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Plasma-activated silicon structures exhibit symmetry broken surfaces through chemical surface
modification leading to a considerable second-order nonlinear optical response. This nonlinear
response is demonstrated in second-harmonic and difference frequency generation measurements
including the generation of terahertz radiation in silicon photonic nanowires using telecom
wavelength excitation pulses. © 2010 American Institute of Physics. [doi:10.1063/1.3503586]

Previous efforts or proposals aiming at the realization of
silicon photonic structures with second-order nonlinearity
were based on cladding the silicon waveguide with an addi-
tional (predominantly organic) electro-optic material.'?
However, fabrication including the process step of electric
field-induced poling of the applied polymer material—is com-
plex and difficult to integrate into complementary metal-
oxide-semiconductor (CMOS) production lines. Silicon itself
exhibits a second-order dipole response at the surface, where
the bulk inversion symmetry is broken.” Electric fields (e.g.,
in the space-charge region) generate an additional anisotropy
within the biased volume,* which has been optically studied
by electric-field-induced second-harmonic  generation
(SHG).’ Alternatively, mechanical strain generated by the
deposition of highly braced cladding layers6 has also been
used for anisotropy generation in silicon. However, the
implementation and local application of such silicon-intern
approaches into nanophotonic devices is still difficult and
hence the number of experimental demonstrations published
to date is very sparse. In this work a novel approach based on
a simple CMOS-compatible plasma process is demonstrated
to induce enhanced second-order nonlinearity at silicon sur-
faces. This enhancement, which is caused by a plasma-
assisted chemical surface treatment, is verified in two inde-
pendent experiments: SHG and difference frequency
generation (DFG), e.g. terahertz (THz) generation.

The fabrication of the plasma-activated (PA) silicon
structures starts from silicon-on-insulator (SOI) material
commercially available from S.O..TEC, France. The SOI-
layer system contains a 625 um thick handle wafer with a
phosphorous background doping resulting in a specific resis-
tivity of <2 () cm. The handle layer is covered by a 2 um
thick buried oxide layer followed by a 340 nm thick silicon
layer on top with (100) orientation and the same background
doping and specific resistivity as the handle wafer. First, the
top silicon layer is thinned to a thickness of 220 nm (88 nm
for SHG measurements) by thermal oxidization and subse-
quent removal of silicon dioxide in hydrofluoric acid. The
resulting structure is used as a reference slab-waveguide
(SWG). Plasma-activated SWGs are obtained by adding a
short exposure of the sample to an HBr-plasma [gas flow: 50
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SCCM (SCCM denotes cubic centimeter per minute at STP),
pressure: 5 mtorr] for about three seconds as a final process
step. Reactive ion etching (RIE) in an HBr-plasma is a stan-
dard CMOS-process often used for anisotropic etching of
silicon. During the process Bromine chemisorbs on the Si
surface in a reaction layer which is typically only one mono-
layer thick. After the short etching process ionic Si—Br,
bonds (1= X =3) are left at the surface. This is expected to
result in a charge center dislocation and consequently in a
break of centrosymmetry in the vicinity of the silicon sur-
face. As verified by atomic force microscopy the short RIE
etching process step removes less than 4 nm of silicon. A
significant modification of surface roughness is not observed.
For SHG measurements an additional set of PA and reference
samples are prepared using the described processes and
(100)- and (111)-oriented bulk silicon material.

First, the second-order optical nonlinearity of the pre-
pared surfaces is investigated by rotational anisotropic
SHG.” The second-harmonic of an incident optical beam is
dominantly generated at the surface of the silicon crystal,
where the bulk centrosymmetry is broken. However, since
the layer of second-order activity at the surface is usually
very thin, bulk quadrupolar contributions Xﬁg are often not
negligible. Strain or static electric fields E4. contribute to the
effective nonlinear polarization P); as well. The total second
harmonic polarization can be expressed as

P(20) = ol Xl E(0) E(0) Ege + X ohE(w) E(w)

surf

+ X22E(w) V E(w)], (1)

where XEﬁL describes the surface contribution of the second
order nonlinearity and E(w) represents the electrical field of
the incident light. The resulting intensity /gy of the second
harmonic light from a silicon surface can be described as a
function of the azimuthal angle ¢ with respect to crystalline
surface orientation by

ISHG,xy = |axy + bxy COS(3€D)|21)2w (2)
for a (111)-oriented surface and
ISHG,xy = |axy + bxy COS(4§D)|21§’ (3)

for a (100)-oriented surface, where the indices x,y € {s,p}
indicate the considered incident fundamental and detected
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FIG. 1. (Color online) Measured and fitted SH intensity data vs azimuthal
angle of the incident plane for (a) the reference and (b) the plasma-activated
samples, for both figures measured at the surface of (111) bulk material and
of an (100) SOI structure with a 88-nm-thick top silicon layer. Also in (a):
schematic description of the applied RASHG measurement configuration.

SHG polarizations. The isotropic and anisotropic coefficients
a,, and b,,, respectively, include the Fresnel coefficient and
the contributions of the nonlinear optic tensor components.
The experimental configuration used for the SHG experi-
ments is schematically depicted in the inset diagram of Fig.
1(a). Laser pulses at a center wavelength A=810 nm (1.53
eV), a repetition rate f,,,=80 MHz and a pulse duration of
Tewam= 120 fs are used for excitation. The pulse train is
directed on the sample surface at an incident angle of 45°
with an average power of 130 mW. The reflected SH light
(3.06 eV) is isolated from the fundamental beam using a
Pellin—Broca prism and spectral filters and is quantified with
a single photon counter based on a photomultiplier.

Exemplary experimental and theoretical fit data are plot-
ted in Fig. 1. For all samples, a significant second-order non-
linearity enhancement is observed at the PA surfaces in com-
parison to the reference surfaces. The susceptibility
enhancements are summarized in Table I. Most values mea-
sured at the PA bulk samples are of comparable size or partly
even higher than strain-induced values (1.6-2.55), recently
measured at bulk surfaces for stress values in the
GPa—range.7 A surprisingly high susceptibility enhancement
b?;h, however, is observed at the SOI sample. Unfortunately,
since the corresponding fourfold SHG contribution from the
reference sample was below the noise limit of our measure-
ment set-up we can only specify a minimum value for this
enhancement factor, which is given by b§2h> 24. The actual
value is even larger. The considerably increased enhance-
ment observed at the SOI sample in comparison to the bulk
sample can be explained by interference-induced field en-
hancement within the top silicon layer.8
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FIG. 2. (Color online) Experimental time-domain data of terahertz field
signals E.(r) generated for different optical excitation power at the PA and
reference silicon slab waveguides (h=220 nm). Upper right picture: Sche-
matic of the experimental configuration used for THz signal generation.

Next, terahertz signal generation via DFG is investi-
gated. In contrast to our previous experiments, the second-
order nonlinear process is now pumped below the energy
band-gap of silicon and the excitation signal is transmitted
through the SWG. The experimental configuration is
sketched in the upper right inlay in Fig. 2. The setup is based
on a classic optical pump/probe scheme. Broadband pulses
with a center wavelength A=1550 nm, duration Trwpm
=100 fs and repetition rate f,,,=100 MHz are split into a
pump and a probe beam. The TM-polarized pump beam is
coupled into the silicon waveguide using a single-mode po-
larization maintaining lensed fiber. The coupling loss is ap-
prox. 20 dB. Hence, from 11 mW of average power at the
fiber output only 110 W are coupled into the silicon wave-
guide and the corresponding maximum pulse peak power
within the waveguide is 10 W. Unless otherwise stated, all
power values referred to in this paper are fiber output values.
The generated THz signals are detected with a freely-
positionable photoconductive (PC) probe-tip held in slight
contact to the silicon surface. With this tip (similar to the one
described in Ref. 9) the E_-field component at the silicon
surface can be detected with a spatial resolution better than
5 pm and subpicosecond time resolution. The detector is
equipped with a fast photoswitch based on low-temperature-
grown gallium-arsenide (LT-GaAs), which is sampled by the
delayed probe pulses for time-resolved field detection.

Terahertz signals from both SWGs are plotted in Fig. 2.
The lateral distance between the in-coupling facet and the
field probing position is 100 um. A 64-times higher peak
amplitude is observed at the PA SWG for 1 mW average
excitation power. At the PA (reference) waveguide the de-

TABLE I. Comparison of plasma-induced susceptibility enhancements at investigated samples.

Sample Egyg=3.06 eV Azimuthal SHG signal

Plasma-induced susceptibility enhancement

Strain-induced susceptibility enhancement

(111) Bulk I=la,+b,, cos(3¢)[*I;
1,,=|b,, cos(3 go)|2]%
2
1,,=la,,+c,, cos(Ge)|[;
(100) Bulk I,=la,,+by, cos(4)’I;
(100) SOI I,=la,,+by, cos(4)[*I; a

am=15, b'=1.9

enh __ enh__
ah=25, b=3.4

henh=2.0

b=
a=2.55, b"=1.6, Egyg=3.1 eV*

> “pp

b™M=1.9, Eqyg=3.26 eV*

sp

oM=5.4, b >24

“Data from Ref. 7.
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FIG. 3. (Color online) (a) Frequency-domain data of the THz amplitudes
generated at the PA and reference slab waveguide as a function of varying
optical excitation power. (b) Terahertz frequency-domain field amplitudes
plotted against average pump power. Field amplitudes for f=0.005 THz are
multiplied by 0.25 for better visualization.

tected time-domain signals exhibit an initial positive (nega-
tive) pulse followed by a half-cycle in the negative (positive)
amplitude range, respectively. The postpulse half-cycle is
generated by probe internal reflection. For increasing excita-
tion power the generated THz field amplitude increases and
the full-width-half-maximum (FWHM) duration of the
pulses decreases from 2.6 ps to 1.7 ps for an excitation
power increasing from 1 mW to 40 mW, respectively. Re-
markably, pulse reshaping is not observed at the non-
activated reference waveguide. The reference SWG pulse du-
ration is also much longer (4.2 ps, FWHM) than the pulse
durations measured at the PA SWG. In standard Si photonic
waveguides two-photon absorption and self-phase modula-
tion have been identified as the dominating (third-order) non-
linear effects responsible for significant pulse spectrum
broadening and saturation of transmission power for peak
intensities above ~0.05 GW/cm2.' The maximum
waveguide-internal peak intensity in our study is estimated
to be approximately around this characteristic limit. A full
theoretical description of the underlying short-pulse disper-
sion effects in PA silicon waveguides will require an exten-
sion of existing models, which are so far solely based on
linear, third-order nonlinear optical and free-carrier-induced
effects."! Although the applied configuration is not phase-
matched the detected THz field amplitudes are already sur-
prisingly large: In a comparative experiment, using an above
band gap photocarrier-based InGaAs surface-emitter'” in the
same set-up, generating equally high near-field amplitudes at
the InGaAs surface required a two orders of magnitude
higher excitation power in comparison to the PA SWG inter-
nal excitation power.

Frequency-domain data calculated from the time-domain
data of Fig. 2 using Fourier transformation are plotted in Fig.
3(a). All spectra exhibit a similar shape with an amplitude
maximum at 0.05 THz and a continuous amplitude drop-off
into a noise floor for increasing frequency. The reference
signal amplitudes measured at the SWG are above the noise
level for £<<0.22 THz. At f=0.22 THz and 3 mW excita-
tion power the relative enhancement in generated THz am-
plitude (power) scales to an impressive factor of 1.53 X 10?
(2.3 X 10*, Iy, E3y;,) as marked by the arrow in Fig. 3(a).
At 11 mW excitation power this amplitude (power) enhance-
ment is reduced to 67 (4.5 X 10°). The corresponding power-
dependency of the field amplitudes generated at the PA acti-
vated waveguide is plotted in Fig. 3(b) for several
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frequencies in the range of f=0.05-0.7 THz. For f
>0.3 THz a linear relation between the THz field amplitude
and excitation power is observed as it is expected for a
second-order nonlinear process of DFG. This result confirms
that photogenerated current surge can be ruled out as a domi-
nating origin for THz generation: In a photoconductive THz
generation process the generated field amplitude Ety, scales
linearly with the number of photogenerated charge-carriers,1
however, for subbandgap excitation the dominating absorp-
tion process within the reference and the PA silicon wave-
guide is two-photon absorption (TPA) and the number of
TPA-generated charge carriers, increases %Il%ump.M A devia-
tion from a linear THz amplitude/optical pump power-
dependency is observed for the generated quasi-dc field am-
plitude at f=0.05 THz which follows roughly a parabolic
function including a positive linear and a negative quadratic
term. The latter might be an indication for carrier-based
screening of a PA-induced surface field.

In this work, it was demonstrated that a technically rel-
evant amount of second-order nonlinear activity can be in-
duced in silicon nanophotonic components by chemical sur-
face treatment in reactive HBr-plasma. In comparison to
silicon organic hybrid approaches chemical surface activa-
tion provides the important advantage of a radically simpli-
fied and CMOS-compatible fabrication process. The pre-
sented approach implies an important breakthrough for the
realization of silicon waveguides with locally limited electro-
optic activity, which would be difficult to fabricate with hy-
brid methods. Consecutive waveguide sections with and
without electro-optic activity can be realized with virtually
no shifts of the effective mode index. Ongoing work is di-
rected to the application of PA silicon nanowires in electro-
optic modulators.
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