8 and Supplementary Fig. 6 in SI).
Photon-assisted tunnelling can be considered an alternative mechanism, however, our calculations of
photon-assisted tunnelling currents for pulsed optical fields based on Bessel solution through Tien-
Gorden theory (see SI, Supplementary Note 9) contradict the experimental data. The theory predicts a
much higher order power law (power index of ~8) for photocurrent dependence on illumination,
compared to the power indexes of 1.6-3.5 observed in the experiment (Fig. 2a). 

Finally, we consider electron emission mechanisms via strong-field ionisation barrier modulation and
multiphoton ionisation (Supplementary Notes 7 and 8). By taking the work function of electrodes as the
equivalent to ionisation energy of a gas, we find the Keldysh parameter is between 0.001 and 2.54
(Supplementary Fig. 12), suggesting that most of our experimental data lie within the strong-field rather
than the multiphoton region.55 Consequently, we conclude that the variations in the barrier induced by
the optical field and the subsequent emission of electrons dominate the photocurrent generation.

Fig. 2c shows how F-N mechanism leads to the generation of a rectified current pulse in the oscillating
field of an optical pulse and illustrates its predictive power. After tunneling from the surface of the
aluminium/gold interface, electrons enter a strong near-field gradient. Depending on the precise timing
of emission relative to the laser field oscillation, the electron experiences either acceleration or
deceleration. These sub-cycle or quiver trajectories lead to an attosecond electron pulse train (see also
Supplementary Fig. 16).

Fig. 2d shows the photocurrent generated in PAN by 800-nm 35-fs optical pulses as a function of
irradiation fluence and external bias. Notably, the photocurrent is present even at zero bias, with its
amplitude and direction being further controlled by the applied voltage. The photocurrent dependence on
irradiating flux still follows a power law, but increased bias gradually diminishes the value of the power
index (see SI, Supplementary Figs. 13 and 14), until the current becomes negligible and then changes
sign at the open-circuit voltage. All the observed trends can be reproduced (Supplementary Figs. 10 and
11) with a F-N field-emission model.

Broadband ultrafast pulse autocorrelation measurements with PANs
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The transfer of field-emission electron pulses across a ~10-nm gap is expected to occur at sub-cycle
timescales (Fig. 2c and Supplementary Fig. 15) making the electron pulses very short and thus an
attractive ultrafast probe for both irradiating optical fields and the intra-gap environment. We verify the
fast response time of PANs using optical autocorrelation, as the process is too fast to be measured
using electronic detection.

Fig. 2e-g presents baseline-corrected two-pulse intensity autocorrelation under non-collinear geometry.
All the autocorrelation traces demonstrate symmetric shapes and no long-lived component in the
signals, indicating the fast response and absence of an electronic population built-up or heating effects.
For 800-nm pulses, we compared photocurrent autocorrelation to the BBO second harmonic generation
(SHG) autocorrelation measurement and, after the correction for nonlinear order, observed a good
agreement between the data (Fig. 2f). This was achieved without any need to satisfy phase-matching
conditions in PAN, highlighting the possible applicability of tunnelling-based detection for
characterisation of short and broadband pulses in IR and deep UV range (See also Supplementary Figs.
18-20), where the use of non-linear crystals can be problematic (Fig. 2e,g).56 To demonstrate the
robustness of the approach, we systematically varied the pre-chirp in the amplifier and successfully
monitored the alteration in the shape of the optical pulse (Supplementary Fig. 17). The above pulse
characterisation involves modest laser powers, a low level of non-linearity, and no need for CEP
stabilisation or sub-10fs compression, which makes PANs more versatile and accessible than existing
state-of-the-art pulse sampling techniques.57

Mapping individual nanosystems in PANs

The possibility of generating ultrafast nanoscale photocurrent pulses in PANs carries a clear potential
for nanoscale spectroscopy applications. The generated electrons can be used to probe the electronic
and structural dynamics of molecular-scale systems entrapped in the nanogap. The fact that electrons
can be generated by light of practically any wavelength makes this approach highly flexible and versatile.
The optical-pump electron-probe spectroscopy, has been previously demonstrated for STM-based
systems.18 We extend this approach to monitor charge dynamics in nanosystems within the PAN’s 10-
nm channel.

Fig. 3 shows that individual small (~10-nm) CsPbBr3 quantum dots (QDs) can be deposited and detected
in the PANs channel. Using an air brush technique in combination with dielectrophoretic (DEP) trapping
(see SI, Supplementary Note 19 for experimental details and material characterisation), we deposited
highly diluted QDs on the PANs chip (Fig. 3a) and then detected the presence of individual QDs in the
nanogap using photoluminescence microscopy (Fig. 3b,d,g) and electron tunnelling pulses (Fig. 3c,f,h,i).
Fig. 3d shows composite bright-dark field microscopy images of the nanogap after DEP-assisted
deposition of QDs. Bright field scattering signal reveals the location of the borderline (nanogap) between
Al and Au electrodes and dark field measurement. The bright spots in the image show emissive nano
objects located within and outside the nanogap. Time-dependent emission of the object located in the
nanogap demonstrate clear blinking behaviour (Fig. 3g) indicating that it likely originates from a single
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perovskite nanocrystal. Also, upon DEP deposition of CsPbBr3 QDs, the dark tunnelling current in the
PAN changes due to the changes in the tunnelling barrier, consequently leading to alterations in the J-V
curves (Fig. 3e). This confirms that a significant number of deposited 10-nm QDs reside within the
nanogap. 

Fig. 3g-i demonstrate that individual QDs can be spatially resolved within the nanogap by combining
optical microscopy illumination (3 mm focal spot, 800-nm, 35-fs pulses) with detection of optically
induced tunnelling currents. The top panel of Fig. 3h shows a microscopic map of the tunnelling current
in an empty nanogap, prior to QD deposition. The nanogap is clearly identifiable, and the induced
photocurrents typically range from 1 to 3 pA. In contrast, after QD deposition (bottom panel), multiple
localized hotspots appear within the nanogap. These hotspots exhibit photocurrent amplitudes of 4-8 pA
and are randomly distributed along the gap, with clear spatial separation from one another. This strongly
suggests that the hotspots correspond to individual QDs embedded in the nanogap. Further evidence for
the formation of new tunnelling hotspots is provided in Fig. 3i, which presents a statistical comparison
of photocurrent distributions in empty and QD-deposited nanogaps. A distinct sub-population of high-
current hotspots emerges upon QD deposition. Fig. 3f zooms in on one such hotspot using a higher-
resolution microscopy scan. The signal is sharply localized on a sub-micrometer scale, likely due to the
nonlinear nature of the photocurrent response.

Ultrafast electronic dynamics in the nanocrystals can be monitored using a pump–probe experiment
with tunnelling current detection (Fig. 4). In this scheme, a weak resonant pump pulse photoexcites the
material within the nanogap without directly inducing tunnelling. Subsequently, an intense non-resonant
probe pulse generates tunnelling electrons, enabling the detection of changes in the excited-state
dynamics of the nanomaterial without directly exciting it electronically. The tunnelling probe is sensitive
to the electronic state of the system, as photoexcitation alters the tunnelling barrier and likely influences
the trajectories of field-emitted electrons (Fig. 4a).

We first demonstrate the tunnelling barrier modulation effect by studying electronic dynamics in the bulk
film of ZnO filling up the gap (Fig. 4b). We used 400 nm pump pulses for above-gap excitation of the
material and 6.5 mm as below-gap probe. ZnO is transparent in mid-IR, therefore this probe did not
interact with ZnO directly, but generated electron pulses in the PAN. As the concentration of the excited
states promptly goes up after photoexcitation and then decays on multiple timescales (from 200 fs to
10s of ps) due to recombination, we observed the change in tunnelling current at timescales that are in
agreement with earlier studies.47,58

We also demonstrate the mapping of electronic dynamics in individual QDs deposited in the nanogap
(Fig. 4c-h). We employed 35-fs 400 nm pulses as excitation and similarly short 800 nm pulses for
generating tunnelling-electron probe. Fig. 4c shows time traces measured by microscopy excitation
beam focusing on individual QD in the nanogap. Upon excitation, we observed that the photocurrent
amplitude rapidly increases by ~0.2 pA and then decays on <10 ps time scales. The rapid signal rise
corresponds to excitation of electrons to the QD conduction band. The observed decay times are shorter
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than carrier lifetimes reports based on transient absorption measurements in QD films (Supplementary
Fig. 27 and Fig. 28).59 The fastest timescale of ~300 fs aligns with the dynamics of carrier cooling in
perovskite nanomaterials59 and with photoconductivity measurements on perovskite thin films obtained

via transient terahertz spectroscopy60. The slower decay component observed in PAN/tunneling
measurements indicates a significantly accelerated decay in nanocavity-coupled single-QD systems,
potentially driven by Purcell enhancement. We, therefore, attribute the observed signal to the formation
of hot carriers, followed by their cooling, extraction, and recombination.61-64 

By scanning the pump and probe beams along the nanogap (Fig. 4d-g), we can identify individual
nanosystems and monitor their distinct dynamics (Fig. 4h), generating dynamic maps similar to those
produced by far more sophisticated ultrafast STM measurements.10,65 These results demonstrate fast
and scalable time-resolved characterisation of individual nanosystems. High-throughput measurements
can be performed by scanning along the gap from one photocurrent hotspot to another and by
addressing different nanojunctions on the chip. We observed that PANs approach readily achieves
temporal information down to <15-fs (Supplementary Fig. 29) which is much faster than what can be
achieved by THz STM or PL-based spectroscopy techniques66. PANs can also be applied for the
detection and characterisation of non-emissive individual nanosystems such as AgBiS2 QDs
(Supplementary Note 20, Supplementary Fig. 26), which are inaccessible to widely used PL microscopy
tools. 

Conclusion
The presented results show that combining on-chip asymmetric nanogap structures, PANs, with ultrafast
illumination provides a versatile method to generate ultrafast pulses of tunnelling electrons via the
broadband Fowler-Nordheim photoelectron emission. PANs are fabricated using an inexpensive, simple,
and high-throughput technique, called adhesion lithography, and operate without the need for CEP
stabilisation or an external electric bias, making them applicable in any ultrafast laser lab. We have also
demonstrated the practical use of PANs for broadband characterisation of optical pulses and ultrafast
spectroscopy of individual nanoobjects (e.g. perovskite QDs, AgBiS2 QDs, and ZnO nanocrystals) as
model systems. The herein developed approach opens new research avenues in photonics, including
nonlinear-crystal-free optical pulse characterisation and nanoscale imaging. We anticipate that PANs will
emerge as a cost-effective, durable, and adaptable foundation for integrated ultrafast broadband
optoelectronics and for ultrafast spectroscopy on individual nanosystems.
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Figure 1

Strong-field tunnelling in a PAN device: a) Schematic of an Au–nanogap–Al PAN device under ultrafast
optical excitation. Inset - Energy band diagram of the nanogap diode composed of Al and Au electrodes
illustrating the inherent asymmetry in their work functions. b) Photograph showing a 9x9 array of nanogap
devices fabricated on a single chip. c) SEM image of the Au–Al nanogap. d) Cross-sectional TEM image of
the nanogap region, with elemental mapping confirming Au–Al interfaces and nanogap width. e) J-V
characteristics of PAN diode with/without illumination. f)Representative photocurrent trace under 1030 nm,
190 fs, 10 kHz pulsed laser irradiation at 0 V bias, showing binary on/off behaviour and corresponding
statistical distribution with 30 ms time averaging. g) FDTD simulation of plasmonic field enhancement
under 10 fs 1450 nm excitation.
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Figure 2

Optically induced currents in PAN devices:  a) Ultrafast laser-induced photocurrents at zero external bias.
Different colours/scatters correspond to experiments on various laser systems with different wavelengths
of irradiating light (from UV to IR) and pulse durations. The solid lines are power-law fits to the data with the
power index indicated. The dashed lines are the fits using the F-N field-emission model.  b) Nonlinear power
index and peak field strength calculated based on a) and field emission model, based on the wavelength,
focal spot size, pulse energy, and pulse duration in different experiments. The solid line represents a global
fit using the field-emission model for all experimental data collected across the optical spectrum. c) Semi-
classical (simple-man) simulation of strong-field tunnelling: left, electric field waveform; right, electron
trajectories across a 10 nm gap. Colour encodes the initial yield of electrons, with direct and quiver

Page 17/19



trajectories indicated. d) The 2D map of the amplitude of photocurrent under 800-nm 35-fs illumination as a
function of external bias, V_b, and illuminating fluence, F. The diamond line marks the minimum
photocurrent position. e-g) Autocorrelation traces of laser pulses used in the experiments: e) ~8 fs, 266 nm
deep UV pulses measured in vacuum (~10⁻⁶ mbar); f) ~40 fs, 800 nm pulses with comparison to second-
harmonic autocorrelation in a BBO crystal (solid line); g) ~170 fs, 5 μm MIR pulses. All measurements were
performed under zero electrical bias.

Figure 3

Mapping individual QDs in PANs. a) DEP assisted airbrush spraying is used to trap low-concentration QDs
(~nM) onto PANs. J–V scans are performed to monitor possible conductance changes induced by the
deposition. b) Confocal hybrid/dark-field photoluminescence (PL) microscopy image on PAN with deposited
QDs. c) Ultrafast tunneling photocurrent detection used to localize individual QDs within the PANs. d)
Confocal image showing isolated QDs on a PAN chip. e) J–V characteristics comparing PANs with few
deposited QDs versus empty PANs. f) Sub radius (0.7 NA, 400 nm step size) tunneling photocurrent imaging
map locating individual QD in PANs. g)Representative two-state PL blinking behavior of a single QD. h)
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Ultrafast tunnelling current mapping and comparison between empty and QD-deposited PANs. Scale bar is
20 μm. i) Statistical distribution of tunneling counts before and after QD deposition.

Figure 4

Mapping dynamics of ZnO and individual QDs in PANs. a) Schematic of the optical pump tunnelling-
photocurrent probe with adjustable delay Δt. The excited state of the nanosystem modifies the tunneling
barrier and modulates the tunneling current. b) Ultrafast tunneling photocurrent change in a 10 nm, ZnO-
coated diode upon optical excitation of ZnO. c) Ultrafast tunnelling photocurrent change in a single CsPbBr3

QD upon QD optical excitation; blue circles present the average over 40 scans. d-g) Time-resolved pump-
probe ΔI maps at selected delay times (−2 ps, 0 ps, 0.4 ps, 5 ps), highlighting the localisation of pump-probe
signal. h) Pump-probe ΔI dynamics in the QD region of the map. Green dots correspond to specific maps
presented in d-g). In all panels black lines are bi-exponential fits convoluted with Gaussian response
function. All time-resolved data are corrected for the baselines at negative times.
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