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A current challenge in photonics is to design new versatile photodetectors based on optical-rectification-induced
photovoltage; these are more attractive than classical photodetectors because they do not rely on band-to-band
transitions. Identification of the origin of the photovoltage detected under intense illumination can sometimes be
confusing due to the competition between several nonlinear processes. Examples of such processes are optical
rectification, multiphoton absorption, and photothermal heating, all of which may result in the detection of
DC photovoltage in a capacitor configuration. Herein, differences between the resulting photovoltage from these
processes are analyzed and techniques are proposed to distinguish between optical-rectification-induced DC
photovoltage and the photovoltage resulting from alternative effects. © 2018 Optical Society of America

https://doi.org/10.1364/JOSAB.36.000053

1. INTRODUCTION

Applications ranging from energy conversion to photodetection
are critically related to how electromagnetic radiation is col-
lected and converted into direct current. However, there are
still many challenges related to the development of a broadband
device that could convert electromagnetic radiation into elec-
trical energy, spanning from the infrared (IR) through to the
visible spectrum.

Optical rectification (OR) is a second-order nonlinear optical
process that is responsible for the generation of DC polarization
in nonlinear media. This process has been used in many recent
reports to convert light directly into DC voltage [1–6]. The ul-
trafast response time of the second-order nonlinear OR and its
broadband response spectrum at optical frequencies make it a
good candidate for the development of next-generation energy
conversion devices [7] that can overcome the present limitations
of semiconductor photovoltaic cells. The remarkable properties
of the plasmon-enhanced OR effect can lead to possible appli-
cations in room-temperature IR photodetectors, which do not
suffer from the same limitations as current technologies such as
high noise level, slow response time, and spectral restrictions [8].
In the near future, optical rectification may also be combined
with optical nanoantennae to build efficient solar energy con-
verters, the so-called “rectenna” solar cells [9–12].

However, OR-based applications will not be efficient with-
out enhancing theORprocess, which is not achievable without a
precise knowledge of the source and nature of the contributions.

The optical rectification process generates a bound charge dis-
tribution that is detectable only in a capacitive coupling. There
have been several reports of induced DC photovoltage in a
capacitor configuration that is interpreted as the nonlinear
OR process [13–15]. However, theoretical studies [16] as well
as our own experimental investigations [17], show that in most
cases OR cannot be the true explanation for DC photocurrent
that has been detected in a capacitor configuration. Plasmon
absorption [18], nonlinear multiphoton absorption [15], and
built-in potential due towork function differences [19] are some
possible artifacts providing alternative explanations.

In this paper, we present a method and the related apparatus
to study the differences between the generated photovoltage
through the optical rectification process and some other nonlin-
ear processes in thin films. The method’s effectiveness is exam-
ined through three different experimental conditions: the first
experiment deals with the multiphoton absorption (MPA) pro-
cess as the dominant nonlinear process in samples under study,
in the second experiment the thermally induced work function
variations is the dominant process, and in the third one the
hot-electron injection originated OR process is designed to
be the predominate process. Our experiments open directions
to revisit some of the previously reported experimental results.

2. OPTICAL RECTIFICATION BACKGROUND

In the framework of nonlinear optics, the relationship between
the induced polarization (P) in a lossless and dispersionless
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medium and the incident electric field strength (E) is described
as follows:

Pi � ε0�χ�1�ij E j � χ�2�ijk E jEk � χ�3�ijkl E jEkEl…

� χ�5�ijklmnEjEkElEmEn �…�, (1)

in which χ�n� is an n-rank tensor that is the nth-order optical
susceptibility and ε0 is the permittivity of a vacuum. The lower-
case Latin alphabet subscripts denote the Cartesian coordinates,
which, according to the Einstein notation, are summed up
when repeated in a product. For example, consider a polar crys-
tal with nonzero second-order susceptibility χ�2� being illumi-
nated by a laser beam with polarization along the c axis whose
electric field strength is represented as E�t� � E0e−iωt � c:c.
Equation (1) gives the generated second-order nonlinear
polarization in the absence of dispersion along the c axis in
the crystal as P�2��t� � 2ε0χ

�2�EE� � �ε0χ�2�E2e−i2ωt � c:c:�.
It consists of a static component at zero frequency plus another
one oscillating at frequency 2ω. The latter component is the
source term for radiation at the second-harmonic frequency.
As the second time derivative of the first component vanishes,
it does not lead to the generation of electromagnetic radiation
in the DC regime; instead, it induces a static electric field across
the nonlinear crystal. This is known as optical rectification
(OR). As seen in Eq. (1), the DC polarization of the material
depends on the square of the incident electric field.
Considering the first order in χ�2�, a static charge distribution
will be created inside the nonlinear material that will be linearly
proportional to the polarization induced by OR. Since the in-
duced charge is a surface charge that remains bound, only
capacitive coupling will make it possible to detect the OR signal
as a photovoltage inside a material or structure. A capacitor con-
figuration can be used as shown in Fig. 1. The induced voltage
across the electrodes can be expressed as V ∝ ρ ∝ χ�2�2jE0j2,
where ρ is the static charge distribution inside the material [14].

3. EXPERIMENTS AND DISCUSSIONS

Since the optical rectification process is naturally weak for a
thin film and practically impossible to detect in the case of
a continuous-wave optical illumination [14], we used a
chopped continuously mode-locked femtosecond laser with
about 30 kW peak power. However, in such excitation scheme,
there is a strong possibility to trigger other nonlinear photovolt-
age-generating mechanisms. In the remainder of this paper,
we focus on the characteristic analysis of the OR process

and its differences with some similarly induced nonlinear DC
photovoltages in the capacitor configuration. Although the
entire manifold of nonlinear effects cannot be addressed in this
study, it sheds some light on effects that may and do influence
the detection of OR-induced photovoltage.

A. Induced Photovoltage via Bulk Multiphoton
Absorption

One of the possible processes that may generate photovoltage in
a medium under an intense femtosecond laser is nonlinear mul-
tiphoton absorption (MPA). Inspired by previous experiments
on organic photodetectors in our group, we performed MPA
measurements with ultrafast laser pulses illuminating a nonlin-
ear semiconducting polymer device. Our goal was to clarify the
MPA signal characteristics in order to distinguish it from an
OR signal.

The devices were fabricated using a transparent indium tin
oxide (ITO)-coated glass electrode as the substrate. A 120 nm
Ag thin film was used as the top electrode. The active layer
of the photodiode was a thin film of a poly(3-hexylthiophene)
(P3HT):[6,6]-phenyl C61 butyric acid methyl ester (PCBM)
bulk heterojunction. A schematic view of the devices is shown
in Fig. 2 inset. The nonlinear medium chosen was P3HT,
which is a widely explored semiconducting polymer in research
involving organic field effect transistors, solar cells [20], organic
light-emitting diodes [21], nonlinear optical devices [22], and
flexible IR detectors [23]. Devices with slightly different fab-
rication procedures were investigated at this step to evidence
the two- and three-photon absorption processes.

The absorption spectrum of the P3HT:PCBM layer shows a
peak at about 500 nm, which is a characteristic of P3HT, and
negligible absorption in the near-infrared region. A three-
photon absorption (3PA) resonance occurs at wavelengths three
times longer than the single-photon absorption peak, which
creates favorable conditions to observe a photovoltage gener-
ated in the cells at 1550 nm. The mechanism of photovoltage
generation in a donor–acceptor junction is already explained in
Ref. [20]. A custom-built photovoltage scanning apparatus,
shown schematically in Fig. 2, was used for data acquisition.
The apparatus allows us to run polarization studies over
the generated photovoltage simultaneously along with the
second- and third-harmonic generation (SHG, THG) signals.

Fig. 1. Capacitor configuration to detect OR in the nonlinear material.
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Fig. 2. Measurement setup.
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The samples were illuminated with the laser-source-generating
polarized light pulses centered at 1550 nm wavelength. The
sample was placed at the focal plane of a focusing lens. The
photodiode-generated voltage versus the input illumination
power is shown in Fig. 3(a). Different samples show slightly
different photoresponses; these differences are attributed to
the fabrication and annealing conditions as well as to the aging
of the samples.

As it is shown, the slope of the experimental data is very
close to 3 decades of photovoltage per decade of optical power
in a log–log scale, which can be described by Eq. (1). There, it
is clear from the time averaging that only the odd orders of
polarization can contribute to the absorption process under
a monochromatic field. Consequently, a 3PA process is propor-
tional to the fifth-order nonlinear polarization, and the
absorbed energy is proportional to the cube of the light inten-
sity. Furthermore, the 3PA photocurrent from Fig. 3(a) can be
correlated with the short circuit current JSC delivered by the
same samples under 100 mW∕cm2 illumination from a solar
simulator. The results are represented in Table 1 of Ref. [17],
which shows that JSC follows the same trend as the 3PA short-
circuit (J3PA) photocurrent.

Thus, checking the dependency of the output photovoltage
versus the pump power can be considered the simplest mea-
surement test for any multiphoton absorption source versus
the optical rectification one.

What can we conclude if the dependency of the output
photovoltage versus the pump power is not explainable by the
bulk absorption spectrum? To explain this situation, our next
set of experiments reveals additional evidence about the MPA
process and its differences from the OR mechanism.

B. Induced Photovoltage via Deep State Multiphoton
Absorption

Another possibility to study MPA is through the deep trap ab-
sorption of the P3HT blend, which is different from the bulk
absorption. Various reports confirm the presence of localized
states within the band gap [24,25]. Some variations in photo-
diode fabrication conditions, like the presence of oxygen, can
increase the density of available deep traps. Figure 3(b) shows
the evolution of the generated photovoltage versus light power
for newly fabricated photodiodes. The slope of the curve is very
close to 2 decades of photovoltage per decade of optical power
in a log–log scale, which shows that the dominant MPA in
these cells is two-photon absorption (TPA). The TPA behavior
of photodiodes can be explained by the localized states within
the band gap at the interfaces [26]. However, to confirm that
these observations are due to the actual TPA and not to other
possible photogeneration events, we investigate the effects of
the polarization state of the incident light on the intensity
of the detected signal.

The TPA photoresponse to the polarized light shows an
almost constant dependence versus linear polarization and
some oscillatory dependence versus circular polarization, as
seen in Fig. 3(c). Small variations from the linear fit in
Fig. 3(c) for linearly polarized light are just due to the change
in Fresnel coefficients at the air–glass interface with a maximum
at p-polarized light. It has been identified that the measured
TPA photovoltage for the circularly polarized incident light
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Fig. 3. (a) 3PA photovoltage for three different samples under study.
(b) TPA photovoltage for two different samples under study.
(c) Polarization dependence of the TPA photovoltage. The points
show the experimental data and the solid lines correspond to the
3PA (a), TPA (b), linear and 2� cos2�2α� models in half-wave-plate
(HWP) data, and quarter-wave plate (QWP) data, respectively (c).

Table 1. ITO [31] and Gold [32–35] Thermal Coefficients

Material K �w∕cm · K� k�cm2∕s�
α�cm−1� at
1.5 μm

ITO coating 0.04 0.012 35000
Gold 3.17 (bulk) 1.29 (bulk) 867320

1 (20 nm
thin film)

1.15 (20 nm
thin film)
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versus the linearly polarized one is very close to the ratio of 2/3.
This ratio is expected for an isotropic nonlinear material [4].
Therefore, polarization study is another meaningful analysis
to distinguish between MPA and OR-photovoltages. However,
this is not always a feasible test due to the experimental lim-
itations like the coupling of surface plasmons [10].

C. Thermally Induced Photovoltage

To proceed with the investigation on similar photovoltages to
OR photosignal, we considered the thermal effects in a capaci-
tor configuration. In capacitor devices, there is a possibility to
detect photosignals generated through changes in the relative
work functions (WF) of the electrode surfaces. The work func-
tion of a given surface depends on the surface’s Fermi level and
the electrostatic potential in the vacuum near the surface.
Therefore, the space between two dissimilar conductor surfaces
will experience a built-in electric field, which can be measured
by different techniques [27]. However, even for two similar
electrodes, as soon as one of the pair’s WF changes, a potential
difference will become detectable [17].

Metal’s WF variations versus temperature are a consequence
of several mechanisms such as thermal expansion, atomic vibra-
tion, chemical potential variation, spontaneous volume change
[28], and oxygen adsorption [29].

To better understand light-induced heating and its related
WF-variations in a capacitor configuration, we performed an
experiment on a gold thin film. The prepared sample was sim-
ilar to samples used in earlier OR detection experiments [10].
A 20 nm thick gold thin film deposited directly on an ITO
substrate and sandwiched in the capacitor geometry used for
photovoltage measurements as is shown in Fig. 4(b).

The sample is illuminated by the femtosecond source, as
seen in the setup shown in Fig. 2, away from the focal point
to intentionally reduce the chance of generating OR nonline-
arity. The measured photovoltage was a few microvolts (less
than 10 μV). A polarization study on the signal shows no
changes while the polarization status is changing linearly or
elliptically. In addition, the detector connected to the spectrom-
eter shows almost zero SHG and THG signals. These results
are in contradiction to the specifications of the OR-induced
photovoltage corresponding to the nonvanishing nonlinear

susceptibility tensor elements at the gold’s surface. However,
based on the observed photovoltage characteristics, the mecha-
nism that most explains the detected photovoltage is a ther-
mally activated process.

The laser-induced temperature variation on the sample and
its related WF changes can be estimated as follows: the surface
temperature rises ΔT �t� with the heat caused by a square-
shaped laser pulse of duration t0 calculated using the following
procedure from Burgess et al. [30]:

ΔT �t� � 2

�
F 0

K

��
k
π

�1
2 �t < t0�,

� 2

�
F 0

K

��
k
π

�1
2�t12 − �t − t0�12� �t > t0�, (2)

where K and k are thermal conductivity and diffusivity, respec-
tively, t0 is the laser pulse duration, and F 0 is the maximum
absorbed laser power density (MW∕cm2) calculated as

F 0 � �Pin − Pout�∕A,
Pout

Pin
� exp�−αX �, (3)

where Pin and Pout are the incident and transmitted light
powers for each individual layer of the sample, correspondingly.
α is the absorption coefficient, X is the layer thickness, and A is
the area of exposure, which was about 10−4 cm2.

The absorption coefficient of the substrate’s ITO layer is
calculated based on transmission experiments carried at 1.5 μm
with the bare ITO glass. Using the laser peak power of about
30 kW, the solutions to Eqs. (2) and (3) yield temperature
changes of 110 and 56 K in the ITO and gold layers, respec-
tively. In total, the temperature variations of the ITO/gold
electrode for a laser pulse should be about 166 K.

According to the literature, the WF variation rate depends
on the material, as different procedures are involved in each
case. Published values show that the work function of gold
may change as much as 0.7 eV at 770 K due to high oxygen
absorption at high temperatures [25]. However, a different
mechanism suggests that the work function of silver changes
about 0.2–0.3 eV at 700 K [31]. These numbers suggest that
the work function of the electrode consisting of a thin gold
layer on top of ITO glass will decrease by a couple of tenths
of an electron volt for a one-hundred-degree temperature
increment.

The capacitance of the capacitor shown in Fig. 4(b) was
measured using a BK Precision LCR/ESR-meter, model
885, to be about 70 Pf. Considering the fraction of the illumi-
nated area to the total area of the capacitor, the detectable pho-
tovoltage, relative to work function changes of about one-tenth
of an electron volt, would be in the microvolt (μV) range. The
calculated photovoltage through the thermal effect is in total
agreement with the experimentally detected photosignal.

Based on the above discussions on different capacitor con-
figurations, we argue that several reported optical rectification
signals could have just been a misinterpretation of the exper-
imental results. In most cases, owing to experimental setup
limitations, there was no possibility to check for the validity
of the reported claims.

Other examples of electro-optical effects in a metallic thin
film that can generate sensible photovoltage in a capacitor

Fig. 4. 14-nm-thick gold film deposited on top of ITO substrate.
(a) Optical absorption spectrum. (b) Capacitor configuration incorpo-
rating the gold sample. The inset shows a scanning electron micros-
copy (SEM) image of an Au thin film.
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configuration are the photon-drag effect [32,33], current
injection [34], drift current [35], and photo-Dember effect
[36,37]. However, most of these effects are not relevant to
the response of the capacitor structure under study.

D. Induced Photovoltage via the Optical Rectification
Process at the Metal–Semiconductor Interface

In this section, we apply the same methodology as in previous
sections to study the OR generated photovoltage via a nano-
structured metallic thin film. Despite the large number of re-
ports on metal surface and bulk contributions to SHG [38,39],
there are not so many reports on studying the optical rectifi-
cation process in nanostructured metallic thin films [40], and
to our knowledge, no OR voltage could be detected for bare
metallic thin films.

In our study, several silver and gold thin films were prepared
on ITO substrates in order to optimize the process and param-
eters for generating a plasmonic nanostructure with significant
absorption at 1550 nm [41–44]. The optical absorption spec-
trum and scanning electron microscope (SEM) image of a
14 nm gold thin film are shown in Figs. 4(a) and 4(b), respec-
tively. The broadened absorption spectrum covering the near-
infrared (NIR) region plus the SEM image confirm that the
rough thin film consists of randomly placed isolated Au
nano-islands with strong interparticle interaction between
neighboring particles [45,46].

A capacitor device built from the gold sample in the same
configuration represented in Fig. 4(b) was used for photovolt-
age measurements. The dependency of the output photovoltage
versus the illumination power was tested as the first suggested
measurement in Section 3.A, to identify any sources of OR
photovoltage. The result as illustrated in Fig. 5 shows a linear
dependence on the laser source irradiance, which is expected for
an OR-induced photovoltage as described by Eq. (1).

The polarization dependence of OR, THG, and SHG
signals under 1550 nm illumination is illustrated in Fig. 6.
To investigate the nonzero components of the second- and
third-order nonlinear susceptibility tensors, each signal is plot-
ted as a function of the incident linear polarization direction.

Simultaneous observations of OR photovoltage, SHG sig-
nals, and THG signals show that the sample is very close to

the focal point of the laser. This positioning at the highest light
intensity allows for the detection of different nonlinear optical
effects from the sample. The photovoltage variation versus linear
polarization confirms that the voltage is due to neithermultipho-
ton absorption nor thermal processes. The physical mechanism
responsible for the measured photovoltage can be explained
via the polarization activities seen in Figs. 6(a) and 6(b).

The SHG signal is enlarged and diminished while the
sample is excited with a wave that is polarized parallel and
perpendicular to the incidence plane (p- and s-polarized pump
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through a 14 nm gold nanostructured thin film on top of an ITO
substrate. (a) SHG intensity, (b) THG intensity, (c) OR photovoltage
and schematic representation of the measurement configuration.
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laser), respectively. As is known, in a centrosymmetric material
and according to the dipole approximation, the second-order
bulk nonlinear susceptibility must vanish [4]. Therefore,
the detected SHG signal is due to the broken inversion sym-
metry at the interface, where the only three nonvanishing in-
dependent second-order susceptibility tensor components are
χzzz , χzxx � χzyy and χxxz � χxzx � χyyz � χyzy [47]. In the
illumination configuration shown in Fig. 2 and for an
s-polarized incident light, the χzzz component, which is the
largest surface nonzero second-order susceptibility element
[39], does not contribute to the SHG emission.

Unlike the SHG signal, which only arises in non-centrosym-
metric materials, the THG is allowed in all materials, since the
third-order susceptibility χ�3� is non-vanishing regardless of the
symmetry of materials. There are 21 nonzero elements left for
the third-order nonlinear susceptibility tensor of an isotropic
media, from which only three are independent. The main
relation between these nonzero elements is χyyyy � χxxxx �
χzzzz � χzzyy � χzyzy � χzyyz [48,49]. So, it is expected to
get a larger THG signal when the sample is irradiated by an
s-polarized light. Interestingly, owing to the non-phase-
matched conditions of the process, the largest contributions
to THG will come from the interfaces [50].

Surprisingly, the DC photovoltage polarization plotted in
Fig. 6(c) shows a similar behavior to THG emission and
not to the SHG one. This indicates the SHG and OR signals
have different origins in this sample. The process, which can
also explain photovoltage enhancement under s-polarized illu-
mination, is explained below.

The polarization giving rise to the OR signal needs not nec-
essarily be second-order in the pump light’s electric field. It has
been shown that when suitable combinations of frequencies
and static fields are used, higher-order nonlinear polarizations
can also lead to rectification [51]. In this situation, the recti-
fication process is via a third-order nonlinear optical process
in Eq. (1) called electric-field-induced optical rectification
(EFIOR):

P�0�
i � χ�3�ijkz�0;ω,ω,DC�E �ω�

j E �ω�
k EDC

z , (4)

where EDC
z is the DC electric field normal to the surface, pro-

portional to the static depletion field. It has been shown that
at the ITO/gold interface, a local depletion forms due to hot-
electron injection from gold into the ITO layer [52], which
leads to a local rectifying Schottky barrier. Therefore, the fea-
tures of the DC photovoltage shown in Fig. 6(c) can be
explained using the same tensor components as for THG
and both are related to the χ�3�ijkz elements.

We believe that our proposed method of study could reveal
the true origin of the detected photovoltage from the metallic
nanostructure under intense illumination to be EFIOR but not
the normally expected second-order nonlinear OR process,
although some contribution from the latter one cannot be
ruled out.

4. CONCLUSIONS

Production of electrical DC photovoltage through thin-film
illumination has several applications in energy conversion
and broadband photodetection. While there has been ongoing

research on the nonlinear optical rectification (OR) process as a
source of DC photovoltage generation, evidence in the litera-
ture and in our own results suggests that there are other non-
linear processes that may contribute to DC photovoltage
generation during OR detection in capacitor configuration ex-
periments. Herein, we developed techniques to investigate the
true origins of the detected DC photovoltage in an OR detec-
tion setup. A clear interpretation of induced photovoltage is
an asset to further pursue signal enhancement for potential
applications. In summary, the induced photovoltage via multi-
photon absorption, work function variations, and optical
rectification processes were studied in similarly designed experi-
ments. Our results suggest a baseline to study the origin of the
detected photovoltages under an intense illumination through
some characteristic tests such as (1) studying the photovoltage
scaling with fundamental power, and (2) studying the outcomes
of linear and circular polarization variations of the light source
on the induced photovoltages.

We finally considered the implications of these tests for a
metal nanostructure in a capacitor configuration to address
the true origin of the detected OR photovoltage, which proved
to be different from the expected one.

Ultimately, we believe that advances in the photovoltage
generation via the optical rectification process may give rise
to additional unprecedented applications in light detection
technologies, rectifying antenna photovoltaics, and sensing
applications.

APPENDIX A: ORGANIC PHOTODETECTORS [53]

The glass slides, coated with a patterned indium tin oxide
(ITO) layer of 120–160 nm with a sheet resistance of 9–
15 Ω/sq, were bought from Lumtec. The ITO slide was
cleaned with water, isopropanol, and acetone by sonication
in an ultrasonic cleaner for 10 min in each solvent. The slide
was dried with a stream of nitrogen. A thin film of zinc oxide
(ZnO) was used on top of the ITO electrode as the interface
layer to create a more efficient charge transfer path. A solution
of 0.75 M zinc acetate dihydrate in 0.75 Mmonoethanolamine
in 2-methoxyethanol was stirred for about 12 h. The solution
was then spin-coated on the patterned ITO on a glass slide
at 2000 rpm for 40 s to get a layer thickness of about
40 nm. The slide was then baked on a hot plate for 5 mins
at 275°C, and then rinsed with deionized water, isopropanol,
and acetone. The slide was dried under a jet of nitrogen and the
solvent was removed by heating at 200°C for 5 min. This
slide was then ready to be spin-coated by the active layer of
P3HT: PCBM. A solution of P3HT: PCBM (1:1 wt. ratio)
in 1,2-dichlorobenzene was stirred for about 12 h. The solution
was then filtered through 0:2 μm PTFE filter to remove any
aggregates and stored in a vile. In fact, it is advised to sonicate
the solution briefly just before spin-coating the layer. The layer
was spin-coated on top of the ZnO layer at 600 rpm for 1 min,
to get a layer thickness of about 250 nm. Following spin-
coating, the slide was annealed at 110°C for about 10 min.
A 120 nm thick silver thin film was deposited by vacuum ther-
mal evaporation at a chamber pressure of ∼10−6 Torr and a
deposition rate of 1.5 Å/s as the cathode.
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APPENDIX B: ITO-BASED CAPACITOR

The ITO glass was cleaned as outlined above. A gold thin film
was deposited by vacuum thermal evaporation at a chamber
pressure of about 10−6 Torr via a deposition rate of 1 Å/s
for a smooth thin film and 0.3 Å/s for a nanostructured thin
film. However, the ITO glass substrate was heated at 180°C
before and during the deposition process inside the vacuum
chamber to achieve the appropriate gold nanostructured film.
The bottom ITO glass-Au electrode and the top ITO glass elec-
trode were assembled into a sandwich-type cell and sealed with
a hot-melt spacer in between the electrodes. The gap between
the electrodes was filled with air.

APPENDIX C: DATA ACQUISITION

A schematic of the custom designed optical scanning
apparatus is shown in Fig. 2. The photovoltage measurements
reported in this work were recorded with a Zurich Instruments
UHF lock-in amplifier with an input impedance of 1 MΩ.
The FemtoFiber Scientific (Toptica) laser source-generating
p-polarized light pulses centered at a wavelength of 1550 nm
with a 100 fs-duration and a 90-MHz repetition rate was used
as the light source. The transmitted light was also collected and
guided to the detection setup to measure simultaneously-
generated second and third harmonic signals via the Ocean
Optics spectrometer. The linear or elliptical polarization states
were varied using a polarized laser light followed by a rotatable
half or quarter wave plate (HWP or QWP), respectively.

Funding. Natural Sciences and Engineering Research
Council of Canada (NSERC) (RGPIN-2015-05485).
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