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Anisotropic nonlinear response of silicon in the near-infrared region
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The authors characterize experimentally the anisotropy of two-photon absorption and the Kerr
nonlinearity in silicon over a broad spectral region in the near infrared using the z-scan technique.
The results show that both of these parameters decrease by about 12% along the [0 1 0] direction

compared with the [0 1 1] direction, and this change occurs for wavelengths in the range of
1.2-2.4 um. © 2007 American Institute of Physics. [DOI: 10.1063/1.2768632]

Silicon photonics is emerging as a new branch of optics
because of its potential applications in the near- and mid-
infrared regions."” Silicon-on-insulator (SOI) waveguides
can confine optical modes tightly to a narrow region, provid-
ing an excellent platform for realizing optical functions on a
submicron scale by exploiting a multitude of nonlinear ef-
fects. Although silicon lacks a second-order nonlinear sus-
ceptibility because of its centrosymmetric crystal structure, it
exhibits a relatively large third-order susceptibility x'* with
a magnitude nearly 200 times larger than that of silica. In-
deed, SOI waveguides have recently been used for multiple
nonlinear applications, and they are a likely candidate for
future all-optical signal processing at the chip level.>'°

Polarization effects play an important role inside SOI
waveguides in both the linear and nonlinear regimes.m13
Unlike the isotropic nature of linear optical properties of sili-
con, its third-order nonlinear response is generally aniso-
tropic because of the point-group symmetry of a silicon crys-
tal. As SOI waveguides are typically fabricated along the
[0 1 1] direction on the (1 0 0) surface, the commonly used
quasi-TM and quasi-TE modes are polarized along the
[10 0] and [0 1 1] directions, re:spectively.4’6’8’10’12 Conse-
quently, any anisotropy of silicon nonlinearity affects the
nonlinear processes, depending on the polarization of the in-
put light. For example, anisotropy in the Raman tensor of
silicon has been shown to play a crucial role in Raman am-
plification and lasing.s’6 It is thus important to know the
exact magnitude of the x*® anisotropy, particularly as is re-
lated to the two important nonlinear parameters known as the
two-photon absorption (TPA) and the Kerr coefficients, both
of which play a critical role in silicon-based devices.*"°

The x® anisotropy of silicon has been studied in the
past four decades maian through third-harmonic generation
and four-wave mixing.1 20 However, most studies have fo-
cused on the opaque spectral regime, well above the indirect
band gap (near 1.1 wm), to explore the complicated relation-
ship between y® and the band structure of silicon. In the
case of nonlinear silicon photonics, one is more interested in
the region below the indirect band gap, where silicon is

transparent.l’2 However, little information is available about
the anisotropy of ¥ in the region between 1.2 and 2.4 um,
where the nonlinearity is expected to be dispersive.zl* * In
this letter, we present a detailed characterization of the X(S)
anisotropy over this broad spectral region. Although third-
harmonic generation provides high sensitivity, it involves in-
teracting waves of quite different frequencies and is thus
affected by the dispersion of . To exclude such undesir-
able effects, we employ a simple method based on the z-scan
technique.25 This method depends on the nonlinear absorp-
tion and self-focusing induced by only one optical wave and
still provides relatively high measurement sensitivity.

As a silicon crystal belongs to the m3m point-symmetry
group, its x® has only two independent components,
namely, )((131)“ and )((131)22.27 For a linearly polarized wave in-
cident normally on the (1 0 0) surface of a silicon wafer, the
induced nonlinear polarization is given by27

360 *
PY = T[X(131)11|Ei|2Ei + X<131)22(2|Ej|2Ei +E; E?)]’ (1)

where E; and E; (i, j=x, y with i # j) are the two polarization
components along the in-plane crystallographic axes x and y
pointing toward [0 1 0] and [0 O 1] directions, respectively.
Although the polarization in Eq. (1) would introduce a slight
nonlinear polarization rotation on the optical beam (because
of slightly different nonlinear phases imposed on the two
polarization components), a detailed analysis shows that the
TPA and self-focusing effects in a z-scan experiment are pri-
marily dominated by the component of P that is copolar-
ized with the input beam. As a result, the nonlinear effects
can be described by an effective susceptibility of the form®

x3)(6) = 1[A + B cos(40)], (2)

where A=3 X(131)1 +3 )((131)22, B= x(131)1 =3 X(131)22’ and 6 is the in-

cident polarization angle with respect to a crystallographic
axis, chosen to be the x axis.
In a z-scan experiment, the beam transmittance in the
. . 26
cases of open and partially closed apertures is governed by

Br(0)1L
a) . . . . T()(Zs 0) = l - — ) (3)
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FIG. 1. Experimental setup used for the measurements of anisotropy. OPA:
optical parametric amplifier; ATT: attenuator; Det: detector; and SOP: state
of polarization.

I L[ B(0)D, - 2kn,(6)D;]
24251 + 77)

where [ is the peak intensity of the incident beam, L is the
thickness of the sample, and 7=z/z, is the location of the
sample with respect to the focal point, normalized by the
Rayleigh range (ZQ=7TW(2)/ \), of a focused Gaussian beam
with the waist radius w, at wavelength N\. k=2m/\ is the
propagation constant in vacuum. Further, S is the aperture
transmittance and D, and D; are quantities related to the fil-
tered beam profile, given by:24

2(np—1i)(n+3i)
749

In Egs. (3) and (4), B;(6) and n,(6) are the TPA and Kerr
coefficients for an input wave polarized linearly at an angle
of 6 with respect to the x axis. They are related to the effec-
tive third-order susceptibility in Eq. (2) as

TC(Z» 0) =1- 5 (4)

D,+iD;=1-exp In(1-35)|. (5)

i 3k
kn(6) + 3 Br(60) = 1 5Xei(0). (6)
where n is the polarization-independent refractive index of
silicon.

Equations (2)—(6) provide a simple way to measure the
anisotropy of n, and B;. For example, Eq. (3) shows that the
open-aperture trace exhibits an absorption dip in linearly
proportion to the TPA coefficient B;. Thus, by locating the
sample at the focal point while changing the polarization
angle 0, and comparing the data with those recorded far from
the focal point, we can obtain the relative magnitude of
Br(0) as a function of 6. Similarly, as D, and D, are even and
odd functions of z, respectively [see Eq. (5)], the fractional
transmittance T,(z,0) =T.(z,0)/T,(z,6) exhibits a peak and
a valley located symmetrically around the focal point. The
difference in T at these two locations, denoted by D, (6), is
linearly proportional to the Kerr coefficient 112(19).2 There-
fore, by measuring D,,(6) as a function of polarization
angle, we can obtain the relative magnitude of n,(6). In prac-
tice, it suffices to measure the difference of 7,.(z, #) at these
two locations, as T,(z, ) has the same value at these two
locations. Moreover, as only the relative magnitudes of 7
and n, are being characterized, this method does not require
accurate information about the beam waist, peak intensity,
etc., as long as these quantities remain stable during the mea-
surement. As a result, the method has a much higher accu-
racy than those measuring absolute values of nonlinear
palrametelrs.25

Figure 1 shows our experimental setup. 500-Hz linearly
polarized optical pulses from an optical parametric amplifier
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FIG. 2. (Color online) z-scan traces at 1315 nm with a pulse energy of 13 nJ
(corresponding peak intensity of 10.0 GW/cm?). Top: open-aperture trace
T,(z); middle: close-aperture trace T,(z) with the aperture transmittance S
=0.5; and bottom: Ty(z)=T,(z)/T,(z). Blue dots and red curves show experi-
mental data and theoretical fits, respectively. The incident wave is polarized
along [010] direction.

(Spectra  Physics, OPA-800FC) are focused onto a
500-um-thick silicon wafer (p doped with a resistivity of
20 Q cm) using a 10 cm focal-length lens. The wavelength is
tunable from 1.2 and 2.4 um, enabling us to measure the )
anisotropy over such a broad spectral region. The pulse
width varies in the range of 90-150 fs, depending on the
wavelength, and is short enough to ensure small free-carrier
effects over the pulse duration. A small portion of the signal
is used as a reference beam to monitor pulse energy fluctua-
tions. The signal channel is divided by the reference one to
mitigate the impact of such fluctuations. The (1 0 0) wafer
under test is oriented such that the signal is normally incident
along the [1 0 0] direction. For experimental simplicity, the
polarization angle 6 is varied by rotating the sample around
its normal axis, the [1 0 0] direction.

We perform both the open- and close-aperture z scans
and divide the two traces to obtain T,,(z)=T,(z)/T,(z). Figure
2 shows the three traces at the carrier wavelength of
1315 nm. The T, trace shows a clear TPA dip at a certain
location z,, while a peak and a valley appear in T,(z) because
of self-focusing at locations denoted by z, and z,. At these
three locations, we record 7T, and 7, as a function of the
sample orientation angle 6. We also record T,(%,6) and
T.(c0, 0) with the sample far from the focal point, where both
the TPA and self-focusing are negligible, to ensure the ab-
sence of other polarization-dependent effects. As discussed
earlier, the quantities 7,(z,,6)—T,(*,0) and T.(z,,0)
—T.(z,,0) provide a direct measure of the polarization de-
pendence of the TPA coefficient B;(6) and the Kerr coeffi-
cient n,(6), which in turn are related to the imaginary and
real parts of )(sz

Figure 3 shows the normalized B(6#) and n,(6) as a
function of the sample orientation angle 6. Both curves ex-
hibit sinusoidal oscillations with a period of 90° because of
the symmetry of silicon crystal, as indicated in Eq. (2). These
oscillation patterns indicate clearly the polarization-
dependent nature of the third-order nonlinearity in silicon.
The minimum and maximum values of B;(6) and n,(6) oc-
cur when the sample is oriented at 0° and 45°, respectively,
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FIG. 3. (Color online) Normalized TPA coefficient B, and Kerr coefficient
n, as a function of sample orientation angle 6. Blue dots show the experi-
mental data; red curve is a sinusoidal fit; and #=0 corresponds to a beam
linearly polarized along the [0 1 0] direction.

corresponding to the linear polarization along the [0 1 0] and

[0 1 1] directions. The minimum value is about 88% of the
maximum value for both 87 and n,. Our measurements made
in the bulk material imply that the fundamental quasi-TM
mode experiences about 12% less nonlinearity than the fun-
damental quasi-TE mode in conventional SOI waveguides.
We stress that the two polarization directions used in the
experiment coincide with the TE- and TM-mode directions
in such waveguides because they are typically fabricated
along the [0 1 1] direction on the (1 0 0) surface (and the
longitudinal component along the propagation direction con-
tains a very small faction of the incident power). The uncer-
tainty in our measurement mainly comes from slow fluctua-
tions in pulse energy during measurements.

We can use the preceding results to deduce the aniso-
tropy of x itself. Equation (2) shows that Xefr )(0)= ,\/(1%])“ and
)(eff)(45 )= (X(131)11+3X1122)/2 As Br(60) and n,(6#) in Fig. 3
have a nearly the same polarization dependence, we obtain
)(1 0 1/)(1 122—2 36. This value is very close to the value mea-
sured at a wavelength of 1.06 um, a value right above the
indirect band gap, 1718 and indicates negligible dispersion
in the anisotropy in this spectral region. As the absolute mag-
nitudes of B and n, are qu1te dispersive from the full band
gap to below half band gap, 224 we vary the carrier wave-
length of pulses from 1.2 to 2.4 um and characterize the an-
isotropy over this range. We find nearly the same magnitude
of nonlinearity anisotropy over this near-infrared sgectral re-
gion. Our results differ from recent experlments based on
TPA in a silicon detector at 1550 nm, where the induced
photocurrent was found to be polarization independent. This
opens an interesting question about the fundamental physical
relationship between silicon TPA and induced photocurrent.
Further experimental and theoretical investigations are
needed to clarify this issue.

In summary, we have carried out a detailed characteriza-
tion of the anisotropy of the TPA and Kerr coefficients of
silicon over a broad spectral range in the near infrared using
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the z-scan technique. Our results show that both of these
parameters decrease by about 12% along the [0 1 0] direction

compared with the [0 1 1] direction, and this change occurs
for wavelengths in the range of 1.2—2.4 um. Based on these
results, we find that the two independent components of the

third order susceptibility of silicon have the ratio of

X””/ X(l3])22z2.36 over the broad wavelength range of our

measurements. The discrepancy between our direct optical
measurements and those obtained from TPA-induced photo-
current in a silicon detector raises an interesting fundamental
question regarding the relationship between the nonlinear op-
tical properties and electronic response of silicon.
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