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Strong-field optoelectronics in solids
G. Vampa1,2*, T. J. Hammond1, M. Taucer1, Xiaoyan Ding1, X. Ropagnol3, T. Ozaki3, S. Delprat 3,
M. Chaker3, N. Thiré3, B. E. Schmidt4, F. Légaré 3, D. D. Klug5, A. Yu. Naumov 5, D. M. Villeneuve5,
A. Staudte5 and P. B. Corkum1,5
Perturbative optical nonlinearities induced by static electric
fields1 have proven useful in visualizing dynamical function
in systems including operating circuits2,3, electric and magnetic domain walls4, and biological matter5, and in controlling light for applications in silicon photonics6. Here, we
extend field-induced second-harmonic generation to the
non-perturbative regime. We demonstrate that static or
transient fields up to terahertz (THz) frequencies applied to
silicon and ZnO crystals generate even-order high harmonics. Images of the even harmonics confirm that static fields
delivered with conventional electronics control the spatial
properties of the high-harmonic emission. Extending our
methodology to higher-harmonic photon energies7,8 paves
the way for realizing active optics in the extreme ultraviolet and will allow imaging of operating electronic circuits9,
of Si-photonic devices10 and of other functional materials11,12, with higher spatio-temporal resolution than perturbative methods. For THz spectroscopy, our method has the
bandwidth to allow measurement of attosecond transients
imprinted on THz waveforms.
When intense light irradiates a crystal that lacks inversion
symmetry, the induced dipole is different for one half-cycle of
the driving laser field than for the following half-cycle, resulting
in the emission of radiation at the second-harmonic frequency13.
This asymmetric response can be mimicked in centrosymmetric
crystals that are biased by a static electric field1 or a current2. The
process can be interpreted as a third-order perturbative expansion
of the nonlinear polarization at the second-harmonic frequency14,
whereby one zero-frequency photon (Ed.c.) adds to two photons of
the fundamental laser frequency (Eω):
P2ω ∝ χ (3) E d.c.Eω2

(1)

where χ(3) is the third-order nonlinear optical susceptibility.
Applications of this effect for high-speed wide-field imaging of electric fields in devices2,3,15,16 and materials4,5 are limited to micrometre
spatial resolution, given by the wavelength of the second harmonic
(in the visible spectral range). Time-resolved electron microcopy
can also map electromagnetic fields of similar magnitude17, potentially with attosecond temporal resolution18,19 and—owing to the
short de Broglie wavelength of high-energy electrons—nanometre spatial resolution. Here we use d.c. and THz fields to generate
even-order high harmonics from solids7,8,20–22, thereby extending
field-induced optical nonlinearities to the non-perturbative regime.
We demonstrate wide-field imaging of static fields with sensitivity
as low as a few volts per micrometre from patterned Si and ZnO

crystals. Given that harmonic wavelengths as short as ~40 nm have
been generated from other crystals7,8, our method bears potential
for achieving nanometre spatial resolution. Although current electronics is smaller-scale still, solid harmonics could fulfil an important role because it is a wide-field method, is rather simple and is
compatible with coherent diffractive imaging23, solving the lack of
optical elements at extreme ultraviolet wavelengths. Turning measurement into control, we show that standard electronics controls
the spatial properties of the high-harmonic beam, and can therefore
be used to make reconfigurable optical elements for vacuum-ultraviolet radiation.
We fabricate Au electrodes on two different materials: a 40-nm
(001)-oriented Si single crystal and a 500-nm (0001)-oriented ZnO
single crystal, both on sapphire substrates (see Methods for details).
Infrared laser pulses with a centre wavelength of 2 µm are focused
to an intensity of ~0.6 TW cm−2 in Si and ~4 TW cm−2 in ZnO in the
region surrounding the electrodes. Because of the nonlinear interaction, high-order harmonics are generated extending up to 6 eV
(harmonic 10, at the ultraviolet transmission limit of our spectrometer): see Fig. 1. In Si, the linear laser polarization is set parallel to the
<110>direction, where the nonlinear current is accelerated along
the projection of the Si–Si bonds on the (001) plane. This orientation maximizes the high-harmonic yield (Supplementary Fig. 1).
A characterization of the high-harmonic emission process in Si is
reported in the Supplementary Information (Supplementary Fig. 2).
No significant dependence on crystallographic alignment is found
from (0001)-oriented ZnO. High-harmonic emission from ZnO has
been characterized elsewhere20,21. When the electrodes are unbiased,
only odd-order harmonics are generated, reflecting the inversion
symmetry of the Si and (0001)-ZnO (red lines show a residual evenharmonic signal, whose origin is explained Fig. 1 caption). When
the electrodes are biased, the symmetry of electron–hole trajectories
is broken, and even harmonics up to the eighth order (a wavelength
of 250 nm) are detected (blue lines). The odd harmonics are unperturbed by the d.c. field.
In Fig. 2 we show a series of images recorded with an even or
an odd harmonic when a static field is applied to silicon. Whereas
the image recorded in the fifth harmonic (Fig. 2a,d) contains
the shadow of the Au electrodes because the Au blocks the odd
harmonic, images recorded with the fourth harmonic (shown
in Fig. 2b,c,e,f) reveal the distribution of the static electric field
around the electrodes. We see similar images in higher harmonics as well (Supplementary Fig. 3). The emission area, which is
confined to a region near only one of the electrodes, may coincide with the depletion layer of the Schottky contact formed by
the Au/Si stack24, which extends only <10 nm from the idealized
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Fig. 1 | Breaking the symmetry with static fields. a,b, High-order even
harmonics of a 2-µm driver are emitted from a ZnO (a) and a Si (b) crystal
illuminated between two Au electrodes (40 µm apart for ZnO and 100 µm
apart for Si). One electrode is grounded and the other is biased to a
750-ns pulse (blue lines) at 316 V and 100 V, respectively, for ZnO and
Si. The even-harmonic signal almost vanishes when the voltage is off
(red lines). A weak residual even-harmonic signal from ZnO arises from
contamination of the fundamental beam with a spurious second-harmonic
field generated by the laser system. Each harmonic order is independently
measured by a double-spectrometer (a CaF2 prism placed before a
visible–ultraviolet spectrometer). The odd harmonics are unperturbed by
the static field (not shown).

interface. Using a weak d.c. field with a component parallel to
the driving field allows us to break the inversion symmetry of
the oscillating dipole involved in the high-harmonic generation
process, thereby generating even harmonics. Although it is possible to perturb the dipole with a perpendicular field25, stronger
field strength is required to yield effects comparable to parallel polarization. Consequently, rotating the polarization of the
driver from horizontal (Fig. 2b,d) to vertical (Fig. 2c,f) reveals the
quadrature components of the field from which its vector can be
obtained. We see that, for our prototypical device, the static field
is polarized perpendicular to the edge of the Au electrodes, in the
plane of the surface. The magnitude of the d.c. field is encoded
in the relative brightness of the even and odd harmonics. The
even harmonics have brightness 3% of that for the odd harmonics. Generating comparatively bright even harmonics by adding a
known amount of second harmonic to the fundamental driver21,26
(see Supplementary Information), we can estimate a d.c. field
strength of ~13 V µm−1. This sensitivity is comparable to other
techniques15–17. Fields of this magnitude are present in modern
electronic devices. The sign of the d.c. field can, in principle, be
measured with the combined effect of d.c. and second-harmonic
fields. The strongly anisotropic near-field emission of the fourth
harmonic translates into markedly different propagation of the
even harmonics compared with the odd harmonics. Therefore,
we can control the spatial properties of a high-harmonic beam
with electronic methods. Carefully designed electrodes will act as
active optical elements, such as lenses and beam splitters, akin to
electrostatic lenses for electron detection.
The even-harmonic signal increases quadratically with the
applied voltage up to 300 V (Fig. 3a,b), which is consistent with
both the perturbative (equation (1)) and the non-perturbative
model (see Methods). However, despite the high order of the harmonics, the even-harmonic intensity increases linearly with the
466

driving laser intensity (Fig. 3c), confirming that the even harmonics are non-perturbative with respect to the fundamental field.
In fact, a perturbative nth harmonic requires n photons of the fundamental and one d.c. photon, thereby yielding an intensity scaling of the harmonic proportional to the nth power of the intensity
of the fundamental.
It is now a small step to dynamical images of time-dependent
electric fields. We create a movie of a time-dependent electric field
generated by applying a voltage pulse to electrodes and delaying
the pulsed signal with respect to the laser pulse. Supplementary
Video 1 shows how the field builds up on the electrodes. Here, the
pulsed field is delayed in steps of 4 ns with respect to the laser pulse.
The degree of fidelity of the high-harmonic measurement can be
appreciated in Fig. 4a where we show the spectrally integrated signal from the sixth harmonic from ZnO as a function of delay with
respect to the applied electrical pulse. Because the electric field is
sensed only during the sub-laser cycle life of the electron–hole pair,
the method will resolve electric fields from d.c. to PHz frequencies27, as shown below.
In Fig. 4b we demonstrate the potential for measuring highspeed electric field transients by recording the sixth harmonic
(red line) generated when the 2-μm fundamental beam overlaps
a THz pulse (blue line) in a ZnO crystal (see Methods for details
about the experimental set-up). Our measurements show that
high-harmonic generation will be an important new probe of THz
fields. High harmonics have advantages with respect to other THz
methods, such as electro-optic sampling28, because phase matching is relaxed owing to the very small penetration depth of highharmonic radiation. In fact, in Fig. 4b the electric field of the
THz pulse measured with electro-optical sampling is also shown.
For this measurement, we used a 2-mm-thick ZnTe electro-optic
crystal (blue line). The retrieved pulse is longer than the pulse that
we measure using high harmonics, probably as a result of improper
phase matching in the thick ZnTe crystal. With appropriate temporal gating on the electron–hole excursion, high-harmonic sampling of THz waveforms will allow attosecond dynamics imprinted
on a THz probe of materials to be retrieved, without using attosecond extreme-ultraviolet pulses.
Looking to the future, combining high-harmonic THz sampling
with high harmonics perturbed by biased electrodes will enable
us to provide interference of even harmonics from the THz pulse
with those generated by the static field. Knowing the strength of
the applied bias voltage, the peak field strength of a THz pulse can
be directly evaluated. Compared with other coherent detection
schemes of THz radiation29, which require strong-field ionization of
gas atoms, solid-based high harmonics lowers the required infrared
intensity by a factor of ~100.
In conclusion, high-harmonic generation in ZnO and Si—the
most technologically relevant material—is an exquisitely sensitive
electron–hole quantum sensor of the electric fields permeating
materials. By localizing the emission very close to the electrodes, we
have demonstrated basic control over the beam profile of the even
harmonics. In the future, active optics for coherent vacuum-ultraviolet radiation—such as tunable lenses, beam splitters and mirrors—
could potentially be realized by suitably designing the electrodes to
achieve tailored customizable field distributions. These optics are
available only at optical frequencies.
Dynamically imaging the even harmonics will enable us to
record movies of electric fields in operating semiconducting and
Si-photonic devices and near nanostructures with high temporal
resolution and sensitivity of a few volts per micrometre, with the
potential of high spatial resolution according to the short highharmonic wavelength. Chemically specific imaging can also be
achieved, as suggested by a recent experiment that found a dependence of the high-harmonic intensity on doping the Si surface with
Ga ions30.
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Fig. 2 | Imaging of fields in Si devices. a–f, Images of the fifth (a,d) and fourth harmonics (b,c,e,f) for two different designs of electrode: a single
electrode (a–c) and interdigitated electrodes (d–f). In the latter case, only one row is biased. The fifth harmonic returns structural information: the
electrodes (black) block high-harmonic emission from the underlying Si film. The fourth harmonic images the static electric field and its polarization.
When the laser is horizontally (b,e) (vertically, c,f) polarized, only the field along the vertical (horizontal) sides of the electrodes is imaged. The linear
colour scale encodes high-harmonic power, in arbitary units. The power in b,c is relative to that of a, and the power in e,f is relative to that of d. HH,
high harmonic; pol., polarized.
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Fig. 3 | Extending even-harmonic generation to the non-perturbative
regime. a,b, Intensity of even harmonics as a function of applied voltage
(a, ZnO; b, Si); c, intensity as a function of fundamental laser intensity
(ZnO). All even harmonics scale quadratically with the applied voltage
(a,b), in agreement with the non-perturbative model. The black dashed
line is a guide to the eye for a quadratic scaling with voltage. In c, the even
harmonics scale linearly with the laser power. The linear scaling deviates
from the typical perturbative power scaling In, where n is the harmonic order.
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Fabrication of the electrodes. The electrodes are fabricated on the Si layer by a
standard lift-off process: a 1.5-µm-thick photoresist is spun and baked onto the
sample, exposed on an EVG620 mask aligner under vacuum contact mode and
developed into a tetramethylammonium-hydroxide-based solution. A 50-nm-thick
Au layer (with a 5-nm-thick Cr adhesion layer) is then deposited on the patterned
photoresist using electron-beam evaporation, and the sample is soaked in a solvent
for few hours to complete the fabrication of the interdigitated electrodes.
Generation and detection of high harmonics. For the experiments presented
in the main text, laser pulses ~70 fs long with a centre wavelength of 2.0 µm are
generated from a commercial optical parametric amplifier (LightConversion,
TOPAS-Prime) pumped by 1.6-mJ, 800-nm laser pulses at 10 kHz from a Coherent
Legend Elite-CRYO System.
In the experiment presented in Fig. 4b, we generated even harmonics of a
2.1-µm femtosecond source with a synchronized THz pulse (centre frequency

Nature Photonics | www.nature.com/naturephotonics
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~0.15 THz). The THz pulse is generated by an interdigitated ZnSe large-aperture
photoconductive antenna (LAPCA). The electrodes are made with Cr (adhesion
layer) and Au. The LAPCA is biased at 14 kV cm−1 with a 1-kV, 20-ns high-voltage
pulse, synchronized with femtosecond 400-nm pulses that photo-excite the
LAPCA. The 400-nm pulses are obtained by frequency-doubling 800-nm pulses
from a regenerative Ti:sapphire amplifier. Residual visible and infrared light is
blocked by a black polyethylene sheet. The THz pulses are tightly focused on a 500nm ZnO film (grown over a 500-µm-thick sapphire substrate, c-axis cut), in which
high harmonics are generated by 2.1-µm pulses overlapped in space and time with
the THz pulse. The THz pulse generates even harmonics up to the eighth order
(the highest order that the spectrometer can detect).
Harmonics are detected with an Ocean Optics USB2000+spectrometer up to a
wavelength of ~200 nm.
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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Characterization of high-harmonic generation from silicon

13

In Supplementary Figure 1, we study the dependence of the high-harmonic power on the crystallographic

14

orientation. We focus mid-infrared linearly polarized laser pulses of 100 fs duration with a central

15

wavelength of 3.5 µm (0.35 eV photon energy) in a 500 nm thick Si single crystal, at a vacuum intensity

16

of ~ 0.6 TW/cm2. The film is epitaxially grown on a 500 µm thick R-plane Sapphire substrate. The beam

17

is incident on the silicon side, normal to the surface. The Si surface is (001). The [100] direction in the Si

18

lattice is parallel to the projection of the c-axis of Sapphire on the surface31. Measurement of the

19

birefringence of the substrate determines the orientation of this projection with respect to the laser

20

polarization, which ultimately determines the orientation of the Si lattice with respect to the latter. The 4-

21

fold rotational symmetry of the Si crystal induces a clear symmetry of the emitted harmonics. Harmonic

22

emission below the 13th order is brightest for laser polarization in the <110> direction, where the

23

nonlinear current is accelerated along the projection of the Si-Si bonds on the (001) plane (see green

24

arrow in inset of Supplementary Figure 1). The observed rotational dependence of high-harmonics can
1

25

originate only from the microscopic generation process, because the linear optical properties of Si are

26

isotropic.

27
28

By perturbing the generation process with a weak second harmonic field added to the fundamental and

29

observing the high-harmonic response21,26, we are able to calibrate the perturbing field strength. The

30

addition of a second harmonic with an intensity of 9 × 10-4 of the intensity of the strong mid-infrared

31

driver – corresponding to a second-harmonic field strength of ~ 30 V/µm – generates even high-

32

harmonics with ~ 20% the power of the odd harmonics, see Supplementary Figure 2. With the addition of

33

a DC field, even harmonics at the ~ 3% level are generated. Therefore, given the quadratic scaling with

34

the perturbing field strength, we estimate the DC field strength to be ~ 13 V/µm.

35

In the two-color experiment of Supplementary Figure 2, laser pulses of 55 fs duration with a central

36

wavelength of 3.7 µm (0.33 eV photon energy) are focused in a 40 nm Si single crystal at the same

37

intensity as in Fig. 1. The film is plasma etched from its initial thickness of 500 nm. It is the same sample

38

used for Fig. 1. Contrary to Supplementary Figure 1, the beam is incident on the Sapphire side, but to

39

avoid birefringence the polarization is set parallel to the <100> direction.

40
41

Besides being able to calibrate the DC field strength, we can use the second-harmonic perturbation to

42

characterize the high-harmonic emission process from Si. As seen in Supplementary Figure 2, the

43

intensity of each even high-harmonic modulates as we delay the second harmonic relative to the

44

fundamental. We find that, just as with gas harmonics26 and with ZnO21, the fundamental to second

45

harmonic phase difference that maximizes the intensity of the even high-harmonics varies slightly for

46

each order. This characteristic phase variation indicates that the mechanism responsible for high-

47

harmonic emission in silicon is the creation of an electron-hole pair near the minimum direct band gap (at

48

3.4 eV in Si) followed by acceleration along classical-like quantum trajectories until they re-collide and
2

49

recombine, emitting a photon with energy determined by the bandgap at the crystal momentum of the pair

50

at the time of collision32.

51

Non-perturbative model for DC-field induced even-order high-harmonics

52

In a recollision model of high-order harmonic generation, the phase accumulated by the electron-hole pair

53

in the presence of a perturbing field E2 is:
𝑡

54

Φ = Φ0 + ∫ Δ𝑣[𝑘 + 𝐴(𝑡) − 𝐴(𝑡")] [𝐴2 (𝑡) − 𝐴2 (𝑡")]dt" = Φ0 + 𝜎

(1)

𝑡′

55

Where Φ0 is the high-harmonic dipole phase accumulated in the fundamental field only, Δ𝑣(𝑘) =

56

𝑣𝑐 (𝑘) − 𝑣𝑣 (𝑘) is the difference in the conduction and valence band velocities (where 𝑣 = ∇𝜖(𝑘), 𝜖(𝑘) is

57

the band energy), 𝑘 is the crystal momentum, 𝐴(𝑡) is the vector potential of the driving laser field, and

58

𝐴2 (𝑡) is the vector potential of the perturbing field. The integral runs between the time of creation of the

59

electron-hole pair by strong-field excitation (t’) and the time of recombination (t). In the case of a static

60

perturbing field, 𝐴2 = −𝐸𝐷𝐶 𝑡, so that:
𝑡

61

𝜎 = 𝐸𝐷𝐶 ∫ Δ𝑣[𝑘 + 𝐴(𝑡) − 𝐴(𝑡")] (𝑡 − 𝑡")dt"

(2)

𝑡′

62

2
The intensity of the even harmonics26 is proportional to |𝜎|2 ~𝐸𝐷𝐶
, in agreement with Fig. 3a,b.

63

Moreover, we note that combining DC and second-harmonic fields will enable new methods for probing

64

the high-harmonic generation process. For example, the scaling of the even harmonic power with the DC-

65

field strength returns the integral of the electron-hole pair velocity over their lifetime. With the second

66

harmonic alone, the same integrand is modulated by the vector potential of the second harmonic.

67

Combining this information one might be able to retrieve t’, t and Δv with less assumptions than with the

68

second-harmonic alone.

69

3

70
71

Supplementary Figure 1 | High-harmonic spectrum from Si. Polar plot of the emitted high-harmonic

72

spectral density generated from Si. The azimuth corresponds to the incident polarization direction with

73

respect to the crystallographic axis, and the radius corresponds to the harmonic order (black labels,

74

extending from the 5th to the 17th order). The spectrum of each harmonic is plotted within ± 30% of each

75

odd harmonic order. Each harmonic order is separately normalized. The peak signal relative to the 9th

76

order is given by the magenta labels along the radial coordinate. The high-harmonic spectral density

77

modulates as the crystal is rotated with respect to the linear laser polarization. Maximum emission is

78

achieved for polarization along <110>, where the current is driven along the projection of the Si-Si bond

79

on the (001) plane (green arrow in top-right inset). The red arrow in the top-right inset marks the direction

80

of the current for laser polarization along <100>. The laser center wavelength is 3.5 µm.

81
4

82

Supplementary Figure 2 | Adding a weak second harmonic frequency to the mid-infrared driver (center

83

wavelength of 3.5 µm) generates even-order harmonics from Si. The harmonic intensity modulates when

84

the delay between the driver and the second harmonic is varied. The phase of the modulation of the even

85

harmonics (black line) is markedly different between the orders, indicating a re-collision type emission

86

mechanism. Both the driver and its second harmonic are linearly polarized along the <110> direction of

87

Si, with the beam incident on the Si side to avoid birefringence induced by the Sapphire substrate. The

88

relative intensity of even and odd harmonic pairs is shown at the top. The signal in each order is

89

separately normalized.

90

91
92

Supplementary Figure 3 | Imaging of electric fields is not limited to the 4th harmonic. This figure shows

93

images of the 6th (panel a) and 7th (panel b) harmonics from a Si crystal when the electrodes are biased.

94
95
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