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DC-induced generation of the reflected second harmonic is experimentally observed on the surface of a centrosymmetric silicon single crystal. A direct current with a surface density of jmax ~ 103 A/cm2 violates the symmetry of the electron distribution function and induces the optical second harmonic with an intensity corresponding to the dipole quadratic susceptibility χ(2)d( jmax) ~ 3 × 10–15 m/V.
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The surface nonlinear optics of centrosymmetric
media is a rapidly developing line in diagnostic nonlinear optics. Reflected-second-harmonic (SG) generation
highly sensitive to surface parameters is used as a convenient tool for studying solid surfaces and solid-state
nanostructures [1]. The SG generation induced by
external effects plays an important role in these studies.
The electrically- and magnetically-induced second harmonics (ESG [2] and MSG [3], respectively) are widely
used at present to analyze the electronic and magnetic
parameters of surfaces and nanostructures.

violation in the surface layer of a centrosymmetric
material are pointed out:
(i) Inversion-symmetry violation due to the violation (“break”) of the crystallographic-lattice translational symmetry in the surface layer across the surface
[5]. The corresponding contribution to the nonlinear
surf
polarization of the medium is written as P 2ω ∝
( 2 )d, s

( 2 )d, s

χ̂
describes the surEωEω , where the tensor χ̂
face dipole quadratic susceptibility;
(ii) Inversion-symmetry violation by an electric
field perpendicular to the surface in the space-charge
region [6]. The corresponding nonlinear polarization
( 3 )d, b
efish
has the form P 2ω ∝ χ̂
(Edc)EωEωEdc, where the

The optical and nonlinear-optical parameters of silicon are well known, and this material can be used as a
model object for nonlinear-optical studies of centrosymmetric semiconductors. The feature of such
materials is that the even-order bulk dipole nonlinear
susceptibility tensors are zero; i.e., bulk dipole secondharmonic generation is absent in these materials [4].
The second harmonic in a bulk centrosymmetric
medium is determined by the small quadrupole component of the dielectric susceptibility and can be phenomenologically described by the nonlinear polarization
( 2 )q, b
( 2 )q, b
bulk
vector P 2ω ∝ χ̂
Eω∇Eω , where the tensor χ̂
describes the quadrupole quadratic susceptibility of the
medium due to the spatial dispersion of the optical
pump wave at the frequency ω: Eω = E0 exp(iωt – i(kr)),
where E0 and k are the amplitude and wave vector,
respectively.

( 3 )d, b

tensor χ̂
(Edc) describes the bulk dipole cubic susceptibility of the medium, which does not vanish in
centrosymmetric media, and Edc is the static electric
field in the space-charge region;
(iii) Inversion-symmetry violation due to nonuniform surface mechanical deformations of the surface
layer [7]. The corresponding contribution to nonlinear
( 2 )d, s
stress
polarization is P 2ω ∝ χ̂
(σ)EωEω , where the ten( 2 )d, s

sor χ̂
(σ) describes the dipole quadratic susceptibility dependent on the stress tensor σ̂ .
In addition to these three mechanisms of inversionsymmetry violation, which are due to noncentrosymmetric deformations of the crystallographic structure of
the lattice cell, there exists a mechanism that has not yet
been studied experimentally. An electric current
through a centrosymmetric semiconductor distorts the
equilibrium electron distribution function, which is

However, violation of the inversion symmetry in the
surface layer results in the large dipole contribution to
the quadratic nonlinear susceptibility in the presence of
a surface. Three mechanisms of inversion-symmetry
58
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symmetric in the quasimomentum space. Hence, a
direct current violates the central symmetry of the electronic subsystem. As a result, the nonlinear polarization
( 2 )d
current
becomes nonzero: P 2ω (j) = χ̂ (j)EωEω , where j is
( 2 )d

the current density and χ̂ (j) is the tensor of dipole
quadratic susceptibility induced by the direct current
with the density j. A microscopic model of currentinduced second-harmonic generation in a model directband semiconductor was considered in [8]. The density-matrix calculations showed that the asymmetry of
the electron distribution function in the conduction
band leads to the appearance of the current-induced
( 2 )d
component χ̂ (j) in the quadratic susceptibility. The
current-induced component has narrow resonance corresponding to the interband electronic transition to the
proximity of the Fermi level, is proportional to the cur( 2 )d
rent density, χ̂ (j) ∝ |j |, and changes sign under current reversal: χ̂

( 2 )d

(j) = – χ̂

( 2 )d

(–j).

The symmetry analysis of silicon (001) single crystals shows that two experimental geometries can be
separated for an s-polarized pump wave and an s-polarized second-harmonic wave (the so-called s–s combination of the polarizations of the nonlinear interaction).
The effect of current-induced second harmonic generation is maximal for the longitudinal (allowed) geometry
of the current, where the pump polarization is parallel
to the current density. The effect of current-induced
second harmonic generation should be absent for the
transverse (forbidden) geometry of the current, where
the pump polarization is perpendicular to the current
density.
In this work, we observe current-induced second
harmonic generation due to inversion-symmetry violation by a direct current parallel to the surface.
Figure 1a shows the geometry of the experiment for
the detection of the current-induced second harmonic.
Current-induced second harmonic generation was
observed in a heavily-doped p-Si (001) single crystal
with the acceptor number density Na = 5 × 1019 cm–3.
Nickel electrodes 300 ± 30 nm in thickness were deposited onto a silicon surface coated by the natural-oxide
film under a residual pressure of 10–5 Torr. The gap
between the electrodes is aligned with the X crystallographic axis, and its width is 200 ± 20 µm. Then, this
structure was annealed according to the procedure
described in [9] to form the ohmic contact between the
silicon and nickel. The resistance of the resulting
metal–semiconductor contact is ~0.02 Ω. The directly
measured sample temperature in the course of the
above experiment was not higher than 40°C. The current density in the surface layer with a thickness of
about 50 nm corresponding to the penetration depth for
the second harmonic at the wavelength λ2ω = 390 nm
was jmax  103 A/cm2.
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Fig. 1. (a) The scheme of the Si structure with nickel electrodes and details of the nonlinear optics experiment. Here,
s

s

E ω and E 2ω are the s-polarized pump wave and second
harmonic fields, respectively, and j is the current density.
The reference frame corresponds to the directions of the
crystallographic axes. (b) The azimuthal anisotropic dependence of the second harmonic intensity in the s–s combination of the pump wave and second harmonic polarizations.

A femtosecond Ti:Sap laser with a tunable wavelength in the 700–840-nm range, a pulse duration of
80 fs, a pulse repetition frequency of 86 MHz, and a
mean power of 130 mW was the pump radiation source.
The radiation incident at an angle of 45° was focused
on the electrode gap into a spot of 40-µm diameter. The
second harmonic radiation was separated by BG-39 filters with a total thickness of 8 mm and was detected by
a photomultiplier operated in the photon-count modes.
Note that the experimental scheme proposed for
detecting current-induced second harmonic generation
is not free of spurious effects capable of masking true
current-induced second harmonic generation attributed
to the violation of the symmetry of the electron distribution function. Such spurious effects associated with
the direct current effect on second harmonic generation
in silicon can be (a) the Joule heating of silicon and
temperature variations in optical susceptibilities, (b) the
appearance of electrically induced second harmonic
component due to the tangential electric field generated
by applying a voltage to the current electrodes, and
(c) the effect of the current on the second harmonic
induced by mechanical stresses.
To eliminate the last spurious effect, the s–s combination of the pump wave and second harmonic polarizations was used in all our experiments. In this case,
only the anisotropic quadrupole second harmonic is
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samp

induced by mechanical stresses, vanishes for such
geometry.
Discrimination of the masking thermal effects
[effects (a) in our above classification] is particularly
important. Since the current-induced quadratic susceptibility changes sign under current reversal, the phase of
the current-induced second harmonic should be sensitive to the current direction, whereas the thermal effect
should be independent of the current orientation. For
this reason, we studied current-induced second harmonic generation by the single-path interferometry of
the second harmonic [10] with an external second harmonic (reference) source [11] (see Fig. 2a). A 30-nmthick tin oxide film on a glass substrate was used as a
sample
reference. The total intensity I2ω( j, r) ~ ( E 2ω ( j, r) +
ref

E 2ω (r))2 of the sample and reference second harmonic
sample

ref

fields, where E 2ω ( j, r) and E 2ω (r) are the complex
amplitudes of the sample and reference second harmonic fields, respectively, includes a cross term whose
sign changes under current reversal and is a harmonic
function of the coordinate r of the sample relative to the
reference. Hence, the current-induced second harmonic
can be characterized by the so-called current contrast of
the second harmonic intensity defined as
I 2ω ( j, r ) – I 2ω ( j, r )
ref samp
- ∝ 4E 2ω E 2ω ( j ) cos [ δ ], (1)
ρ j = --------------------------------------------ref
I 2ω
+

+

–

–

where I 2ω ( j, r) and I 2ω ( j, r) are the second harmonic
samp

intensities induced by opposite currents and E 2ω ( j)
ref

Fig. 2. (a) The scheme of single-path interference of the second harmonic. (b) The interference dependence of the current contrast at a pump wavelength of 780 nm for (closed
circles) allowed geometry at the current J = 1 A and (open
circles) forbidden geometry at the current J = 4 A. (c) The
current dependence of the current contrast. The pump wavelength is 780 nm.

generated in the (001) bulk silicon [5]. The second harmonic intensity is an oscillating function of the azimuth
angle with eight minima and maxima on a noise pedestal (Fig. 1b). If the plane of pump incidence is parallel
to the X or Y silicon crystallographic axes or makes an
angle of 45° with these axes, contribution (c) to the second harmonic intensity vanishes. This means that the
second harmonic intensity from both the surface and
bulk of (001) silicon, including the second harmonic

and E 2ω are the corresponding real amplitudes of the
sample and reference second harmonics. The phase difference between the second harmonic waves is δ =
2πr/L + Φref + Φsamp, where r is the distance from the
reference to the sample, Φsamp and Φref are the second
harmonic phases, and L = λω(2∆n)–1 is the interference
pattern period, where ∆n = n(2ω) – n(ω).
Thus, all experiments were carried out (i) using second harmonic interferometry with an external reference
source to eliminate spurious thermal effects and (ii) in
the ss combination of the pump and second harmonic
polarizations and with the azimuthal orientation of the
sample at a crystallographic signal minimum to eliminate the spurious effect of the current on the mechanical
stresses and on the bulk quadrupole contribution to the
second harmonic intensity. The latter condition was fulfilled automatically for the allowed and forbidden
geometries of the current. Each experimental point was
obtained by measuring the signals for opposite currents
and calculating the current contrast ρj .
The closed circles in Fig. 2b correspond to the
experimental dependence of the current contrast on the
distance between the reference and sample in the case
of the allowed geometry of current-induced second harJETP LETTERS
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monic generation. The solid line is the fit by the oscillating part of Eq. (1) with L = 4.8 cm, which corresponds to the air dispersion ∆n = n(2ω) – n(ω) for a
pump wavelength of 780 nm [12]. The presence of an
interference pattern and the nonzero current contrast is
indicative of the sensitivity of the current-induced second harmonic phase to the current direction, i.e., of current-induced second harmonic generation. The reference position maximizing the current contrast was
determined using the interference pattern. The further
experiments were carried out for this position of the reference. The open circles in Fig. 2b indicate the absence
of the current-induced second harmonic generation in
the forbidden geometry of the current: the current contrast is zero within the experimental error. Figure 2c
shows that the current contrast is a linear function of the
samp
current density j. According to Eq. (1), ρj ∝ E 2ω (j) ∝
( 2 )d

χ̂ (j). Therefore, the linear dependence for ρj implies
the linear dependence of the current-induced quadratic
( 2 )d
susceptibility χ̂ (j) on the current density j in accordance with the theoretical predictions in [8].
There exists another spurious effect that can mask
the current-induced second harmonic. If the current is
parallel to the surface, then, in addition to the currentinduced second harmonic, there can be another second
harmonic component due to the tangential electric field
Edriv generated by the current in the gap. This component can be observed as an electric-induced second harmonic with the same symmetry as the current-induced
second harmonic.
However, the following two experimental facts confirm the pure current-induced origin of the observed
second harmonic.
First, the spectrum of the electric-induced second
harmonic in (001) silicon was studied in [13]. It was
shown that the intensity maximum of the electricinduced second harmonic is reached for a second harmonic photon energy of 3.35 eV. The spectrum of the
current-induced second harmonic measured in the
present work shows that the spectral profiles of the
electric- and current-induced second harmonics are significantly different. This implies that the observed
effect is not electric induced.
Figure 3a presents the spectral profiles of the current
contrast measured in this experiment and the normalized coefficient of the electrically-induced second harmonic from [13]. Note that a peak at about 3.35 eV corresponding to the bulk two-photon resonance of direct
transitions in silicon is absent in the current-contrast
spectrum. Hence, the observed effect is neither crystallographic nor electrically induced. The existence of a
narrow resonance at an energy of about 3.53 eV agrees
qualitatively with the results of the theoretical model
[8] for current-induced second harmonic generation in
semiconductors. The band structure of silicon near the
critical point E '0 for the direct transitions is shown in
JETP LETTERS
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Fig. 3. (a) Spectral profile of the (closed circles) current
contrast measured for the current J = 4 A and (open circles)
electrically-induced second harmonic from [13]. The solid
curves are the Lorentz fits of the line. (b) Band structure of
heavily doped p-silicon. The electric current J distorts the
electron distribution function. This is schematically shown
as a step in the valence band. The arrows show the electronic transitions in which pump and second harmonic photons are absorbed or emitted.

Fig. 3b. The hole distribution function for p-type Si is
similar to the electron distribution functions considered
in model calculations [8]. The local Fermi level at room
temperature for heavily-doped p-type Si used in our
experiment is in the conduction band and, according to
the estimate, is ~0.1 eV below its upper edge for k = 0.
Therefore, the expected narrow resonance near 3.5 eV
is observed in the experiment.
Another piece of evidence in favor of the current,
rather than field-effect, nature of the observed effect is
provided by the comparison of the expected intensity
I2ω(Edriv) for the electric fields used in our experiments
and the experimentally measured second harmonic
intensity I2ω( j). Such a comparison shows that the latter
intensity is at least two orders of magnitude higher. The
interelectrode electric field typical of our samples and
experimental conditions is Edriv ≈ 1 V/cm. At the same
time, the typical electric field in the experiments on
observations of the electrically-induced second harmonic is Edc ≈ 105 V/cm [13]. Since the intensity of the
electrically-induced second harmonic in such an electrostatic field under the experimental conditions
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reported in [13] is about the intensity of the crystallographic p-polarized second harmonic from a (001) silicon surface, the intensity I2ω(Edc) can be estimated by
the intensity of the reflected p-polarized second harmonic measured for our samples. Hence, the ratio
I2ω(j)/I2ω(ESCR) ~ 5 × 10–6 for the intensity derived using
the current contrast ρj . This ratio for the second harmonic intensity I2ω(Edriv) expected for our experiment is
I2ω(Edriv)/I2ω(ESCR) ∝ [Edriv/ESCR]2 ~ 10–8–10–10, which
is two orders of magnitude lower than the value for the
observed intensity of the current-induced second harmonic.
The comparison of the intensities of the currentinduced second harmonic and the second harmonic
reflected from the crystalline quartz whose dipole quadratic susceptibility is well known [14] makes it possible to estimate the maximum current-induced quadratic
susceptibility in our case: χ(2)d( jmax) ~ 3 × 10–15 m /V.
In conclusion, the results of this work are summarized as follows. Current-induced second harmonic
generation in a centrosymmetric silicon single crystal
has been experimentally observed. The optical second
harmonic corresponding to the dipole quadratic susceptibility χ(2)d( jmax) ~ 3 × 10–15 m/V is induced by a direct
current with the surface density jmax ~ 103 A/cm2. The
experimentally observed current-induced effect opens
new prospects for the development of novel techniques
to measure the direction and density of currents in surface regions of semiconductor devices.
This work was supported by the Russian Foundation
for Basic Research (project nos. 06-02-39013 and
07-02-92113).
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