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Abstract: The results of studying the waveforms of longitudinal and transverse photocurrent pulses
generated in thin, semitransparent CuSe/Se films as a function of the angle of incidence (α) of a
femtosecond laser beam at linear and circular polarizations are presented. It has been established
that the durations of unipolar longitudinal photocurrent pulses at linear and circular polarizations
of laser pumping do not depend on the angle α. It is shown that the evolution of the temporal
profile of the helicity-sensitive transverse photocurrent with a change in α strongly depends on
polarization. At linear polarization, the shape of the unipolar pulses remains virtually constant;
however, at circular polarization, the generation of unipolar and bipolar pulses is possible, with
the waveforms strongly depending on the angle α. The influence of the incidence angle on the
waveforms of transverse photocurrent pulses is explained by the transformation of linear and circular
polarization into an elliptical upon the refraction of light at the air/semitransparent film interface and
by the interplay of photocurrents arising due to linear and circular surface photogalvanic effects in
the film. The presented findings can be utilized to develop polarization and incidence angle-sensitive
photovoltaic devices.

Keywords: circular photocurrent; polarization; helicity; bipolar photovoltage; waveforms; femtosec-
ond excitation; surface photogalvanic effect; thin films

1. Introduction

One of the interesting features of the interaction of polarized light [1–3] with semicon-
ductors and metals is the generation of a polarization-sensitive photocurrent (PSPC) that
depends on the polarization of the incident radiation according to harmonic laws [4–9].
There are longitudinal and transverse PSPCs at the oblique incidence of light on the surface
of a material in which the currents flow along and perpendicular to the plane of incidence,
respectively [10]. The transverse PSPC can be a combination of circular photocurrents (CPC)
and linear photocurrents (LPC). The CPC depends on the direction of rotation of the electric
field vector (the sign of circular polarization) of the incident radiation, while the LPC does
not [11–14]. It is of interest to study the laws governing the PSPC in various media in
terms of excitation of spin-polarized electrons [15,16], for the creation and development of
optospintronic devices [17], laser polarization analyzers [18–20], photodiodes with high
spatial resolution [21], as well as for photosensors intended for the direct recording of
the polarization state of circularly polarized light [22–25]. The mechanisms of the PSPC
generation include the photogalvanic effect (PGE) [26–28], the circular photogalvanic effect
(CPGE) [11,29–34], the photon drag effect (PDE) [5,10,35–38], and the surface photogalvanic
effect (SPGE) [5,39,40]. All of the aforementioned effects are nonlinear optical phenomena.
It should be noted that the PDE and SPGE, as well as some other nonlinear optical phe-
nomena [41,42] can be observed in any media, regardless of the type of symmetry of the
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medium [35]. The PDE and SPGE photocurrent pulses excited by pulsed laser pumping are
usually unipolar (see, for example, [14,43–46]). The dependence of CPC and LPC excited
in film and 2D structures due to the PDE and SPGE on the beam incidence angle α is
described by an odd function [36,37,39,46–48]. Therefore, under pulsed laser pumping,
the LPC and CPC unipolar pulses change their polarity when the sign of the incidence
angle changes. With the simultaneous occurrence of longitudinal PDE and SPGE, due
to their interplay, it is possible to generate bipolar PSPC pulses consisting of front and
tail parts of opposite polarity, which change their polarities when the sign of the angle
of incidence changes [40]. It was shown in our most recent work [48] that, at a given
angle of incidence, the interference of the CPC and LPC generated due to the SPGE in a
CuSe/Se nanocomposite film also leads to the generation of bipolar photocurrent pulses.
The temporal profiles of those pulses strongly depend on the polarization ellipse of the
incident femtosecond laser beam. However, despite the large number of articles on the
topic of PSPC generation in various film materials (see, for example, [33,38,49–52]), studies
of the influence of the incidence angle on the waveforms of photocurrent pulses arising
due to the PDE and SPGE (and also CPGE) under pulsed laser pumping have not been
carried out yet.

In this work, using the study of the SPGE in a CuSe/Se semitransparent thin film
under femtosecond laser excitation as an example, it is shown for the first time that the
waveforms of the PSPC pulses can strongly depend on the angle of incidence. In particular,
it has been shown that with circularly polarized pulsed pumping and a fixed sign of the
incidence angle, unipolar transverse photocurrent pulses of opposite polarity are generated
at small and large angles of incidence, and bipolar pulses are excited in the intermediate
range of incident angles, smoothly transforming into unipolar pulses of opposite polarity
at the boundaries of this interval. The results obtained are explained by the change in the
state of polarization in the refracted beam and by the interference of the LPC and CPC that
arises in the subsurface layer of the semiconducting medium under study.

2. Materials and Methods

Thin CuSe/Se films with a thickness of 130 nm and dimensions of 15 × 35 mm were
synthesized on a glass substrate by successive vacuum thermal deposition of Se and Cu,
according to the procedure described in one of our previous publications [14]. To stabilize
the residual Se [53,54], the synthesized film structure was annealed at a temperature of
140 ◦C for 30 min. As a result, the selenium from an unstable amorphous phase was
transformed into a stable polycrystalline trigonal selenium (t-Se). It should be noted that
currently there are some other methods of film copper selenides structure synthesis that
have also been developed [55–60].

The phase composition of the films was studied at room temperature on a Bruker D2
PHASER diffractometer. We used CuKα radiation (λ = 0.154 nm). Using the DIFFRAC.EVA
universal program, the diffraction curves were smoothed and the background due to X-ray
scattering on a glass substrate was subtracted. To study the phase composition of the
films, we additionally used a HORIBA HR800 Raman spectrometer with laser excitation at
632.8 nm at the radiation intensity of 14 kW/cm2. Sample surface images were taken using
a scanning electron microscope (SEM) (Thermo Fisher Scientific Quattro S, Brno-Černovice,
Czech Republic). The elemental composition of the synthesized films was determined
using an energy-dispersive microanalyzer based on an EDAX “Octane Elect Plus EDS
System” spectrometer built into the SEM. The optical transmittance spectra of the films
were recorded using a two-beam spectrophotometer (PerkinElmer Lambda 650, Shelton,
WA, USA). The film thickness was measured using a stylus profilometer. The refractive
index n and the extinction κ of the film were determined using an ellipsometer.

The X-ray diffraction pattern (see Figure S1, Supporting Information) and the Raman
spectrum (see Figure S2, Supporting Information) demonstrate that the film has two phases
and consists of CuSe and t-Se. The mass percentages of CuSe and t-Se in the synthesized
film are 33.3 and 66.7 wt.%, respectively. The film surface consists of a number of flat petal-
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like structures, which are CuSe crystallites predominantly oriented in radial directions
from their centers (see Figure S3, Supporting Information). The centers of these structures
are located at distances of about 15–30 µm from each other. The film is semitransparent
in the visible wavelength range (see Figure S4, Supporting Information). The optical
transmittance, refractive index n, and extinction coefficient κ at 795 nm are 27.6%, 1.64, and
2.14, respectively. The synthesized film is electrically conductive with a sheet resistance of
39 Ω/2, which is orders of magnitude lower than the corresponding value of many known
thin-film semiconductor structures (see, for example, [61,62]). It should be added that the
sheet resistance of CuSe thin films with thicknesses from 50 to 500 nm synthesized by the
chemical bath method varies between 23–50 Ω/2 [63]. Meanwhile, the sheet resistance of
280 nm thick bismuth selenide (Bi2Se3) film obtained by the same method immediately
after synthesis is 1012 Ω/2, and after its annealing in air or in the nitrogen medium, the
sheet resistance decreases to 3.6 × 103 Ω/2 [64].

To measure the laser-induced photocurrent (photovoltage), two film gold electrodes A
and B were deposited on opposite short sides of the synthesized film by vacuum thermal
deposition. The film under study was placed on a special goniometric device, which made
it possible to smoothly change its spatial orientation relative to the incident laser beam.
The surface of the film remaining after depositing the electrodes was sufficient to study the
generation of photocurrent under the action of a narrow laser beam 1.5 mm in diameter in
a wide range of incidence angles.

The photocurrent pulses in a CuSe/t-Se nanocomposite film were excited by pulses of
a Ti:S femtosecond laser at a wavelength of 795 nm (pulse duration 120 fs, pulse repetition
rate 1 kHz) at an oblique incidence of radiation on the film. All the experiments were
carried out at laser pulse energy Ein = 100 µJ. The polarization of the radiation incident
on the film was controlled using half-wave and quarter-wave plates. The photocurrent
pulses were registered and recorded using a digital oscilloscope with a bandwidth of
400 MHz and a rise time of 875 ps with averaging over multiple exciting laser pulses. The
input impedance of the oscilloscope was Rin = 50 Ω. In the experiments, the extreme
values of the pulses of the longitudinal and transverse photocurrents jx and jy, respectively,
were recorded, determined by the formulas jx = Ux/Rin and jy = Uy/Rin, where Ux and
Uy are the extreme values of the voltage pulses at the experimental geometries when the
measuring electrodes were placed perpendicular and parallel to the plane of incidence,
respectively. Since Ux and Uy depend linearly on Ein [65], it was convenient to introduce
the conversion coefficients ηx = jx/Ein and ηy = jy/Ein, which characterize the efficiency
of converting light into longitudinal and transverse photocurrents, respectively. It should
be noted that when studying the waveforms of the photocurrent pulses, we subtracted the
time-varying background signal due to noticeable electrical interference coming from the
power supply unit of the femtosecond laser.

3. Results and Discussion

Figure 1a shows the dependences of the coefficients of light conversion into longi-
tudinal photocurrent ηx on the angle of incidence α for linear and circular polarizations,
measured according to the sketch of experimental arrangements presented in the upper
frame. It can be seen that the photocurrent is absent at normal incidence of the radiation on
the film (α = 0). The photocurrent changes polarity when the sign of the angle of incidence
changes, increases in absolute value with an increase in the modulus of α, takes its extreme
values at angles |α| ≈ 66–68◦, and disappears at a grazing incidence of radiation on the
film. Thus, the longitudinal photocurrent for linear and circular polarizations is described
by an odd function of the angle α:

ηx(α) = −ηx(−α). (1)
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Figure 1. The light to longitudinal photocurrent conversion coefficient ηx as a function of (a) the 
light incidence angle α on the film at linear (p-polarization) and circular polarizations (points de-
note experimental results, curves denote fitting with η =  35.37sin2α (1.76 cos α + 1)⁄  and η = 15.68sin2α (1.75 cos α + 1)⁄  for linear and circular polarization, respectively) and (b) the azimuth 
of the polarization plane Φ at α = 43.5° (dots denote experimental results, curve denotes fitting with 
η () = 6.7cos ; orientations of the polarization plane are shown at the top). The insets show the 
sketches of the experimental setups: k and E are the wave vector and the electric field vector of the 
incident radiation, respectively; σ is the plane of incidence; α is an angle of incidence; n is the 
normal to the film surface; A and B are the measuring electrodes; x, y are the axes of the rectangular 
coordinate system; the x and x′ axes lie in the σ plane (x′ ⊥ k, the x axis is perpendicular to the 
electrodes A and B); Φ is the angle between the x′ and E. 

Figure 1. The light to longitudinal photocurrent conversion coefficient ηx as a function of (a) the
light incidence angle α on the film at linear (p-polarization) and circular polarizations (points
denote experimental results, curves denote fitting with ηx = 35.37 sin 2α/(1.76 cosα+ 1)2 and
ηx = 15.68 sin 2α/(1.75 cosα+ 1)2 for linear and circular polarization, respectively) and (b) the
azimuth of the polarization plane Φ at α = 43.5◦ (dots denote experimental results, curve denotes
fitting with ηx(Φ) = 6.7 cos2 Φ; orientations of the polarization plane are shown at the top). The
insets show the sketches of the experimental setups: k and E are the wave vector and the electric field
vector of the incident radiation, respectively; σ is the plane of incidence; α is an angle of incidence;
n is the normal to the film surface; A and B are the measuring electrodes; x, y are the axes of the
rectangular coordinate system; the x and x′ axes lie in the σ plane (x′ ⊥ k, the x axis is perpendicular
to the electrodes A and B); Φ is the angle between the x′ and E.

With linear polarization, the dependence of ηx on the polarization azimuth Φ (the
angle between the plane of polarization and the radiation incidence plane on the film σ) at
a fixed α is described by an even function:

ηx(α, Φ) = ηx(α, Φ = 0) cos2, (2)

where ηx(α, Φ = 0) is the conversion coefficient at a given α and Φ = 0. It should be noted
that Φ = 0 corresponds to p-polarized radiation. All this is clearly seen from the dependence
ηx(Φ) = ηx(α, Φ = 0) cos2 Φ obtained at α = 43.5◦, where ηx(α, Φ = 0) = 6.7 mA/mJ
(see Figure 1b). From Equation (2) it follows that ηx(α = 43.5◦, Φ = 90◦) = 0, i.e., no
photocurrent is generated at s-polarization. Experiments have shown that this equation
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is valid for any α. Figure 2a shows the dependence of the conversion coefficient of light
into transverse photocurrent ηy on the angle of incidence α for linearly polarized radiation
at polarization azimuth Φ = −45◦, obtained using the experimental setup shown in the
upper inset to this figure. It can be seen that, similarly to the angular dependence of the
longitudinal photocurrent, the experimental dependence ηy(α) is described by an odd
function, i.e.:

ηy(α) = − ηy(−α). (3)
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Figure 3a shows the unipolar pulse waveforms of the longitudinal photovoltage 
(measured in the geometry of the experiment when the measuring electrodes are ori-
ented perpendicular to the plane of incidence), normalized to their extreme values at 
p-polarization of the incident radiation at α = ±45° and α = ±78°. It follows that when the 
sign of the incidence angle is changed, the pulses are inverted, which is in agreement 
with Equation (1). It can also be seen that the waveforms of the pulses are virtually in-
dependent of the angle of incidence. This is evidenced by the dependence curve of the 
pulse duration τ (FWHM) on α, presented in the inset to Figure 3a. Similar patterns were 
obtained when the longitudinal photovoltage was excited by circularly polarized radia-
tion pulses (see Figure 3b). Thus, the waveforms of the longitudinal photovoltage pulses 
in the films under study for linear and circular polarizations are virtually independent 
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Figure 2. The light to transverse photocurrent conversion coefficient ηy as a function of (a) the inci-
dence angle α at the polarization azimuth Φ = −45◦ (triangles correspond to the experimental data
while the solid line represents the result of the fitting with equation ηy = 8.37 sin 2α/(0.87 cosα+ 1)2)
and (b) the polarization azimuth Φ at α = 43.5◦ (circles denote experimental data, the solid curve rep-
resents the fitting with the equation ηy = −3.1 sin 2 Φ; the orientations of the plane of polarization of
the incident radiation are shown at the top). The insets show the sketches of the experimental setups.

Meanwhile, the measured dependence of the transverse photocurrent on the polariza-
tion azimuth Φ at a fixed α = 43.5◦ (see Figure 2b) is approximated by an odd function:

ηy(α = 43.5◦, Φ) = ηy(α = 43.5◦, Φ = 45◦) sin 2Φ, (4)

where ηy(α = 43.5◦, Φ = 45◦) is the conversion coefficient of light into transverse pho-
tocurrent at α = 43.5◦ and Φ = 45◦.

The set of angular and polarization dependences described by Equations (1)–(4) shown
in Figures 1 and 2 indicates that the generation of photocurrent in the studied CuSe/t-Se
thin films occurs according to the SPGE mechanism [5,39,40,65].
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Figure 3a shows the unipolar pulse waveforms of the longitudinal photovoltage (mea-
sured in the geometry of the experiment when the measuring electrodes are oriented per-
pendicular to the plane of incidence), normalized to their extreme values at p-polarization
of the incident radiation at α = ±45◦ and α = ±78◦. It follows that when the sign of the inci-
dence angle is changed, the pulses are inverted, which is in agreement with Equation (1). It
can also be seen that the waveforms of the pulses are virtually independent of the angle of
incidence. This is evidenced by the dependence curve of the pulse duration τ (FWHM) on
α, presented in the inset to Figure 3a. Similar patterns were obtained when the longitudinal
photovoltage was excited by circularly polarized radiation pulses (see Figure 3b). Thus, the
waveforms of the longitudinal photovoltage pulses in the films under study for linear and
circular polarizations are virtually independent from the angle of incidence.
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Figure 3. The waveforms of the longitudinal photovoltage pulses normalized to their extreme values
at (a) linear polarization (Φ = 0, p-polarization) and (b) circular polarization recorded at positive
(solid lines) and negative (dashed lines) incidence angles α. The upper insets show the corresponding
dependences of the recorded pulse durations τ on the angle of incidence. The bottom insets show the
sketches of the experimental setups.
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The waveforms of the transverse photovoltage pulses recorded at linear polarization
(Φ = −45◦) and normalized to their extreme values at different α are shown in Figure 4. It
can be seen that the waveforms of these pulses weakly depend on α. This is evidenced
by the dependence of the pulse duration on the incidence angle, shown in the inset in the
same figure.
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Figure 4. The waveforms of the transverse photovoltage pulses normalized to their extreme values at
linear polarization (Φ = −45◦), recorded at positive (solid lines) and negative (dashed lines) angles of
incidence α. The upper inset shows the dependence of the recorded pulses duration τ on the angle of
incidence. The bottom inset shows the sketch of the experimental setup.

Figure 5 shows the waveforms of the transverse photovoltage pulses recorded for
the right-hand circularly polarized laser beam at various angles of incidence. The pulses
are normalized to their extreme values. It can be seen that at 0 < α < 58.5◦, positive
pulses are generated, the duration of which gradually increases with increasing α. In the
range of angles α approximately 58.5 ≤ α ≤ 76.5◦ bipolar pulses are excited. Figure 5
shows that at α = 58.5◦, a small negative pulse appears on the leading edge of the positive
pulse. The amplitude of the front negative pulse increases with increasing the angle of
incidence, while the amplitude of the positive tail of the pulse decreases. At large angles of
incidence (α = 79.5◦ and 82.5◦), the positive part of the pulse completely disappears and the
photovoltage is generated in the form of a negative unipolar pulse. It should be added that
when the direction of rotation of the electric field vector of the incident radiation changes
(i.e., at left-hand circularly polarized laser beam) the polarities of the pulses shown in
Figure 5 change to the opposite ones. Thus, the waveforms of the transverse photovoltage
pulses at circular polarization strongly depend on the angle of incidence, which is not
typical of the longitudinal photovoltage pulses at different polarizations (see Figure 3) and
the transverse photovoltage pulses at linear polarization (see Figure 4).

The unusual dependence of the waveform of the transverse photovoltage pulses on the
angle of incidence at circular polarization can be explained on the basis of the interaction of
linear and circular photocurrents arising in the surface layer of the film as a result of the
transformation of the incident circular polarization into elliptical polarization upon the
refraction of light at the air/film interface.
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shows the sketch of the experimental setup.

To determine the polarization of the refracted beam, one can use the complex Fresnel
refractive indices tp, ts for p- and s-polarizations, respectively, at the air/semitransparent
film interface given in [66]:

tp =
2n̂ cosα

n̂2 cosα+
√

n̂2 − sin2 α
, ts =

2 cosα√
n̂2 − sin2 α + cosα

, (5)

where n̂ = n + iκ is the complex refractive index, n is the real refractive index that de-
termines the phase velocity (n = 1.64), and κ is the absorption coefficient (κ = 2.14) that
determines the attenuation of light in the film itself. From expression (5), the phase shift δt
between the components of the refracted beam with p- and s-polarizations is determined
by the formula:

δt = −δtp + δts + δ0, (6)

where:

δtp = Arg
(
tp
)
= tan−1

(
−κ2 cosα+ χ cos ξ+ n2 cosα

χ sin ξ+ 2κn cosα

)
− tan−1

(n
κ

)
, (7)

δts = Arg(ts) = tan−1
(
(cosα+ χ cos ξ) csc ξ

χ

)
− π

2
, (8)
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χ =
4
√(
− sin2 α− κ2 + n2

)2
+ 4κ2n2, (9)

ξ =
1

2
(
π
2 − tan−1

(
− sin2 α−κ2+n2

2κn

)) , (10)

δtp, δts are the phase shifts of the p- and s-beam components, respectively, resulting from
refraction at the interface between two media with a complex refractive index, and δ0 is
the initial phase shift between the p- and s-components before refraction. For the circular
polarization of the incident radiation δ0 = π/2, where the signs “+” and “−” are the
opposite of the sign of circular polarization.

It follows from Equation (5) that the amplitude values of the complex transmission
coefficients tp and ts can be determined using:∣∣tp

∣∣ = 2 cosα
√
κ2 + n2√

(−κ2 cosα+ χ cos ξ+ n2 cosα)2 + (2κn cosα+ χ sinχ)2
, (11)

|ts| =
2 cosα√

χ2 sin2 ξ+ (cosα+ χ cos ξ)2
. (12)

The amplitudes of the p- and s-components of the electric field vector of the refracted
beam E(t) describing the ellipse in the x”y coordinate system can be found using the
equations:

Tx′′ =
∣∣tp
∣∣Ep; Ty = |ts|Es, (13)

respectively, where x”y is the coordinate plane perpendicular to the wave vector kt of the
refracted beam, axis x” is in the plane of incidence σ, and the axis y is perpendicular to σ.

In this case, the equation of the polarization ellipse in the refracted beam depending
on the ratio of the p- and s-components of the vector E(t) and the phase shift δt can be
written as follows:

(x′′ )2

Tx′′
2 +

y2

T2
y
− 2x′′y cos δt

Tx′′ Ty
= sin2 δt. (14)

The polarization ellipses are characterized by the angle ψ between the semi-major axis
a of the ellipse and the x” axis lying in the incidence plane σ of radiation on the film (see
Figure 6a,b right insets), as well as the degree of circular polarization Pcir = γ2ab/

(
a2 + b2)

and degree of linear polarization Plin =
(
a2 − b2)/(a2 + b2), where b is the semi-minor axis

of the ellipse, γ is the sign of circular polarization, and γ = 1 and γ = −1 denote the rotation
of the electric field vector to the right and to the left, respectively.

Expression (14) makes it possible to calculate the angle ψ, as well as the length of
the minor b and major a semiaxes of the refracted beam polarization ellipse using the
following Equations:

ψ =
1
2

tan−1
(

2Tx′′ Ty cos δt

Tx′′
2 − Ty2

)
, (15)

a =

√
1
2

(
Tx′′

2 + Ty2 +
√

Tx′′
4 + Ty4 + 2Tx′′

2Ty2 cos 2δt

)
, (16)

b =

√
1
2

(
Tx′′

2 + Ty2 −
√

Tx′′
4 + Ty4 + 2Tx′′

2Ty2 cos 2δt

)
. (17)

Equations (16) and (17) were used to calculate Pcir and Plin. Figure 6a,b shows the calculated
values of ψ, Pcir, and Plin for different angles α, for which the waveforms of the photovoltage
pulses were recorded for circular and linear polarizations (Φ =−45◦) of the incident radiation,
respectively. It can be seen that when the incident beam is circularly polarized at large angles α,
there is a significant change in the parameters ψ, Pcir, and Plin characterizing the polarization
ellipse in the refracted beam. However, atα < 20◦, the refracted beam remains virtually circularly
polarized, i.e., at small angles of incidence, the polarizations of the incident and refracted beams
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virtually coincide. It should be added that at all α, the signs of the circular polarization of the
incident and refracted beams coincide, i.e., for both beams γ = 1.
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the plane of incidence σ and is perpendicular to the wave vector of the refracted beam.

It follows from Figure 6b that with linear polarization of the incident light at Φ = −45◦

the refracted beam is also elliptically polarized, but in this case γ = −1 (see upper inset). In
addition, when changing α in the range of 0–85◦, the modulus Pcir of the refracted beam
changes insignificantly from 0 to 0.32. At small angles α, the changes in the polarization
state of the refracted beam are minimal.

It is known that the transverse photocurrent jy for elliptical excitation beam polarization
consists of a CPC (jy,cir ) and an LPC (jy,lin ), i.e., jy = jy,cir + jy,lin . According to [48] and
taking into account [29], for positive angles of incidence, the transverse photocurrent amplitude
in the CuSe/Se film structure for elliptical beam polarization can be represented as follows:

jy = AcirPcir − AlinPlin sin 2ψ, (18)

where Acir and Alin are the positive coefficients of the circular and linear photocurrents at a
given α, respectively. Taking into account Equation (18) and in accordance with the results
of [37], the waveforms of the transverse photovoltage pulses Uy(t,α) can be written as follows:

Uy(t,α) = Bcir(α)Pcir fcir(t)− Blin(α)Plin sin 2ψ flin(t), (19)
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where Bcir(α), Blin(α) are positive coefficients (for positive α) depending on α and char-
acterizing the circular and linear contributions, respectively, and fcir(t) and flin(t) are the
transverse photovoltage waveforms normalized to the maximum values, recorded at angles
α close to zero for circular and linear polarizations, respectively. Equation (19) allows one
to approximate the waveforms of the photovoltage pulses, recorded at different α, with two
unknown parameters Bcir(α) and Blin(α). For example, Figure 7 shows the approximations
of the waveforms for four of the recorded pulses at different α. It can be seen that the
obtained approximating curves satisfactorily describe the experiment. It should be noted
that if the waveforms fcir(t) and flin(t) coincide with each other, the generation of bipolar
pulses is impossible, and the duration of unipolar pulses of the resulting photocurrent,
defined by Equation (19), does not depend on the angle of incidence.

Figure 8 shows the dependences of the calculated coefficients Bcir and Blin on α. It
follows from the figure that both coefficients Bcir and Blin approach zero at small and also
at grazing angles of incidence. However, the dependences of Bcir and Blin on α differ
significantly from each other. It can be seen that the dependences of Bcir and Blin acquire
their extreme values at α = 54◦ and α = 62◦, respectively. The coefficient Blin prevails
over Bcir for the entire range of the incident angle change and the ratio Blin/Bcir increases
monotonically with increasing α.
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It follows from Figure 6b that with linear polarization (Φ = −45◦) of the incident
beam, the refracted beam becomes elliptically polarized at a negative polarization sign
(γ = −1). This means that both terms on the right side of Equation (19) remain negative
for any positive angle of incidence. In addition, when changing α in the range of 0−85◦,
the parameters Pcir and Plin of the refracted beam do not change significantly. Taking into
account Equation (19), this leads to a weak dependence of the waveform of the photovoltage



Appl. Sci. 2022, 12, 6869 12 of 17

pulse on the angle α for linearly polarized laser pumping. It should be noted that the
transverse photocurrent arising in the medium due to the PDE or CPGE also consists of
the circular and linear contributions. Therefore, the temporal profile of the transverse
photocurrent pulses of the PDE or CPGE generated in the nonlinear optical medium when
pumped by short laser pulses of circular polarization can also depend in a complex way on
the angle at which the light falls on the surface of the absorbing medium.
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Figure 8. The coefficients Blin (green crosses), Bcir (blue dots) as a function of the angle of incidence
α, which characterize the linear and circular contributions to the transverse photovoltage pulses,
calculated from the experimental data (the green and blue curves represent the corresponding approx-
imations by the equations Blin = 55.98 sin 2α/(1.15cosα+ 1)2, Bcir = 11.75 sin 2α /(0.5cosα+ 1)2,
respectively), and calculated dependence of the ratio Blin/Bcir on α (pink curve).

Good agreement between the experimental data and the calculated dependences confirms
that the angular dependence of the waveforms of transverse photocurrent pulses in a thin
CuSe/Se film under circularly polarized femtosecond laser pumping originates from the
transformation of circular polarization into elliptical polarization upon refraction of light in a
semitransparent CuSe/Se film and the interaction of LPC and CPC having different relaxation
times in the film structure. As mentioned above, despite the large number of publications on
the topic of generation of polarization-sensitive transverse photocurrent in various materials,
arising by various mechanisms, such a phenomenon has not been observed before. It is
possible that this is due to the fact that in many studies of the transverse photocurrent, cw
laser radiation or nanosecond laser radiation has been used (see, for example, [33,67–69]).

The results obtained in this work can be used in various applications in optoelectronics.
For example, the experimental setup presented in the inset to Figure 5 can be used for
the fast direct detection of the circular polarization state of light. If at angles of incidence
0 < α < 58.5◦ (for example, at α = 45◦) the photocurrent pulses generated in a CuSe/t-Se
thin film have a positive polarity, then this means that the incident radiation is right-hand
polarized (looking towards the light source). If, under the same experimental conditions,
the photocurrent pulses have a negative polarity, then the incident radiation is left-hand
polarized. This method of determining the state of circular polarization does not require the
use of optical elements. Further, it is obvious that this photovoltaic property of a CuSe/Se
thin film can be used to determine the fast and slow axes of a quarter-wave plate without
using a reference quarter-wave plate and an optical light polarization.

4. Conclusions

In thin semitransparent CuSe/t-Se films synthesized by vacuum thermal deposition, the
generation of nanosecond photocurrent pulses is studied as a function of the angle of incidence
and polarization of exciting femtosecond laser pulses at 795 nm. It has been established that
the dependences of the longitudinal and transverse photocurrents on the angle of incidence
are described by odd relationships, which are characteristic of the SPGE nonlinear optical
phenomenon. The relationships found for the longitudinal and transverse photocurrents as
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a function of pump polarization are also in agreement with the mechanism of photocurrent
generation due to the SPGE. It is shown that the pulse durations of the longitudinal photocur-
rent for linear and circular polarizations, as well as the transverse photocurrent for linear
polarization, are virtually independent of the incidence angle. However, the waveforms of
the transverse photocurrent pulses at circular polarization with a given direction of rotation
of the electric field vector of the incident radiation at a fixed sign of the angle of incidence
strongly depend on the angle of incidence. At small and large angles of incidence, unipolar
pulses of opposite polarity are generated, and in the intermediate range of incidence angles
(58.5 ≤ α ≤ 76.5◦), bipolar photocurrent pulses are excited, smoothly transforming into unipo-
lar pulses of opposite polarity at the boundaries of this interval. The obtained features of the
waveform of the transverse photocurrent pulses at circular polarization of the incident radia-
tion are due to the following: (i) the transformation of the circular polarization of the incident
radiation into an elliptical one (without changing the sign of the circular polarization) upon
the refraction of light at the air/semitransparent film interface and the appearance of a linear
component of the photocurrent in the film structure, depending on the angle of incidence;
(ii) the interaction of multidirectional linear and circular components of the photocurrent,
which have different relaxation times and strongly depend on the angle of incidence.

The relationships found for the influence of the incidence angle on the waveform
of pulses of longitudinal and transverse photocurrents that arise in the CuSe/t-Se film
structure under polarized pulsed pumping due to the SPGE can be found in various
materials in which the PSPC is excited by the PDE or by the CPGE.

The results obtained in this work can be used in optoelectronics, in particular, to create
a high-speed detector capable of distinguishing left-handed and right-handed polarized
light, as well as in the development of a technique that allows one to quickly determine the
fast and slow axes of quarter-wave plates.
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Nomenclature

Symbol
α Angle of incidence
Se Selenium
Cu Copper
t-Se Trigonal selenium
Ein Laser pulse energy
Rin Input impedance of the oscilloscope
jx Longitudinal photocurrent
jy Transverse photocurrent

Ux
Extreme values of the voltage pulses at the experimental geometry when the measuring
electrodes were placed perpendicular to the plane of incidence

Uy
Extreme values of the voltage pulses at the experimental geometry when the measuring
electrodes were placed parallel to the plane of incidence

t Time
ηx Efficiency of converting light into longitudinal photocurrent
ηy Efficiency of converting light into transverse photocurrent
Φ Angle between the plane of polarization and the radiation incidence plane on the film
σ Radiation incidence plane on the film
n Normal to the film surface
A Measuring electrode
B Measuring electrode
k The wave vector of the optical field
E Electric field vector of the incident radiation
E(t) Electric field vector of the refracted beam
x, y Axes of the rectangular coordinate system
x′ Axis, which lies in the σ plane and perpendicular to k

x”
Axis, which lies in the refraction plane coinciding with the plane of incidence
and perpendicular to the wave vector of the refracted beam

tp Complex Fresnel refractive index for p-polarizations
ts Complex Fresnel refractive index for s-polarizations
n̂ Complex refractive index
n Real refractive index that determines the phase velocity
κ Absorption coefficient
δt Phase shift between the components of the refracted beam with p- and s-polarizations

δtp
Phase shift of the p-component of the beam, resulting from refraction at the interface
between two media with a complex refractive index

δts
Phase shift of the s-component of the beam, resulting from refraction at the interface
between two media with a complex refractive index

δ0 Initial phase shift between the p- and s-components before refraction
a Semi-major axis of the refracted beam polarization ellipse
b Semi-minor axis of the refracted beam polarization ellipse
Pcir Degree of circular polarization
Plin Degree of linear polarization
ψ Angle between the semi-major axis of the refracted beam polarization ellipse and axis x”
γ Sign of circular polarization
Uy(t, α) Waveforms of the transverse photovoltage pulses
Acir Positive coefficient of the circular photocurrent at a given α
Alin Positive coefficient of the linear photocurrent at a given α

Bcir
Positive coefficient (for positive α) depending on α and characterizing the
circular contribution

Blin
Positive coefficient (for positive α) depending on α and characterizing the
linear contribution

fcir(t)
Transverse photovoltage waveform normalized to its maximum value, recorded at
angle α close to zero for circular polarizations

flin(t)
Transverse photovoltage waveform normalized to its maximum values, recorded at
angle α close to zero for linear polarizations
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Abbreviations
PSPC Polarization sensitive photocurrent
CPC Circular photocurrent
LPC Linear photocurrent
CPGE Circular photogalvanic effect
PGE Photogalvanic effect
PDE Photon drag effect
SEM Scanning electron microscope
FWHM Full width at half maximum
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