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In this Letter, we have demonstrated significant electric field induced (EFI) optical rectification (OR) effects
existing in the surface layers of germanium (Ge) and measured the distributions of EFI OR signals along the
normal directions of surface layers of Ge samples. Based on the experimental results, the ratios of the two
effective second-order susceptibility components χð2effÞzzz ∕χð2effÞzxx for Ge(001), Ge(110), and Ge(111) surface layers
can be estimated to be about 0.92, 0.91, and 1.07, respectively. The results indicate that the EFI OR can be used
for analyzing the properties on surface layers of Ge, which has potential applications in Ge photonics and
optoelectronics.
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Germanium (Ge) is an important material for high
frequency devices due to its high carrier mobility. In addi-
tion, Ge is widely used for infrared optoelectronic devices.
Especially, since the 21st century, the properties of Ge and
its applications in silicon (Si)-based optoelectronics have at-
tracted more andmore extensive interest[1,2]. In optical com-
munications, Ge is a candidate in development of optical
waveguides operating in the mid-infrared band for its good
transparency in the region of 2–15 μm, relatively low trans-
mission loss, and large refractive index[3]. Moreover, the
Ge-on-Si technology has been extensively investigated,
since it is well compatible with Si-based complementary
metal–oxide–semiconductor (CMOS) technology. Thus,
Ge can be expected to explore the Si-based integrated
optoelectronic devices operating in the region of the mid-
infrared. In other words, Ge is anticipated to further diver-
sify the functions of the Si-based integrated optical path.
Both Ge and Si have diamond structures and Oh point

group symmetries. According to the dipole approximation,
their second-order nonlinear susceptibility tensors should
be zero, and they have no second-order nonlinear optical
effects, such as the Pockels effect, optical rectification
(OR), and second harmonic generation, which hinders their
applications in the realization of optical modulators, wave-
length generation, and other optoelectronic devices.
However, because of the natural interruption of the

crystal lattice at surface layers, the external strain[4] and
the electric field are able to break the inversion sym-
metry[5] and produce the second-order nonlinear optical

effects[6], such as electric field induced (EFI) and second har-
monic generation[7–9]. EFI OR at semiconductor surfaces
was investigated as early as 1992; Chuang et al. interpreted
the mechanism of far-infrared radiation from some III–V
semiconductor surfaces based on EFI OR[10]. Recently,
the ultrafast surface OR effect has been extensively used
for terahertz (THz) emission[11,12]. These studies mainly fo-
cused on III–V or II–VI semiconductors; there are few re-
ports on the surface OR in Si and Gematerials. In 2008, our
research group pioneered the study of the EFI Pockels ef-
fect and OR in the surface layers of Si(111) crystals[13]. After
that, we also investigated the EFI Pockels effect and EFI
OR in the Si(110) and Si(001) surface layers[14–18].

Ge and Si have similar properties and structures, so EFI
second-order nonlinear optical effects should also exist in
Ge surface layers. In this Letter, we will report a prelimi-
nary study of EFI OR in surface layers of Ge crystals.

The Ge samples used in the experiments are uninten-
tionally doped N-type Ge single crystals with resistivity
of about 60 Ω·cm, and the main impurities are arsenic
donors. Based on the resistivity, the impurity concentra-
tion is calculated to be about 2.7 × 1013 cm−3, which is
close to the intrinsic carrier concentration of Ge. The sizes
of the Ge samples and the experimental system are illus-
trated in Fig. 1. The shapes of the Ge samples are rectan-
gular parallelepiped, with all six surfaces being
mechanically polished before experiments.

The experimental system for testing EFI OR is shown in
Fig. 1(e). A continuous wave optical fiber laser with the
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wavelength of 1964 nm is used, whose power can be ad-
justed in the range of 40–1100 mW. The laser output
is a Gaussian beam with the waist radius of 1580 μm,
which was chopped, the chopper provided a reference
signal for the lock-in amplifier, and the voltage signals
of EFI OR from the Ge samples were measured by the
lock-in amplifier. The polarization direction of the polar-
izer is along the vertical direction. The azimuth angle θ of
the linearly polarized light can be modified by rotating the
half-wave plate.
We investigated the dependence of EFI OR on the

polarization direction of the optical wave field. In experi-
ments, we tried to align the laser beam with one of the two
depletion regions of the Ge sample, so that we could get
the maximum voltage signal of EFI OR. By rotating the
half-wave plate to change the azimuth angle of the linearly
polarized light, we measured the signals of the EFI OR at
the different azimuth angles. The measured anisotropy of
the EFI OR was shown in Fig. 2.
In the experiments, the laser beam propagates along the

y axis, so the polarization direction of the optical wave
field is in the XOZ plane; then, the optical wave field
EðωÞ only has x and z components, expressed as follows:

ExðωÞ ¼ EðωÞ cos θ;
EyðωÞ ¼ 0;

EzðωÞ ¼ EðωÞ sin θ: (1)

Due to the natural interruption of the crystal lattice and
the electric field in the depletion layers, the symmetries of
the surface layers of Ge(001), Ge(110), and Ge(111) sam-
ples should belong to the point groups of C 4V , C 2V , and
C3V . Thus, according to the theory of the second-order
nonlinear optics[19], the z components of the DC polariza-
tion intensity for Ge(001), Ge(110), and Ge(111) samples
have the same form and can be deduced as

Pð2Þ
z ð0Þ ¼ εjEðωÞj2

h�
χð2effÞzxx þ χð2effÞzzz

�

þ
�
χð2effÞzxx − χð2effÞzzz

�
cos 2θ

i
; (2)

where ε is the permittivity of Ge, χð2effÞzzz and χð2effÞzxx are com-
ponents of the effective second-order susceptibility tensor
in the surface layers of Ge samples, and θ is the azimuth of
linearly polarized light. According to the Eq. (2), the OR
signals should be in a cosine relationship with the 2θ angle.

In Fig. 2, the stars represent the experimental data, and
the solid lines indicate the fitted curves based on the ex-
perimental data, so the equations for the fitted curves for
the Ge(001), Ge(110), and Ge(111) surface layers can be
written separately as Eqs. (3)–(5):

Fig. 1. Ge samples and the measurement setup of EFI OR.
(a) The Ge(001) samples; (b) the Ge(110) samples; (c) the
Ge(111) samples; (d) the metal–semiconductor–metal configura-
tion of Ge samples; (e) the measurement system for EFI OR.

Fig. 2. EFI OR signals versus the polarization azimuth of the
probing beam in the (a) Ge(001), (b) Ge(110), and (c) Ge(111)
surface layers.
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VORð001Þ ¼ 14.05þ 0.6 cos½2ðθ − 30°Þ�; (3)

VORð110Þ ¼ 15.4þ 0.75 cos½2ðθ þ 30°Þ�; (4)

VORð111Þ ¼ 32.1− 1.15 cos 2θ; (5)

where VOR is the signal of EFI OR, whose unit is micro-
volts. The experimental data can be fitted with a cosine
function with a period of π, which is in good accordance
with the theoretical Eq. (2). It is proved that there are EFI
OR effects in the Ge(001), Ge(110), and Ge(111) surface
layers. The operating temperature of the fiber laser is
easily affected by the environment condition and the op-
eration time. For example, the temperature of the fiber
laser will slowly increase with the operation time, so the
laser power will fluctuate slightly, which may induce
the deviation of the fitted curve from the experimen-
tal data.
According to the corresponding theoretical and exper-

imental relationship based on Eqs. (2) and (3)–(5), the ra-
tios of the two components of effective second-order

nonlinear susceptibility tensor χð2effÞzzz ∕χð2effÞzxx in Ge(001),
Ge(110), and Ge(111) surface layers can be estimated
to be about 0.92, 0.91, and 1.07, respectively. The results
show that the magnitudes of two second-order nonlinear
susceptibility elements of Ge are close to each other, so the
sum of the two components is much larger than their dif-
ference. That is why the OR signal has a rather large back-
ground in Fig. 2.
In addition, we further investigated the distributions of

EFI OR along the normal direction for Ge(001) and Ge
(110) crystals, respectively. The laser was fixed in experi-
ments, while an optical displacement platform was used to
move the sample along the z-axis direction in order to
make the laser spot in turn pass through one surface layer
of the Ge sample, the sample bulk, the other surface layer
of the sample, and finally leave the sample. For decreasing
the measurement error, we aligned all of the optical axes of
the optical elements with the laser beam in experiments,
that is, we let the laser beam irradiate vertically on the
input plane of the optical elements and the Ge sample.
When laterally moving the Ge sample, we also observed
the reflected laser beam from the Ge sample and ensured
that the reflected laser beam coincided with the input
beam. In order to save the measurement time and avoid
fluctuation of laser output power caused by the tempera-
ture increase, from the signals appearing until the signal
steeply rises, we moved the sample in 50 μm steps; around
the peak position, we moved the sample in 20 μm steps.
EFI OR signals versus the sample displacement are shown
in Fig. 3.
According to the experimental data fitted method[15],

the EFI OR signals are normalized, as shown in Fig. 3.
The two surface layers are defined as No. 1 and No. 2, re-
spectively. At the interfaces between Ge and the electro-
des, the built-in electric field intensity of the space charge

region is the strongest, so the two maximums of EFI OR
signals should individually correspond to the overlaps of
the Gaussian beam center and the two surfaces. For con-
venience, the location of the first interface between the
metal electrode and Ge, where the EFI OR signal has
the first maximum, was defined as the origin of the
displacement.

Due to the laser waist radius being 1580 μm, the
edge of the laser spot still overlaps with the two depletion
layers when the laser beam center moves in the bulk
of the Ge sample, so the non-zero EFI OR signals
corresponding to the sample bulk region result from
the overlap of the distributions of EFI OR in the two sur-
face layers.

The distance between the two surface layers of the Ge
(001) crystal shown in Fig. 3(a) is 2920 μm, which is con-
sistent with the thickness of the sample after being pol-
ished. The ratio of the OR signal of the No. 1 surface
to that of the No. 2 surface is 1:0.933, which indicates that
the maximum EFI of the two crystal surface layers is close.
In Fig. 3, the solid lines are the theoretically fitted curves
to the experimental data, in which the ratio of the two

Fig. 3. Distribution of the normalized EFI OR signals along the
normal direction of the Ge crystal. (a) Along the 001 direction for
the Ge(001) samples. (b) Along the 110 direction for the Ge(110)
samples.
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maximum electric field intensities is fixed at 1:0.966; the
simulated curve matches the experimental data well. The
electric field intensity of the No.1 surface is 1.04 larger
than that of the No. 2 surface, indicating that the electric
field distributions in two surface layers are very similar.
For the experimental results of the Ge(110) crystal, as
shown in Fig. 3(b), the simulated curve of the distribu-
tion of the normalized OR signals is also in good accor-
dance with the experimental data. These investigated
results denote that the EFI OR can be used as an effec-
tive method to explore the properties on surface layers of
crystals.
In summary, we demonstrated the EFI OR effects

in surface layers of Ge(001), Ge(110), and Ge(111)
samples under the same experimental conditions and
investigated the distributions of the EFI OR signals
along the normal directions for the Ge(001) and
Ge(110) samples. The change of the OR signals with
the azimuth of the polarized probing light exhibits a
cosine function of a double azimuth angle, which is
consistent with the theoretical expectation. It is proved
that there is a significant EFI OR effect in the surface
layers of Ge. The ratios of two effective second-order

susceptibility tensor elements χð2effÞzzz ∕χð2effÞzxx for the
Ge(001), Ge(110), and Ge(111) surface layers were
estimated to be about 0.92, 0.91, and 1.07, respectively.
In a word, the results indicate that the EFI OR may be as
a potential nondestructive method to investigate and
compare the surface/interface properties of centrosym-
metric crystals and also find potential applications in
Ge photonics and optoelectronics.
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