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S1. Experimental Setup

Band filter mm——
<
Y

ND filter DAQ

I BS (50:50)

Cassegrain objective

Circuit board
) Signal
. iy
' BS (50:50) v
Chopper L /
T =

Translmp_e_dence Lock-In amplifier
amplifier

Nanoantenna

Delay line

Figure S1. Experimental Setup Overview of the optical layout and signal detection chain of our experiments. Abbre-

viations: BS: beamsplitter, ND: neutral density filter, DAQ: data acquisition.

A CEP-stable, 78 MHz Er:fiber-based supercontinuum laser source was used, with a central wavelength
of ~1170 nm and pulse duration of ~10 fs FWHM. A dispersion-balanced Mach-Zehnder interferometer
was used to generate the pulse pairs for the experiment (Fig. S1). An Inconel reflective neutral density (ND)
filter of optical density (OD) 4 on a 2 mm thick BK7 substrate (Thorlabs) was placed in one arm and used to
generate a weak signal pulse with pulse energy of ~5 fJ. An optical chopper was placed in this weak arm for
lock-in amplification and detection. The strong, driver arm had a pulse energy of ~50 pJ. A corresponding
2 mm thick BK7 window was placed in the driver arm to balance the dispersion between arms. The added

chirp from the glass was precompensated using the prism compressor. The delay between the two pulses was



controlled with a home built 15 um piezo stage. The generated electron emission is collected and amplified
by a transimpedance amplifier (FEMTO Messtechnik GmbH). The resulting voltage signal is demodulated

by the Lock-In amplifier with the 200 Hz frequency of the chopper wheel and subsequently low-pass filtered.

S2. Discussion of Sampling Bandwidth

A strong local electric-field transient (driver) drives the electron emission at the metallic nanoantenna' .

For simplicity in this section we will be discussing the field driving the emission at a surface, Ep(¢). When
a weak electric-field waveform (signal) perturbs the emission process, the detected time-averaged current is

proportional to the electric field of the small signal. The small-signal gain, as defined by % , s therefore

2ot
dictated by the strong driving electric field waveform. To demonstrate the influence of the FWHM of the
driving pulse duration on the sampling bandwidth, we calculated I:IDet(CO) for 1-, 3-, 5-, 7-, and 9-cycle sech?
driver pulses each with a central frequency of 250 THz and a peak field strength at the antenna surface of
15GV m~! (see Fig. S2a).

The small-signal gain g—g was calculated by assuming Fowler-Nordheim tunneling emission with

‘ED(I)

a characteristic tunneling field of F; = 78.7 V nm~!. Fig. S2b shows the effective gate signal for

STE |ED(I)
the sampling process for each pulse duration. Only the single-cycle pulse (blue) exhibits an isolated peak.
However, for driver pulses with an increasing number of cycles, satellite pulses start to emerge. For the
9-cycle case (green traces) the height of satellite pulses at -4 fs and 4 fs approach the height of the center
peak. Fig. S2¢ shows the Fourier transform of % ‘ Eplt)"

The sampling bandwidth generated by a single-cycle field transient (Fig. 2C, blue curve) shows a smooth
response from DC to 1.8 PHz and corresponds to the Fourier transform of the isolated peak in Fig. S2b (blue
trace). With increasing pulse duration, the bandwidth becomes increasingly modulated due to the destruc-
tive interference of the additional peaks in the gate signal. The modulation is periodic with the frequency
fo of the driving electric field at 250 THz and exhibits maxima at the higher harmonics n - fy for n € N.
We highlight that although a 5-cycle driver waveform results in strong modulation of the sampling response
Hpei(®), the sampling response does not completely vanish at the minima (yellow traces). However, for
driver pulses having a FWHM duration greater than five cycles, we find that the sampling response com-
pletely vanishes at the minima. This sampling technique allows for detection of higher harmonics of the

driving signal regardless of the pulse duration, which originates from the fact that the individual peaks are

deeply sub-cycle in duration.
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Figure S2. Sampling bandwidth as a function of pulse duration. a, Electric-field transients for near-infrared pulses
with a FWHM duration of 1-, 3-, 5-, 7-, and 9-cycles and a central frequency of 250 THz. b, Calculation of % } E(1)
for the field transients shown in (A) and assuming F; = 78.7 V nm~! as the characteristic tunneling field. ¢, Fourier

transform of % showing the accessible sampling bandwidth provided by the field transients shown in a.

|ED(’)

S3. Carrier-Envelope Phase Discussion

The carrier-envelope phase (CEP) of a few-cycle pulse plays a significant role in strong-field physics and
heavily influences the electron emission characteristics from resonant nanoantenna devices. In this section
we discuss the role of the driving waveform’s CEP in the sampling process. For simplicity in this section we
will be discussing the field driving the emission at a surface, Ep (7).

For our analysis, we calculated the complex sampling response Hpe (@) assuming a sech? driving pulse
with a central frequency of 250 THz and a pulse duration of 10 fs (~2.5 cycle), as given by the output of the
laser used to experimentally verify device performance. As in Sec. S1, the incident electric field was taken
to be 15 GV m~'. The results are plotted in Fig. S3a for various CEP values of the driving pulse. The small
was calculated by assuming Fowler-Nordheim tunnel emission with a characteristic

signal gain g—g ’ED(I)

tunneling field of F;, =78.7 V nm~! and is plotted in Fig. S3b. In Fig. S3c the complex sampling response
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Figure S3. Sampling response as a function of CEP. a, Calculated sech’ pulse centered at 250 THz with a pulse
duration of 10 fs (2.5 cycles), a peak electric field of 15 GV m~!, and a ®cgp = 0, Z, m. b, The small signal gain
% ‘ En(t) is calculated by assuming Fowler-Nordheim tunneling emission with a characteristic tunneling field of F; =
78.7 V nm~'. The electric-field transients used here correspond to a. ¢, The spectral amplitude and phase of the

complex sampling response of Hpei(®) as a function of frequency. Calculated for ®cgp = 0, Z,m

dar

aE ‘ED(I) is shown.

Hpe((®) derived from

The CEP, ®dcgp, of the driving pulse dictates the amplitude of the modulation of FIDet((D). For the driver
pulse duration modeled in Fig. S3a, a cosine shaped pulse (Pcpp = 0) exhibits minimal modulation of
the sampling bandwidth, which corresponds to an isolated electron burst with small satellites in the time-
domain if the pulse is sufficiently short (see Fig. S2b). A CEP of ®cgp = 7 corresponds to a negative cosine
shaped pulse, which corresponds to two electron bursts of equal height, resulting in the sharp minima in

the sampling bandwidth as shown in Fig. S3c (dotted traces). More importantly, with an adequately short

driving pulse, it is possible to choose an appropriate ®cgp value such that only one electron burst dominates



the field emission process, resulting in a smooth, unmodulated FIDet(a)) from DC to 1 PHz, as shown in
Fig. S2c. Nevertheless independently of ®cgp a full octave of spectrum can still be sampled with distortion
due to Hpe.

Another important characteristic of the sampling process to consider is the absolute phase of the sampled
output. When ®cgp = 0, a dominant electron burst exists in the time domain and the absolute phase of
the signal pulse will be transferred to the sampled output, as Hpe (@) will be a purely real function (see
Fig. S3c). For comparison, if ®cgp # 0 the spectral phase of I:IDet(a)) is not flat. As shown in Fig. S3,
this phase resembles a stair function with plateaus of flat phase around the central frequency @y and its
harmonics. Looking closely at Fig. S3, we see that we can write the spectral phase at the nth harmonic as
AFIDet(na)) =n-Pcpp for n € N. With these spectral phase behaviors, we then see that the constant phase
component of the sampled output becomes the difference between that of the sampling pulse, 7 - ®cgp, and
that of the signal, ®s. Therefore, the constant, or absolute, phase of the sampled output can be written
®g —n- Pcpp. In the case where the driving pulse, Ep, and the signal pulse, Eg, originate from the same
laser source, they will share a common Pcgp, and in this case, the absolute phase of the sampled pulse will
therefore be zero. Importantly, we should note that this result is independent of ®cgp, and even laser sources
with a carrier envelope offset fcgo # 0 can be used for sampling. Lastly, we should additionally note that in
stark contrast to other phase-sensitive techniques, like homo- and hetero-dyne detection, the absolute phase
of Ep can be derived unambiguously in sifu from the field emission current generated by Ep in our devices,

as demonstrated in [1, 5].

S4. Field-Sampling Measurements with 200 nm Devices

Our technique was also tested using devices consisting of triangular antennas with a 200 nm height. These
devices were designed to be off-resonant with the laser pulse and were fabricated on a separate chip from the
240 nm antenna. Fig. S4 presents the acquired cross-correlation trace (blue) for these devices. For each data
set, 47 scans of 5 seconds acquisition time over the 100 fs time window were performed. Post-processing
was done in Matlab. Each data set was Fourier transformed and windowed from 150 THz to 350 THz with
a tukey-window (steepness of o = 0.2). The resulting output was averaged in the time-domain.

We find good agreement between the measured trace (blue) to the simulated local signal field, EéL) (1)
(red). We note that both the measurement and simulated local signal fields are both slightly shorter than the

calculated laser output (yellow). The reason for this is apparent when examining the pulses in the frequency



T T T [ T T T T [ T T T T [ T T T T [ T T T T [ T T T T [ T T T T [ T T T T [ T T T T [ T T T

—— Experiment avg.

1 —
3 10 - Confidence interval -
r — Simulated E&(t) 1
I Laser signal Eq(t) }
0.5+ -
= L
e L
\(ES/ L
S 0
Q2
L
S
@
i
-0.5

I 4

o L

-40 -30 -20 -10 0 10 20 30 40 50
Delay (fs)

&
<}

Figure S4. Experimental field sampling results using 200 nm devices. Time-domain results for 200 nm devices
comparing measured (blue) and simulated near-fields (EéL) (¢), red) to the calculated incident laser signal (Es(t),
yellow). Here, negative delays indicate the driver pulse arrives before the signal pulse. The 200 nm device is designed
to be off-resonant with the laser pulse and the measured trace yields good agreement to the calculated laser output.

The 1o0-confidence interval is shown as a blue shaded ribbon centered at the average value (blue solid line) retrieved

from 47 scans.
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Figure S5. Frequency-domain analysis of 200 nm device results. Frequency-domain analysis comparing measured
(solid) and simulated (EéL) (), dashed) near-fields for 200 nm devices to the calculated incident laser signal (Es(®),
dotted). The 200 nm device is designed to be off-resonant with the laser pulse, thus the measured and simulated

spectrum only show a single spectral peak corresponding with that of the laser spectrum at ~ 220 THz.

domain as shown in Fig. S5. While the main spectral peak at ~ 220 THz agrees with the measured laser

spectrum (Es(®), gray dotted curve) and the expected antenna response (EéL) (w), light blue dashed curve),



both the simulated and experimental local signal field spectra exhibit an enhanced shoulder out to 300 THz
relative to the measured laser output spectrum (solid blue curve). This is due to the plasmonic resonance
which enhances these higher frequency components, resulting in a shorter time domain response of the local

fields relative to the incident fields after interaction with the antenna.

SS. Data Processing and Error Analysis
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Figure S6. Mean value and 15-confidence interval Time-domain measurement and simulation for a 240 nm devices
(Fig. 3, main text), and b 200 nm devices (Fig. S4). The blue curves shows the mean value for every electric field/time
coordinate over all individual scans. The grey ribbon shows the 10-confidence interval for the respective coordinate.

For comparison, the simulated electric field is shown in purple.

To determine the error in our measurement, we took the Fourier transform of the each of the ~50 in-
dividual data sets and applied a tukey-window in the frequency-domain with a steepness of & = 0.2 from
150 THz to 350 THz. The windowed data sets were then back transformed into the time-domain and av-
eraged for each time coordinate over all data sets. To determine the 10-confidence interval the standard
deviation was calculated for each time coordinate over all data sets. The result is shown in Fig. S6 and com-
pared to the respective simulation shown in Fig. 3 (main text) for the 240 nm devices and Fig. S4 for the

200 nm devices.



S6. Source Spectral Phase Measurements
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Figure S7. Source spectral phase characterization using 2DSI. a, Raw 2DSI spectrogram of the source in the exper-
iment conditions. b, Retrieved group delay (red) and laser spectrum (blue). The optimized values of shear frequency

and upconversion wavelength are fihear = 5.5 THz and lup = 1050 nm.

In order to characterize the spectral phase of our supercontinuum source we performed two-dimensional
spectral shearing interferometry (2DSI) measurements®. Two spectrograms were obtained for the measure-
ment: the first with the laser in similar conditions to that of the experiment, and the second with an added
1.5 mm fused silica window placed in the beam path. The spectrogram of the source in the experimental con-
ditions is shown in Fig. S7a. The second spectrogram taken with an additional propagation through 1.5 mm
fused silica was used to calibrate the shear frequency fihear and upconversion wavelength A, needed for
group delay retrieval from the 2DSI measurement. Using an optimization routine, we found the values for
fshear and Ayp that resulted in the minimum error between the group delay difference measured with and
without the fused silica using 2DSI and that predicted using the known optical properties of fused silica.

The resulting retrieved group delay and the spectrum of our laser source are reported in Fig. S7b.
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