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Attosecond streaking of photoelectrons emitted by extreme
ultraviolet light has begun to reveal how electrons behave
during their transport within simple crystalline solids. Many
sample types within nanoplasmonics, thin-film physics, and
semiconductor physics, however, do not have a simple sin-
gle crystal structure. The electron dynamics which underpin
the optical response of plasmonic nanostructures and wide-
bandgap semiconductors happen on an attosecond timescale.
Measuring these dynamics using attosecond streaking will
enable such systems to be specially tailored for applications in
areas such as ultrafast opto-electronics. We show that streak-
ing can be extended to this very general type of sample by
presenting streaking measurements on an amorphous film of
the wide-bandgap semiconductor tungsten trioxide, and on
polycrystalline gold, a material that forms the basis of many
nanoplasmonic devices. Our measurements reveal the near-
field temporal structure at the sample surface, and photo-
electron wavepacket temporal broadening consistent with a
spread of electron transport times to the surface.

There has been substantial progress in widening the scope of
attosecond science since the first attosecond light pulses were
measured in 20011,2. Using attosecond streaking, the motion
of electrons in atoms can now be resolved with attosecond
precision3–6. A considerable challenge, however, lies in the appli-
cation of attosecond streaking to condensed matter systems. Pre-
vious attosecond streaking experiments in solids have been car-
ried out only on surfaces with extremely high degrees of atomic
structural order and purity, prepared using ion-bombardment, an-
nealing, and in-situ deposition7,8. The challenges associated with
sample preparation have limited the progress in attosecond sur-
face science, with only a few studies existing to date7–9. This has
furthermore raised the open question whether attosecond streak-
ing could be applied to solid systems with complex composition
and morphology, which are often not amenable to surface prepa-
ration techniques. Such samples have generally been considered
unsuitable for attosecond streaking because they will typically
have disordered (amorphous or polycrystalline) atomic structures
and contaminated surfaces.

The interaction between light and metal nanostructures
can induce a collective oscillation of the delocalised elec-
trons in the metal. These excitations, known as plasmons,
have a diverse range of applications in technologies ranging
from metamaterials10 to bio-sensing11. Plasmonics has re-
cently attracted significant interest from the ultrafast physics
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community12–15, in part because the electronic response to the
applied light wave can concentrate the electric field into a
nanoscopic volume. This can enhance the intensity by tens
to hundreds of times, allowing low energy (hundreds of pJ to
nJ) laser pulses to access the regime of strong field physics14,
where the electrostatic potential of the laser becomes compa-
rable to the electronic binding potential in matter. Further-
more, attosecond streaking provides the unprecedented opportu-
nity to reveal the temporal structure of near-fields in plasmonic
nanostructures12,16,17, and could therefore play a crucial role in
tailoring the plasmonic response of a system for a specific ap-
plication. Such techniques are also likely to be useful in the in-
vestigation of ultrafast optically induced currents in nanoscopic
systems when designing opto-electronic circuits. The ability
to perform streaking on disordered samples without prior sur-
face preparation is a prerequisite for streaking measurements on
most types of plasmonic sample, since delicate nanostructures
will generally be restructured or destroyed by ultrahigh vacuum
(UHV) surface preparation techniques, which typically cause
morphological changes on nanometre length scales.

Another important area of research is electron transport in
solid state physics, particularly in semiconductors. Within the
electronics industry, amorphous thin-films are widely used in
semiconductor devices such as thin-film transistors18. At the in-
terface with nanoplasmonics, cheap plasmonically enhanced so-
lar cells using amorphous thin-films appear feasible in the near
future19. In semiconductors, electron-hole pair formation, charge
density distributions, and their influence on electron propaga-
tion, remain largely unexplored experimentally in the attosecond
time domain. Measuring the time evolution of these attosecond
electron dynamics during the interaction between ultrashort laser
pulses and wide-bandgap semiconductors will aid the design of
ultrafast opto-electronic circuits20,21.

In this paper, we present attosecond streaking measurements
on structurally disordered thin-films without any in-situ UHV
surface preparation. We show that robust attosecond-resolved
measurements can be performed using streaking on this very gen-
eral type of sample by fully reconstructing the streaking field at
the sample surface with attosecond precision, and by confirm-
ing the photoemission of attosecond photoelectron wavepackets.
The durations of these wavepackets are consistent with the spread
of electron propagation times to the surface associated with a
range of emission depths. The materials on which we performed
measurements were polycrystalline Au, which is widely used in
plasmonics, and amorphous WO3 which is a wide-bandgap semi-
conductor (3.41 eV bandgap22). Thus, our measurements extend
attosecond streaking towards measuring the attosecond time evo-
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lution of near-fields in complex opto-electronic systems, and elu-
cidating the electronic dynamics mediating optical coupling to
these systems. Our results also indicate that the preparation of
samples for attosecond surface science can in many cases be
greatly simplified, making the technique more accessible.

In a typical attosecond streaking experiment, a photoelec-
tron wavepacket is emitted by an extreme ultraviolet (XUV)
pulse in the presence of a strong near-infrared (NIR) laser
field, and the electrons are subsequently accelerated in the
field. This process can imprint timing information onto the
photoelectron wavepacket due to the well-defined relationship23

vf = v0 + (e/me)A(ti) between the final photoelectron veloc-
ity vf and the instantaneous vector potential A(ti) at the time
of photoemission, where v0 is the initial photoelectron velocity.
The ability to make sub-cycle (with respect to the NIR streaking
field) measurements using the technique requires the photoelec-
tron wavepacket to have sub-cycle duration.

A simple estimate of the duration of the photoelectron
wavepacket can be made by considering the photoelectron mean
free path, and the wavepacket dispersion. For incident photons
with energies in the XUV, the maximum depth into the solid
from which electrons can be photoemitted is limited by the pho-
toelectron mean free path (typically < 1 nm), rather than the
photon penetration depth into the solid (typically on the order
of 100 nm). The valence band photoemission from a solid can
be either surface or bulk in origin, with the dominant mechanism
being dependent on the bandstructure of the solid24. Electrons
emitted from the bulk travel, on average, one mean free path to
the surface. Assuming perfect screening of the streaking field
at the surface, the photoelectrons are streaked with a time delay
associated with the transport time to the surface8,24.

For bulk photoelectrons there is, in fact, a range of emis-
sion depths, with the main contribution to the total photoelec-
tron yield coming from within one mean free path of the sur-
face. Thus, there is a spread of emission times, and the photo-
electron wavepacket emerging from the bulk will be longer than
the incident excitation pulse24. The temporal broadening of the
photoelectron wavepacket compared to the incident XUV pulse
is ∼ λ

√
me/2E , where λ is the mean free path and E is the

photoelectron energy. For a mean free path comparable to the
XUV photon penetration depth, the streaking trace would be-
come heavily smeared in the time direction25. For photoelec-
trons emitted by XUV radiation, the mean free path in solids is
generally sub-nanometre26, which will be true for disordered and
contaminated samples as well as clean single crystals. For 84 eV
photoelectrons the mean free paths in Au and WO3 are ∼ 3.9 Å
and ∼ 4.9 Å, respectively26. Over these mean free paths the ex-
pected temporal broadening (72 as for Au and 90 as for WO3) is
non-negligible, but sufficiently small for an excitation pulse last-
ing several hundred attoseconds to emit a sub-cycle photoelec-
tron wavepacket.

The dispersion of the final state will act to further broaden the
photoelectron wavepacket in time. The bandstructure of a dis-
ordered solid is more complex than for a single crystal, and one
might therefore expect a more complex dispersion relation. How-
ever, for high energy photoelectrons (E � Wf , where E is the
photoelectron energy and Wf is the work function of the solid)
one can, to a first approximation, treat the final electron state as
unbound. The free electron group-velocity dispersion is given by

~
∂

∂E
1

vg
= −~

√
me

8E3
, (1)

where vg =
√
2E/me is the free electron group velocity. The

dispersion at 84 eV (the typical photoelectron energy in our ex-
periments) is −72 as2 Å−1

, which is small over a sub-nanometre
mean free path for an excitation pulse lasting several hundred
attoseconds. These simple considerations indicate that even for
disordered samples without any surface preparation, it should be
possible to photoemit a sub-cycle photoelectron wavepacket us-
ing an extreme ultraviolet isolated attosecond pulse lasting sev-
eral hundred attoseconds. While only clean single crystals have
been studied so far, attosecond streaking should be applicable to
solids in general, and we next present measurements that confirm
this is indeed the case.

Results

To experimentally verify the applicability of attosecond streak-
ing on disordered solids, we performed streaking measurements
on two types of sample: an amorphous 20 nm-thick film of
the semiconductor WO3 on a silicon (100) substrate, and a
polycrystalline 52 nm-thick gold film on silicon (100). Co-
propagating isolated 248±15 as XUV pulses, and few-cycle sub-
4 fs NIR pulses were generated27,28, and used to perform attosec-
ond streaking measurements on the metallic films. The experi-
mental setup is shown in figure 1. The valence band region of
the experimental WO3 photoelectron spectrum is shown in fig-
ure 2 (a), and displays a clear valence band peak at 84 eV. Ex-
perimental photoelectron spectra were Fourier filtered, and the
secondary electron background from photoelectrons inelastically
scattered on their way to the surface was subtracted using a stan-
dard approach8,29.

FIG. 1. Surface streaking experimental setup. NIR and XUV pulses
are focused onto the sample with a variable time-delay. Photoemitted
electrons are detected with a time-of-flight (TOF) spectrometer. The
inset shows the geometry of the incident beam with respect to the sam-
ple. The pulses are focused onto the sample with an incidence angle of
∼ 20 ◦. The laser polarisation lies approximately along the TOF axis.
The incident beam is also rotated in a horizontal plane by ∼6 ◦.

The filtered and background-subtracted attosecond streaking
trace from WO3, acquired using 300 as time-delay steps and
120 s integration time (1.2 × 105 laser shots) at each time-delay
step, is shown in figure 2 (b). The clear oscillatory behaviour of
the valence band peak in the streaking trace confirms that the pho-
toemitted electron wavepacket is of sub-cycle duration. The elec-
tric field at the WO3 surface, retrieved from the streaking trace, is
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shown in figure 2 (d). The accuracy of the retrieved field is con-
firmed by the excellent agreement with waveforms retrieved from
separate gas phase streaking measurements performed in neon32.

The photoelectron wavepacket was retrieved from the
background-subtracted streaking trace with no Fourier filter ap-
plied, using a standard attosecond retrieval technique, frequency
resolved optical gating for complete reconstruction of attosecond
bursts30 (FROG-CRAB) with a principal components generalised
projections algorithm31 (PCGPA). The duration of the retrieved
photoelectron wavepacket was 359+42

−25 as. Comparing this figure
with the incident XUV pulse duration, the wavepacket broaden-
ing in WO3 is 111+57

−42 as. The temporal broadening of 90 as ex-
pected from the range of photoemission depths is within the ex-
perimental error of this value. The measured temporal broaden-
ing implies a mean free path of 6.0+3.1

−2.3 Å. These results demon-
strate that attosecond resolved measurements can be performed
using the streaking technique on amorphous films.
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FIG. 2. (a) Unstreaked valence band photoelectron (PE) spectrum of
WO3, showing raw data (solid black), Fourier filtered spectrum (red),
secondary electron background (dashed black) and background sub-
tracted and filtered spectrum (blue). (b) Fourier filtered and background
subtracted streaking trace from WO3. The delay-dependent central en-
ergy of the valence band is shown by the black curve (see methods sec-
tion). (c) Retrieved photoelectron wavepacket intensity (red) and phase
(black) from FROG-CRAB PCGPA algorithm. The shaded area shows
the incident XUV pulse. The retrieved wavepacket has a duration of
359+42

−25 as. (d) Band-pass filtered electric field retrieved from WO3

streaking trace (black curve), and unfiltered data points. Retrieved fields
from eight separate gas phase streaking measurements32 are also shown
(red curves). The peak electric field from each gas phase streak has been
scaled to the peak field from WO3 to aid comparison.

A streaking measurement on the polycrystalline gold sample
is presented in figure 3. The streaking trace was acquired using
300 as time-delay steps and 40 s integration time (4 × 104 laser
shots) at each step. Again, the photoemission of a sub-cycle elec-
tron wavepacket can be confirmed from the oscillatory behaviour
of the streaking trace. This demonstration that attosecond streak-
ing can be performed on polycrystalline gold is further evidence
that attosecond streaking is applicable to solid samples in gen-
eral. The retrieved photoelectron wavepacket, shown in figure
3 (c), has a duration of 319+43

−37 as. The temporal broadening of
72 as expected from the range of photoemission depths agrees
well with the experimental value of 71+58

−54 as. Ths figure corre-
sponds to a 3.9+3.2

−2.9 Å mean free path. The retrieved near-field at
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FIG. 3. (a) Unstreaked valence band PE spectrum of Au. (b) Fourier
filtered and background subtracted streaking trace from Au. (c) Photo-
electron wavepacket from FROG-CRAB PCGPA algorithm and incident
XUV pulse. The retrieved wavepacket has a duration of 319+43

−37 as. (d)
Retrieved electric fields from Au, and from gas phase streaking mea-
surements. The legends are the same as in figure 2.

the gold surface, shown in figure 3 (d), is in agreement with our
gas phase streaking measurements.

In conclusion, we have demonstrated that streaking can be
used to perform attosecond resolved measurements on solid sam-
ples without high degrees of structural order and purity. Attosec-
ond streaking was demonstrated on films of amorphous WO3

and polycrystalline Au. The photoemitted electron wavepacket
was temporally broadened compared to the incident 248 ± 15 as
XUV pulse by 111+57

−42 as for WO3 and 71+58
−54 as for Au. These

figures are in agreement with the expected range of times taken
for electrons emitted at different depths in the solid to travel to
the surface. Using the sub-cycle photoemitted wavepackets we
were able to make an attosecond-resolved measurement of the
electric field at the surface of each sample. Our confirmation
that ultrafast optical fields at gold surfaces can be characterised
using attosecond streaking constitutes a first step towards the
full characterisation of plasmonic near-fields. This should en-
able ultrafast plasmonic responses in gold nanostructures to be
tailored for specific applications in areas such as ultrafast opto-
electronics and solar cell technology. Our streaking measure-
ments on WO3 open the door to unexplored areas of semicon-
ductor thin-film physics, where charge dynamics can occur on
attosecond timescales. Finally, for some experiments in attosec-
ond condensed matter physics it will be possible to relax the sam-
ple preparation requirements, which should accelerate progress
in this field and significantly broaden its scope.

Methods

Laser and streaking setup. A chirped pulse amplification laser system
(Femtolasers GmbH, Femtopower HE CEP) was used to generate 28 fs pulses
with up to 2.5 mJ energy, at a 1 kHz repetition rate. Pulses with 1 mJ energy
were delivered to a differentially pumped hollow core fibre pulse compression
system, which was used to produce 0.4 mJ, sub-4 fs carrier envelope phase stable
few-cycle NIR pulses27. The few-cycle pulses were used for high-harmonic
generation (HHG) in neon within the beamline described in28. The resulting
co-propagating high-harmonics and NIR pulses were spatially and spectrally
filtered into two beams using a Kapton/Zr filter as shown in figure 1. The spatial
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filtering of the NIR, and additional attenuation using a motorised iris, provided
sufficient attenuation to prevent sample damage; the peak intensity at the laser
focus (110µm measured spot size) was 1.3× 1010 W cm−2 for the WO3

measurement, and 6× 109 W cm−2 for the Au measurement (determined from
the electric fields retrieved from the streaking traces). At these intensities, above
threshold photoemission from the NIR in the valence band region was negligible
compared to photoemission from the XUV pulse. The co-propagating NIR and
high-harmonics entered a UHV surface science chamber with a base pressure of
3×10−9 mbar. A two-part mirror setup, incorporating an 8 eV bandwidth multi-
layer MoSi mirror with a peak reflectivity at 93 eV, selected the cutoff harmonics
to produce isolated 248 ± 15 as XUV pulses (where the pulse duration and
error are based on the median and range of pulse durations retrieved from eight
separate gas phase streaking measurements). A piezo stage with 10 as resolution
introduced a time-delay between the XUV and NIR pulses. Photoelectrons
emitted from the sample surface were detected using a TOF electron spectrome-
ter with a collection angle of±2.4 ◦ and an energy resolution of ∆E/E ≈ 0.004.

Streaking field retrieval. To retrieve the electric field at the surface, the cen-
tral energy ECOM of the valence band in the Fourier filtered and background
subtracted streaking trace was first extracted using a centre-of-mass procedure7.
The instantaneous vector potential A of the streaking field at the time of XUV
photoemission is then related to the energy shift ∆E = ECOM − Einit of the
photoelectron spectrum by23

A =

√
me

2Einit
∆E
e cos θ

Â, (2)

where me and e are the electron mass and charge, respectively, Einit is the inital
photoelectron energy, and θ is the angle between the initial photoemission veloc-
ity and the polarisation vector Â of the streaking field. The electric field E can

be found from A using the relation E = −∂A/∂t. The electric field was band-
pass filtered along the time-delay direction using an order 10 super-Gaussian fil-
ter spanning 460 –1100 nm, to remove noise components lying outside the laser
spectrum.

Photoelectron wavepacket retrieval. The low collection efficiency (8.8 ×
10−4) of our TOF limited the signal-to-noise of the streaking measurements.
Significantly higher collection efficiencies (up to 7.6 × 10−2, corresponding
to a collection angle of ±22.5 ◦) are possible with different TOF spectrome-
ter designs (Stefan Kaesdorf Geraete fuer Forschung und Industrie). To allow
an estimate of the error on the retrieved wavepacket duration associated with the
noise in the streaking traces (which is predominantly from counting statistics), the
FROG-CRAB retrieval was performed on the background subtracted streaking
trace without any Fourier filtering applied. The Au and WO3 traces were interpo-
lated onto 108×108 and 134×134 grids, respectively, and 2.5×103 iterations of
the FROG-CRAB PCGPA30,31 algorithm were performed. The FROG-errors of
the retrieved streaking traces were 0.10 for Au, and 0.05 for WO3. The algorithm
errors in the retrieved wavepacket temporal intensity, phase, and duration were
calculated from the reconstructed FROG-CRAB traces following the approach
in33. The features in the streaking trace with the lowest signal-to-noise are those
at the low energy and high energy extrema of the valence band. We estimated
the error in the wavepacket duration resulting from these extrema by varying the
spectral window size of the input experimental trace into the FROG-CRAB algo-
rithm from 18−22 eV (centred around the valence band peak). The error associ-
ated with the uncertainty in the secondary electron background was estimated by
using two independent methods for its calculation. The overall wavepacket du-
rations and experimental errors were taken as the median and range of retrieved
pulse durations for all combinations of spectral window and secondary electron
backgrounds.
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