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time-resolved picture it provides[1] opens 
the door for coherent control of electron 
dynamics in such systems. Most measure-
ment techniques, which provide access 
to terahertz and petahertz scale electric 
fields, such as attosecond streaking,[2,3] 
use an ultrashort gate pulse to sample 
the electric field under study at a given 
instant in time, and read out the full wave-
form with a variable time delay. In the 
optical domain, attosecond streaking has 
been routinely used to explore and con-
trol electron[4–6] and spin[7] dynamics in 
solids. It has also been applied to measure 
photoemission delays in molecular,[8–10] 
nano,[11] and liquid systems.[12,13] Although 

a powerful tool for characterizing electric fields on the shortest 
timescale possible, attosecond streaking requires complex ultra-
high vacuum infrastructure and intense laser sources, which 
limits the widespread accessibility of the technique. For these 
reasons, compact and flexible alternatives are highly coveted.

An example of techniques that work under ambient condi-
tions is all-optical electro-optic sampling (EOS), a technique orig-
inating from the terahertz community[14–16] that has been recently 
extended to the near-infrared (NIR)[17] and visible ranges.[18] Here, 
the sampled field changes the polarization state of the gate pulse 
in a nonlinear crystal which can be measured using an ellip-
someter to reconstruct the waveform. The co-propagation of the 
fields in a nonlinear crystal leads to phase-matching limitations, 
in addition to difficulties in expanding EOS farther into the vis-
ible range, as this would require ultraviolet gate pulses close to 
the absorption edges of most common nonlinear crystals.

An alternative is presented by techniques that rely on the 
measurement of strong-field-induced charge carriers, such as 
nonlinear photoconductive sampling (NPS)[19] and tunneling 
ionization with a perturbation for the time-domain observa-
tion of an electric field (TIPTOE).[20–24] NPS relies on free car-
rier generation in a gas[25,26] or solid[19] between two electrodes 
with an ultrashort gate pulse, where the gate pulse is polarized 
perpendicular to the electrode axis. The carriers are then driven 
by a waveform-stable field, polarized along the electrode axis, 
causing a macroscopic current. Measuring the induced current 
as a function of delay between the gate pulse and driving field 
permits the retrieval of the electric field of the latter. Similarly, 
TIPTOE uses a strong laser pulse to induce free carrier genera-
tion in a medium between two electrodes, perturbed by a weak 
electric field one wishes to sample.

Direct measurements of the electric field of light enable new observations of 
light–matter interactions. In the near-infrared and visible spectral ranges, this 
typically relies on techniques that exploit nonlinearities in gases or solids, 
which limits their sensitivity. Here, a method for the detection of broadband 
near-infrared fields spanning more than one octave from 110 to 220 THz 
based on linear absorption in a semiconductor is demonstrated. This tech-
nique, which avoids complex vacuum setups and works under ambient condi-
tions, employs linear photoconductive sampling (LPS) in gallium phosphide. 
Simulations reveal that the response function of LPS is concerned with the 
intensity envelope of the gate field, in contrast to electro-optic sampling, 
relaxing the stringent temporal requirements on the gate pulse.
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1. Introduction

Access to the information encoded in the evolution of the elec-
tric field of light as it interacts with atoms, molecules and solids 
is a powerful tool in modern ultrafast science. The detailed, 
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These photoconductive techniques require waveform-con-
trolled strong-field gate pulses and nonlinearities for carrier 
generation. The terahertz community has long used field meas-
urements based on the Auston switch[27] without this require-
ment. Linear photoconductive sampling (LPS) does not require 
an intense gate pulse and its response to fields oscillating 
much more slowly than the gate pulse carrier frequency is 
independent of carrier-envelope phase. The gating mechanism 
is not temporally confined by nonlinearity however, placing 
stricter requirements on the pulse duration. Nonetheless, LPS 
has successfully been applied from the THz through the mid-
infrared,[28,29] with advancements extending the cutoff from 
60 THz[30] to 100 THz.[31]

Here, we further expand the broadband detection range of 
LPS. We demonstrate that a visible–near-ultraviolet (VIS–UV) 
pulse provides a short enough temporal gate to resolve fre-
quencies over 200 THz in a common semiconductor. We relied 
on gallium phosphide (GaP), a relatively cheap and stable 
low band-gap material. Moreover, the simplicity of our setup, 
avoiding any vacuum infrastructure, makes ultrafast current 
detection widely accessible and feasible for applications in opto-
electronic signal control and processing.

2. Experimental Section

The signal in LPS is generated as follows: first, an ultrashort 
gate pulse linearly injects charge carriers in a medium through 
single-photon absorption (see Section S1, Supporting Informa-
tion). In the case of solids, this pulse excited an electron from 
the valence band to the conduction band of the material, as 
depicted in the inset of Figure 1a.[32] Second, both the electron 
and hole that emerged in the conduction and valance band 
respectively can be displaced by a driving pulse, separating 

the charges spatially and forming a dipole. The acceleration of 
the charges by the driving field was governed by Bloch’s accel-
eration theorem,[33] which stated that the rate of change in the 
electron’s crystal momentum was proportional to the applied 
external field: ℏk′  = eED. Here k is the projection of the elec-
tron’s crystal momentum and ED is the external driving field. 
Finally, by contacting the sample with electrodes and scanning 
the delay τ between the two pulses, an electric current was 
detected through an external circuit. For simplicity, direct cur-
rents reaching the electrodes were neglected due to the short 
mean free path of carriers in the solid, which was typically an 
order of magnitude smaller than the separation of the elec-
trodes. To a first order approximation, the detected current was 
directly proportional to the vector potential of the driving pulse 
j(τ)∝ρAD(τ), where ρ is the generated carrier density in the 
sample and AD is the vector potential, the derivative of which 
is the electric field of the driving pulse following A t E t( ) ( )D D= −′ .

The laser system used in the experiment is described in 
detail in ref. [34]. Briefly, 15  fs duration pulses at 1.8  µm cen-
tral wavelength with 1  mJ pulse energy were obtained from a 
home-built optical parametric chirped pulse amplifier (OPCPA) 
and spectrally broadened in an air-filled hollow-core fiber, gen-
erating an ultrabroadband spectrum spanning three octaves 
from 300–3000  nm. As illustrated in Figure  1b, this spectrum 
was split into three channels, each channel spanning approxi-
mately one octave in bandwidth. The channels were individu-
ally compressed using custom-made chirped mirrors.[18] Here, 
the VIS–UV pulse spanning ≈300–600 nm was used as the car-
rier injection gate pulse. The sampled field used to drive the 
excited carriers was the NIR pulse spanning 1400–2700 nm. The 
two pulses were delayed with respect to each other in a Mach–
Zehnder type interferometer, where both fields were polarized 
in the same vertical direction. To separate the signal from back-
ground noise a lock-in amplifier was used during the measure-

Adv. Optical Mater. 2023, 2202994

Figure 1. a) Schematic of LPS detection. The NIR field (in red) is delayed by τ with respect to the VIS–UV field (in blue). Both fields are polarized along 
the orientation of the electrodes. The electrode separation is 400 µm and the beam spot size is 50 µm. The inset illustrates LPS in reciprocal space: 
the VIS–UV field excites an electron from the valence to the conduction band of GaP, the NIR field drives the electron–hole pair in the conduction 
and valence bands, respectively. b) Sketch of the experimental setup. The output from the OPCPA is broadened in a hollow-core fiber (HCF) and split 
into three channels using beamsplitters (BS). A chirped mirror compressor (CMC) is used to compensate dispersion and achieve VIS–UV pulses with 
durations down to 2.7 fs.[18] After recombination using a beam combiner (BC), the pulses are focused into GaP. The electric field of the NIR pulse is 
sampled by varying the relative time between the two pulses using a delay stage (DS).
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ment. To further reduce the noise level, the carrier envelope 
phase of the fields was alternately flipped by π using an acousto-
optic dispersive programmable filter (Fastlite DAZZLER) and 
the modulation was recorded at half the laser repetition rate.

The field (Figure 2a) and spectrum (Figure 2b) of the VIS–UV 
injection pulse were independently characterized by NPS.[18] In 
the experiment, a GaP crystal (L-cut, indirect band-gap 2.24 eV, 
direct band-gap 2.78  eV[35]) was utilized to excite carriers pri-
marily via single-photon absorption. In order to derive the cri-
teria for linear injection, the VIS–UV induced charge density 
was calculated in GaP as a function of peak field strengths of 
the laser using the method described in ref. [36]. The depend-
ence of the computed charge density on the peak electric field 
was compared with a polynomial scaling characteristic of both 
single and multi-photon absorption.[37] In the perturbative 
limit, the cycle-averaged transition rate, and subsequently the 
excited charge density, was approximately proportional to F2N, 
where F is the peak field strength of the excitation pulse and 
N indicates the number of photons participating in a transi-
tion. In Figure  2, it is shown how the carrier charge density 
scales with the peak field strength of the VIS–UV pulse. The 
dashed lines indicated the different scaling regimes. At mod-
erate field strengths below 0.1VÅ−1, the excited carrier density 
scales according to F2 as indicated by the purple dashed line. 
In this regime, the excitation was mainly dominated by single-
photon absorption, hence the charge density increased linearly 
with the peak intensity of the laser field. For F  > 0.1VÅ−1, the 
charge density grows nonlinearly as shown by the green dashed 
line, where the scaling law was ∝ F3.26, which resulted in N ≈ 2, 
highlighting the fact that the two-photon absorption was mainly 
responsible for the generation of charge carriers. The regime 
of linear absorption was thus limited to field strengths below 
0.1VÅ−1. By carefully selecting the laser parameters, a VIS–UV 
field strength of F = 0.08VÅ−1 was maintained throughout the 
experiment. Moreover, the highest frequency in the measured 
field corresponded to 0.89 eV, well below the band-gap of GaP. 
To rule out nonlinear injection, the field strength of the NIR 
field was reduced experimentally via a reflective filter.

3. Results

The waveform of the NIR field as measured by means of LPS is 
illustrated in Figure 3a in blue. Figure 3b depicts the absolute 
value of the Fourier transformed waveforms from Figure  3a. 
Under identical experimental conditions, we performed EOS 
of the NIR field in a 5  µm beta-barium borate (BBO) crystal, 
where the VIS–UV pulse acted as a gate pulse. As can be seen 
in Figure  3a, the two waveforms exhibit considerable simi-
larity, signified by a r  = 0.79 correlation coefficient. Similarly, 
the spectra obtained by both sampling techniques display sig-
nificant overlap as well, despite the difference in the physical 
origins of the signal obtained through each detection scheme.
Figure 4 illustrates the spectral responses of both EOS and 

LPS, respectively. To calculate the response function of EOS, 
we numerically propagated a VIS–UV pulse centered around 
750 THz with a bandwidth of 300 THz along with a broadband 
NIR field centered at 210  THz with a bandwidth of 180  THz 
under varying time delays using the equation[38]

E r E r P rik
i

k

i

n c
z( ( )) ( , )

2 ( )
( , )

2 ( )
( , )2

0
NLω ω

ω
ω ω

ε ω
ω∂ − = ∇ +⊥  (1)

where E is the electric field of light, PNL is the nonlinear polari-
zation, k(ω) is the wavevector, n(ω) is the refractive index under 
the slowly varying amplitude approximation. The propagation 
was done in a Type I BBO crystal with a phase matching angle 
of θ  = 24°. The nonlinear polarization is calculated using the 
second and third order nonlinear tensors of BBO. The response 
is then calculated by computing the ratio between the EOS 
signal (change in the polarization state of the VIS–UV field) 
to the input NIR field. Furthermore, the thickness of the BBO 
crystal was varied from 10 to 100 µm to obtain Figure 4c.

Likewise, to calculate the response function of LPS 
(Figure 4b), we modeled the interaction of a VIS–UV few-cycle 
intense pulse and a NIR infrared drive pulse in GaP using 
the method described in ref. [36]. To this end, we solved the 
3D time-dependent Schrödinger equation  in the stationary 
basis of Kohn–Sham orbitals. In this formalism, the electronic 

Adv. Optical Mater. 2023, 2202994

Figure 2. Calculated relationship between the VIS–UV field strength (inset a) and charge density generated in GaP. In the regime depicted by the 
purple dashed line, the VIS–UV pulse injects the carriers linearly. Insets: a) The waveform of the VIS–UV pulse and b) the absolute value of its Fourier 
transform.
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structure of GaP is described by band energies and transition 
matrix elements, obtained from density functional theory uti-
lizing the Tran–Blaha exchange-correlation potential,[39] and cal-
culated using the ELK code.[40] We used two time-delayed laser 
fields: the VIS–UV 2.7 fs, centered ≈650 THz with a maximum 
field strength of 0.05  VÅ−1 for injecting carriers in GaP and a 
6 fs weak NIR probing field of 0.01 VÅ−1, centered at 165 THz 
to evaluate the occupation probabilities under several different 
delays. From that, the drift current in the medium is calculated 
as a function of delays between the VIS–UV pulse and the NIR 
pulse. The vector potential of the probing NIR field is then eval-
uated by performing a fast Fourier transform of the drift cur-
rent. Due to its proportionality to the drift current, information 
about the response of the system is contained and retrieved by 
dividing the fast Fourier transform of the drift current signal by 
the original NIR probing field. Note that the parameters chosen 
for the analysis of the response functions of both LPS and EOS 
are optimized for the analyzed spectral range.

4. Discussion and Conclusion

The complex spectral response of EOS, in the limit of a thin 
crystal, can be calculated as

S R E E ei( ) d ( ) | ( ) || ( ) |EOS
[ ( ) ( )]∫ ω ω ω ωΩ = − Ω φ ω φ ω

Ω

∞
− −Ω  (2)

where ω and Ω represent spectral components in the VIS–UV 
and NIR fields, respectively.[17] Note that the relative phase of 

two spectral components, the one serving as the input to the 
sum frequency (ω − Ω), and the one serving as the local oscil-
lator (ω), can affect the measured signal. A shift in carrier-enve-
lope phase does not influence the EOS response, but higher 
order terms of the spectral phase, such as chirp, can reshape 
the response function.

To demonstrate this effect we calculated the EOS response 
for several VIS–UV pulses with different second order phases 
as seen in Figure  4a. The relationship between EOS sensi-
tivity and the VIS–UV field shape highlights the importance 
of a compressed gate field for EOS. Particularly, in the case of 
±5 fs2, the EOS response is reduced by 38 dB. In contrast, the 
response function of LPS, illustrated in Figure 4b, is relatively 
flat across most of the frequency range examined regardless 
of the gating field compression, signifying LPS’s dependency 
on the VIS–UV envelope rather than field. This observation is 
corroborated by the symmetry between positive and negative 
chirp values. The reason behind this is because the original 
phase information of the gate field is lost after it is absorbed 
and the temporal profile of the response is a result of the car-
rier density only.

An additional advantage of photoconductive sampling is the 
ability to sample a large bandwidth without phase-matching 
limitations. This is in contrast to EOS, which depends on non-
linear frequency mixing.[41] From Figure 4c, it can be discerned 
that the bandwidth of the response function of EOS is inversely 
proportional to the thickness of the crystal, thereby making it 
extremely difficult to measure broadband pulses and especially 
weak signals, where a thicker crystal would be advantageous. 
Moreover, the choice of bandpass filter used in EOS influences 

Adv. Optical Mater. 2023, 2202994

Figure 3. a) The recorded waveforms of the NIR field detected via LPS (blue, the shaded area represents the standard deviation of three measured 
traces) and EOS (red dashed). b) Corresponding spectra of the waveforms in (a). The standard deviation is represented by the shaded area around 
the curves.
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the response function, making the choice of spectral filter an 
additional constraint for EOS (see Section S1, Supporting 
Information).

Furthermore, when compared to NPS, LPS offers a cleaner 
detection mechanism by virtue of injecting a single electron 
with a well-defined wavepacket in a single well-defined band, 
as opposed to generating multiple electron wavepackets that 
occupy multiple bands, smearing out information and pre-
venting reliable retrieval of the waveform as is the case in 
NPS.[32] Finally, our implementation of LPS supports the pos-
sibility of measuring the electric field in two spatial dimen-
sions simultaneously, for example, for measuring elliptically or 
circularly polarized light. This offers an advantage over other 
techniques such as NPS, which conventionally relies on the use 
of two orthogonally polarized pulses. Similarly, in the case of 
EOS, it would require consecutive measurements with different 
crystal orientations.[42]

In conclusion, we have demonstrated an alternative 
method for sampling near-infrared fields under ambient 
conditions without the need for a complex vacuum setup. 
We have used a widely accessible solid-state material. Our 
method overcomes some of the technical and physical limi-
tations of streaking, EOS and NPS. As a simple all-solid-state 
metrology technique, our method can be easily incorporated 
into any infrastructure, opening the door for sensitive field 
measurements and for well-defined probing of electron 
dynamics in solids.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 4. a) EOS (in red) and b) LPS (in blue) spectral response functions calculated with different GDD values applied to the VIS–UV pulse. c) EOS 
response calculated for a compressed VIS–UV pulse and different crystal thicknesses.
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