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Abstract We fabricated a hemispherical nearly-intrinsic Si-
based photodetector with (1̄10) plane. The photocurrent
generated from the detector under a continuous wave laser
at the wavelength of 1.3 µm was observed. The photocur-
rent shows a quadratic dependence on the incident optical
power. The dependence of the photocurrent on the azimuth
of the incident optical field is consistent with the anisotropy
of the two-photon absorption in Si crystals. The ratio of the
two nonzero independent components of the third-order sus-
ceptibility of silicon is obtained to be 0.42 from the observed
result of the anisotropy of the photocurrent.

PACS 42.65.-k · 78.40.Fy · 42.25.-p

1 Introduction

Silicon photonics has attracted much attention recently be-
cause of its potential applications in the near- and mid-
infrared regions. Silicon exhibits a significant nonlinear-
ity in the devices of p–n diode, waveguide, photodiode,
avalanche diode, and luminescent diode for autocorrelation
measurements [1, 2]. Two-photon absorption (TPA) in semi-
conductors is an attractive alternative to second-harmonic
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generation (SHG) for autocorrelation [3–5] because of po-
tential lower cost (compared to the use of photomultiplier
(PM) tube), increased sensitivity, and ease of use resulting
from having a wide wavelength range of operation with-
out needing the adjustment of crystal tilt angle for phase
matching of a nonlinear crystal for SHG. It is obviously
significant to fabricate TPA photodetectors with high sen-
sitivity used in the measurements of optical autocorrela-
tion.

Silicon is a kind of centrosymmetric crystals; it does
not have any second-order nonlinear optical effects in its
bulk at dipole approximation. The third-order nonlinear re-
sponse is generally anisotropic, unlike the isotropic nature
of the linear optical effects. The anisotropy of third-order
susceptibility χ(3) of silicon is typically studied through
third-harmonic generation and four-wave mixing. J. Zhang
et al. [6] has recently reported the result of the anisotropy
of χ(3) employing the method of z-scan. We have observed
the anisotropy of χ(3)of silicon crystals from the viewpoint
of the anisotropy of photocurrent generated from a silicon
hemispherical photodetector. By choosing specific crystal
orientations and wave-vector propagation directions, differ-
ent third-order tensor susceptibility elements can be deter-
mined [7]. We have studied the anisotropy of χ(3) based on
the (1̄10) surface of silicon.

In this letter, we present the hemispherical nearly-
intrinsic Si-based photodetector with (1̄10) plane operating
at 1.3 µm wavelength from a continuous wave laser. First,
we measured the quadratic dependence of the photocurrent
on the incident optical power and its nonlinear dependence
on the bias voltage. Next, we measured the anisotropy of the
photocurrent verse the azimuth of the incident optical field
and deduced the anisotropy of the third-order susceptibility
of silicon.
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Fig. 1 A schematic diagram of
the experimental system.
CWL: 1.3 µm continuous wave
laser; A: optical attenuator;
PBS: polarized beam splitter;
P: half-wave plate for 1.3 µm;
L: objective lens;
S: nearly-intrinsic Si
hemispherical photodetector;
G: galvanometer; V: voltage
meter; Rp: protective resistance;
D: Ge detector; Pm: optical
power meter. The inset shows
the structure of the
photodetector, and the shadows
represent the electrodes

2 Experimental setup

As shown in the inset of Fig. 1, the detector was made of
nearly-intrinsic silicon crystal with resistivity of 6000 � ·cm
and made into a hemisphere with a radius of 3 mm. The Si
hemisphere was used as both a detector and a solid immer-
sion lens (SIL) in the experiments. The bottom of the de-
tector is (1̄10) plane, on which aluminum electrodes were
evaporated. The electrodes consisted of concentric circular
and annular metal contacts with a spacing of 0.15 mm and
a radius of 0.5 mm for the central electrode. The contacts
between the aluminum and the silicon hemisphere are con-
sidered to be ohmic contacts. Because TPA would substan-
tially occur in the vicinity of the focused spot (the center of
the hemisphere), the concentric electrodes could collect the
photo-excited carriers efficiently.

Figure 1 schematically shows the experimental system.
The light source was a continuous wave (cw) solid laser with
a wavelength of 1.3 µm. The optical attenuator controlled
the optical power. The polarized beam splitter divided the
incident beam into two beams, one beam was coupled into
the Ge detector for monitoring optical power by the optical
power meter, the other beam passed through the half-wave
plate and the objective lens, and focused at the center of the
hemisphere. The polarization of light was altered by the ro-
tation of the half-wave plate about its surface normal. The
work distance of the 12× objective lens is about 6 mm and
NA is 0.3 in the free space.

3 Experimental results and analyses

A measurement of the photocurrent dependent on the inci-
dent optical power was carried out initially. The Si hemi-
sphere was biased at 1 V. The measured photocurrent shows
a quadratic dependence on the incident power, as shown in

Fig. 2 Photocurrent versus incident power. Bias voltage at 1 V for the
detector

Fig. 2, which indicates the nonlinear absorption in the Si
hemisphere. Although the labeled power of the cw laser was
200 mW, the factual incident power on the detector in the ex-
periments was measured to be about 100 mW. Here, we sim-
ply define the responsivity of the detector as the ratio of the
photocurrent to the incident optical power, and it is differ-
ent at different power since the photocurrent is quadratically
dependent on the incident power. We chose the maximal op-
tical power as 100 mW, and computed the responsivity of
the detector at the given power to be about 2 µA/W at 1 V
bias, which was comparable to the powers of the TPA de-
vices responding to laser pulses [8].

The responsivity of the hemispherical photodetector re-
sponding to laser pulses will be higher than that responding
to cw lasers. The higher responsivity is attributed to the role
of hemispherical SIL [9].

The dependence of the photocurrent on the bias voltage
was also measured under a fixed optical power of about
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Fig. 3 Photocurrent against bias voltage. The squares stand for the
dark current; the filled circles for the total current; and the triangles for
the photocurrent. The incident optical power on the detector was about
100 mW

100 mW. The result is shown in Fig. 3. The quite slow in-
crease of the photocurrent after 1 V bias indicates the near
saturation of the photocurrent with increasing bias. This be-
havior of the photocurrent is in agreement with the charac-
teristic of TPA which is typically saturated with the increas-
ing bias [8]. In TPA theory, the density of photo-generated
carriers is determined by the fixed incident optical intensity,
and the mobility of photo-generated carriers is constant un-
der weaker biased electric fields, but the mobility will de-
crease under stronger fields and the photocurrent is nearly
saturated.

Figure 4 shows dependence of the photocurrent on the
azimuth, the solid line is the fit to the data, the fitted result is
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where α is the angle of the polarization of the optical
electric-field with respect to the [111] orientation. Equa-
tion (1) reflects the anisotropy of TPA in the detector. The
analysis is given below.

When an intense light beam traverses semiconductor,
TPA can become the dominant loss mechanism if the light
is sufficiently intense and �ω < Eg < 2�ω, where Eg is the
energy gap and �ω is the incident photon energy. As the
light was propagating along the z-axis direction, a spatial
and temporal integration intensity I (z, t) would decrease
because of linear loss single-photon absorption (SPA) and
TPA:

dI (z, t)

dz
= −αI (z, t) − βI 2(z, t), (2)

Fig. 4 Photocurrent versus azimuth of optical field. The detector was
biased at 1 V and under optical excitation of about 100 mW. The incre-
ment of the half-wave plate angle is 5◦

where α is the linear loss SPA coefficient and β is the TPA
coefficient.

For the wavelength of 1.3 µm, the linear loss SPA in sil-
icon is approximately negligible because single photon en-
ergy is not sufficient enough to excite any interband transi-
tions in nearly-intrinsic Si crystal. So the nonlinear absorp-
tion TPA is dominant in the silicon hemisphere at the wave-
length of 1.3 µm.

The TPA induced photocurrent may be described by [8]

JTPA = Npe

2
η, (3)

where Np is the number of photons absorbed per second and
e is the electron charge. The conversion efficiency of the
hemispherical detector, denoted by η, is defined by the ratio
of the detected electrons to the half of the absorbed photons
inside the hemisphere.

The TPA coefficient is related to the imaginary parts of
effective third-order susceptibility χ

(3)
eff described by [10]

β = 3ω

2ε0c2n2
0

Imχ
(3)
eff (ω;−ω,ω,ω), (4)

where ε0 is the dielectric permittivity in vacuum,n0 the
polarization-independent refractive index of the medium,
and c is the speed of light in vacuum.

As silicon crystals belong to the m3m point-symmetry
group, the third-order susceptibility χ(3) of this group has
only two independent components, namely, χ

(3)
1111 and χ

(3)
1122

[7]. Note that this is true for both real and imaginary parts
of χ(3). When the incident light is propagating parallel
to the [1̄10] crystallographic axis, the optical electric-field
will be parallel to the (1̄10) plane and is given by �E =
E0(cos θx̂ + sin θŷ), where θ is the angle of the optical
electric-field with respect to the [001] crystallographic axis,
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x̂ and ŷ denoting the unit directions of the [001] and [110]
orientations, respectively. The form of the third-order sus-
ceptibility for the m3m point-symmetry group is as the same
as that of the 4̄3m point-symmetry group. Therefore, for this
specific geometry, the effective third-order susceptibility is
expressed as [11]

χ
(3)
eff (θ) = χ

(3)
1111

[
1 + 2σ

(
3

4
sin4 θ − sin2 θ

)]
, (5)

where σ is the coefficient of anisotropy defined by

σ = χ1111 − 3χ1122

χ1111
. (6)

For a fixed incident optical intensity, the intensity of pho-
tocurrent is proportional to the coefficient of TPA. We can
obtain accordingly

JTPA ∝ χ
(3)
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= χ
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(7)

Equation (1) is in good accord with the TPA theory ex-
pressed as (7). From (1), we can deduce the anisotropy of
χ(3). In our case, σ = (χ1111 −3χ1122)/χ1111 = −0.25, thus
we can obtain χ

(3)
1122/χ

(3)
1111 = 0.42. This value is very close

to the result measured in [6] and [12]. In [6], the authors
used the z-scan method to obtain the anisotropy σ by rela-
tively complicated computations.

We also used a cw solid laser with a wavelength of
650 nm and a power of 4.5 mW to excite the hemispheri-
cal Si detector. Figure 5 shows the linear dependence of the
photocurrent induced by single photon absorption on the in-
cident optical power. We observed that the photocurrent in-
duced by SPA was independent of the azimuth, as shown in
the inset of Fig. 5. We consider that the two exceptional val-
ues of 3.05 µA at 75◦ and 105◦ in the inset are due to measur-
ing errors. This observed result confirms the TPA anistropy
in the hemispherical Si photodetector.

In our case, the anisotropy of the third-order susceptibil-
ity is obtained directly by the measured anisotropy of the
photocurrent. If the bottom of the Si hemisphere is chosen
as the (111) plane, and the wave-vector propagation direc-
tion is along the [111] orientation, the effective third-order
susceptibility will be independent of the azimuth of the opti-
cal field. The experiment for this case is under investigation.
Photodetectors with this specific geometry are more useful
in practice because the photocurrent is independent of polar-
ization. We are developing the photodetector products.

Fig. 5 Photocurrent against incident optical power. The detector was
biased at 5 V. The abscissa just indicates the power monitored by the
optical power meter, not the actual power incident on the fabricated
detector. The inset shows the independence of the photocurrent from
the azimuth

4 Conclusions

We have presented the hemispherical nearly-intrinsic Si TPA
photodetector with (1̄10) plane operating at wavelength of
1.3 µm from a cw laser. The responsivity of the detector
was about 2 µA/W at 1 V bias. Compared to the waveguide
photodetector, the hemispherical solid immersion lens im-
proved the response sensitivity effectively. The dependence
of the photocurrent on the azimuth of the optical electric
field is consistent with the anisotropy of TPA in Si crystals.
Furthermore, the ratio of the two nonzero independent com-
ponents of the third-order susceptibility of silicon crystals
χ

(3)
1122/χ

(3)
1111 is about 0.42, deduced from the anisotropy of

the photocurrent. The high sensitive hemispherical Si pho-
todetector is easy to fabricate and is useful in autocorrelation
for measuring ultrashort laser pulses with wavelengths in the
region of 1.2–2.1 µm. We are developing hemispherical TPA
Si photodetectors insensitive to polarization light.
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