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4Centro de Investigaciones en Optica, León, Guanajuato, México

Optical second harmonic generation (SHG) is used as a noninvasive probe of the interfaces of
Si nanocrystals (NCs) embedded uniformly in an SiO2 matrix. Measurements of the generated
SH mode verify that the second-harmonic polarization has a nonlocal dipole form proportional to
( �E · ∇) �E that depends on inhomogeneities in the incident field �E, as proposed in recent models
based on a locally noncentrosymmetric dipolar response averaged over the spherical NC interfaces.
A two-beam SHG geometry is found to enhance this polarization greatly compared to single-beam
SHG, yielding strong signals useful for scanning, spectroscopy and real-time monitoring. This
configuration provides a general strategy for enhancing the second-order nonlinear response of cen-
trosymmetric samples, as demonstrated here for both Si nano-composites and their glass substrates.

PACS numbers: 42.65.-Ky, 78.40.Fy, 78.68.+m

The unique electronic structure of Si nanocrystals
(NCs) embedded in SiO2 is enabling new light-emitting1,2

and flash-memory3 devices that can be fabricated with
standard methods of microelectronics technology. Elec-
tronic states at the interfaces of the Si NCs with the SiO2

matrix play a key role in the physics of such devices. For
example, Wolkin et al. proposed that Si=O double bonds
become stable and luminesce at the interfaces of Si NCs
of a few nm diameter.4 Oxygen vacancies give rise to
additional interface states5 that can trap photo-excited
charge, quench luminescence, and mediate storage and
release of charge. However, the microscopic nature and
energy spectrum of these interface states is still under
debate,4,5 in part because of the lack of effective experi-
mental probes of the NC/SiO2 interface.

Optical second harmonic generation (SHG) can pro-
vide such a probe. In a recent work,6 we observed weak
SHG from Si NCs embedded in SiO2 and demonstrated
its sensitivity to chemical modification of the sharply
curved Si NC/SiO2 interfaces. Thus evidently the inter-
face sensitivity of SHG, widely exploited in probing pla-
nar Si/SiO2 interfaces,7 persists even for macroscopically
centrosymmetric composites of spherical Si NCs. The
mechanism of SHG, however, remained unclear. Recent
phenomenological models of SHG from individual spher-
ical particles of centrosymmetric material,8,9 and from
nano-composites,10 have shown that the lowest order con-
tributions to the SH polarization density �P (2) are11

�P
(2)
SHG = nNC�p(2) − 1

6
∇ · nNCQ

↔
(2). (1)

The first term represents the contribution from the SH
dipole moments �p(2) of individual nanoparticles of uni-
form density nNC . �p(2) has a nonlocal form, with its
radiative part proportional to (�E · ∇) �E, that results
from spherically averaging the locally noncentrosymmet-
ric dipole polarization χ↔(2)

s : �E �E of the Si/SiO2 interface,

with additional contributions from the bulk Si. Here χ↔(2)
s

is the second-order nonlinear susceptibility of the inter-
face and �E is the incident field. The second term de-
scribes additional contributions from the SH quadrupole
moment Q

↔
(2), which enhance SHG in regions of local gra-

dients ∇nNC in NC density.6 In this Letter, we demon-
strate a clear experimental signature of the ( �E ·∇) �E form
of nNC�p(2) in the transverse mode structure of the SH
signal generated by a single incident beam from a locally
uniform Si NC composite. We then exploit this form of
�P

(2)
SHG to generate unprecedented SH intensity from the

NCs by shifting to a configuration with two noncollinear,
orthogonally-polarized fundamental beams. Previously,
two-beam SHG has been applied to non-centrosymmetric
samples to determine precisely the tensor components of

the dipole-allowed
↔

χ(2).12 Here, we demonstrate, for the
first time to our knowledge, that two-beam SHG provides
a general strategy for enhancing the second-order nonlin-
ear response of centrosymmetric materials, including the
Si nano-composite as well as its glass substrate.

Samples were prepared by sequentially implanting Si
ions of different energies into 0.9 mm thick silica sub-
strates to a depth of 1 µm, then annealing for 1 h at
1100 oC in Ar to precipitate formation of NCs of uniform
density nNC = 7, 3 and 1.5× 1018 cm−3, and average di-
ameters 〈dNC〉 = 3, 5 and 8 nm, respectively.13,14 No NCs
were implanted in an outer 1 mm wide margin of each
substrate, which therefore served as a control sample to
monitor SHG from the unimplanted glass. We measured
single-beam SHG in transmission using linearly polar-
ized pulses of duration τp = 200 fs, energy E = 0.3µJ
at repetition rate frep = 250 kHz from a regeneratively
amplified Ti:S laser. Pulses were focused at normal inci-
dence to a spot radius w0 ≈ 10µm onto the sample with
TEM00 mode structure (see Fig. 1a, top). The unim-
planted glass produced no detectable SHG. However, the
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signal climbed immediately to ∼ 100 SH photons/s (i.e.
4 × 10−4 SH photons/pulse) as the laser spot scanned
into the implant (Fig. 1b), proving that the NCs pro-
duced the signal. We imaged the SH beam generated by
a uniform region of Si NCs (∇nNC = 0) from the sam-
ple onto a photon-counting charge-coupled device (CCD)
(Fig. 1a). The image shows that the NCs emitted SH in
a double-lobed TEM01 mode (Fig. 1a, bottom left), with
no SHG in the exact forward direction. With a single-
beam, the only contribution to ∇E that radiates in the
near-forward direction is the transverse gradients of the
incident TEM00 mode, which point radially outward from
its center. Thus for incident linear polarization ( �E · ∇) �E
has the spatial structure shown in Fig. 1a (bottom right),
which is in excellent agreement with the observed mode
structure. This mode structure strikingly confirms the
predicted9,10 ( �E · ∇) �E form of �P

(2)
SHG.

The intensity scaling of the SHG signal also confirms
the ( �E · ∇) �E mechanism, for which SH count rate (SH
photons/s) scales as frepE2/(πw2

0)
2τp, in view of the fi-

nite waist w0 of the TEM00 Gaussian beam. In principle,
higher E or smaller w0 increases signal. However, incident
fluence E/πw2

0 was limited to <∼ 0.1 J/cm2 by the onset
of sample damage. Instead, we repeated the single-beam
measurements using 80 fs, 50 µJ pulses at frep = 1 kHz
from a more powerful Ti:S amplifier. To avoid damage,
w0 was increased to 125µm. Ironically the more power-
ful pulses yielded ∼ 100× fewer counts/s, in agreement
with the above scaling law. Had �P

(2)
SHG been dipolar, the

SHG signal would have scaled as frepE2/πw2
0τp, yielding

∼ 10× stronger signal, contrary to observation.
A consequence of the ( �E ·∇) �E form of �P

(2)
SHG is that the

SH response can be enhanced significantly in a two-beam
SHG geometry. To demonstrate this, we split the 50µJ
pulses equally and recombined the two pulses with spot
size w0 = 125µm (thus maintaining sub-damage fluence)
as illustrated in Fig. 2. The sample surface lies in the
xy plane, �E1 is normally incident, while �E2 is obliquely
incident with p-polarization. In this geometry

�P
(2)
SHG = inNC [( �E1 · �k2) �E2 + ( �E2 · �k1) �E1]ei(�k1+�k2)·�r (2)

for ∇nNC = 0, where �E1,2 and �k1,2 are the incident fields
and wave-vectors inside the sample, and we have used the
plane wave approximation, thus neglecting the weak sin-
gle beam SH polarizations. When �E1 is polarized along
ŷ, �E1 · �k2 = 0, but ( �E2 · �k1) �E1 = ikE1E2 sinαŷ con-
tributes a strong forward-radiating polarization, where
α is the angle between �k1 and �k2 inside the sample.
Now a wavelength-scale gradient ∝ 1/λ replaces the
spot-size-scale transverse gradient ∝ 1/w0 in single-beam
SHG, resulting in a much stronger signal that scales as
sin2 αE1E2frep/λ2πw2

0τp and propagates along �k1 + �k2.
We observed two-beam SHG to be stronger by orders of
magnitude (e.g. ∼ 104 counts/s or 10 counts/pulse for
α = 200) than single-beam SHG. In fact, photon count-
ing was no longer required. By contrast, when �E1 and

FIG. 1: a) Experimental set-up for single-beam SHG, showing
incident TEM00 fundamental mode (top), and the measured
(bottom left) and calculated (bottom right) TEM01 mode of
the imaged SH radiation. b) Scan of integrated SHG signal
across the boundary between Si NC implant and unimplanted
glass rim at edge of sample.

�E2 lie in the xz plane, the bracketed term in Eq (2) be-
comes −iE1E2

sin2 α
1+cos α (�k1 + �k2), which points along the

propagation direction, and thus does not radiate. As a
result, we observe a signal comparable to single-beam
SHG. As we varied the angle θ between the �E1 and the
xy projection of �E2, the SHG signal, now detected by
a conventional analog PMT, varied as sin2 θ, as shown
in Fig. 2. SHG is maximized for �E1 ⊥ �E2. Essentially
identical results were obtained when �E2 was rotated with
fixed �E1, the maximum again occurring for �E1 ⊥ �E2.
The maximum observed for �E1‖x̂ and �E2‖ŷ is significant
because two-beam SHG from the isotropic glass surface
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FIG. 2: Schematic of two-beam SHG configuration using inci-

dent fields �E1 and �E2 with wave vectors �k1 and �k2 intersecting
at angle α inside the sample. Lower right: dependence of two-
beam SHG on the angle between �E1 and the projection of �E2

in the xy plane, for the sample with 〈dNC〉 = 5 nm.

is forbidden. Significant glass surface contributions to
the enhanced two-beam SHG can thus be ruled out. We
confirmed that two-beam SHG contained only frequen-
cies within the doubled fundamental spectrum, and de-
pended on temporal overlap of the incident pulses.

A complication arose, however, because the two-beam
SHG geometry with �E1 ⊥ �E2 also enhanced the signal
from the isotropic glass substrate, whose second-order
transverse polarization is also ∝ ( �E · ∇) �E, because of its
bulk isotropy. This is evident from the SHG scans across
the glass/NC boundary in Fig. 3a, which now show com-
parable signal from the unimplanted glass rim and the
NC-implanted glass. Consequently, both the glass sub-
strate and the 1-µm thick Si NC implant contributed to
the enhanced SHG shown in Fig. 2. Evidently two-beam
SHG with �E1 ⊥ �E2 can be used quite generally for en-
hancing the SH response of centrosymmetric materials
such as glass, which possess a bulk quadrupolar response
of the same macroscopic form as the spherically-averaged
interface response of a nano-composite. The reason for
the reduced contrast between NC- and glass-generated
SHG in the two-beam, as compared to single-beam, ex-
periments remains unsettled. Naively we expect that
both signals, being ∝ �E · ∇ �E, should be enhanced by
the same factor ∼ sin2 αw2

0/λ2. However, single-beam
SHG may be dominated by NCs close to the top and
bottom surfaces of the implanted region, where they are
influenced by additional inhomogeneities of their image
field9 which are not enhanced in the two-beam geometry.
Further work is under way to elucidate this point.

Fortunately, the two enhanced contributions can be
discriminated completely with additional independent
measurements, as illustrated in Fig. 3. Fig. 3a con-

FIG. 3: (a) Scan of two-beam SHG across glass/NC boundary
with NC layer (〈dNC〉 = 5 nm) at entrance (filled squares) or
exit (triangles) side of sample, with orthogonally-polarized
incident fields. (b) Spectrally dispersed two-beam SHG from
unimplanted glass (crosses) and NC implant (filled squares) of
same sample with NCs at exit, showing Maker fringes caused
by frequency-dependent phase mismatch in glass substrate.
(c) Same as (b) but for parallel polarization of incident fields.

trasts two SHG scans in which an NC layer (〈d〉 = 5 nm)
is either on the beam exit (open triangles) or entrance
(filled squares) side of the substrate. SHG from the im-
planted region is stronger (weaker) than from the unim-
planted glass with the NCs on the exit (entrance) side.
The asymmetry is more pronounced for 8 nm, less for
3 nm NCs (not shown). This asymmetry arises because,
with NCs at the exit, they absorb ∼ 2/3 of the SHG from
the glass.6 They then generate additional signal, result-
ing in stronger SHG than from unimplanted glass. The
weaker SHG observed with NCs at the entrance proves
that the SH fields E2ω

g and E2ω
NC from glass and NC layer,

respectively, interfere destructively.
To quantify the phase relationship between E2ω

g and
E2ω

NC , we spectrally dispersed SH light generated in
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the unimplanted and NC-implanted regions in a spec-
trometer, as shown in Fig. 3b. The signal from
the glass rim (crosses) shows several Maker fringes15
within the SH bandwidth. These result from frequency-
dependent phase mismatch within the glass substrate,
which is ∼ 100π/∆kg thick, where ∆kg = |�k1 + �k2 −
�k3| is the phase mismatch inside the sample. The
curve through the crosses represents the square modu-
lus of the calculated phase-mismatched SH field E2ω

g =
Γg(∆k)−1E2(ω)(ei∆kgLg − 1), where we used measured
values of spectral intensity profile |E(ω)|2, refractive in-
dices ng(ω) and ng(2ω) to calculate ∆k, and the effective
glass thickness Lg along �k1 + �k2. Excellent agreement
is obtained despite using no fitting parameters other
than an overall real scaling factor Γg. No spatial varia-
tions in this signal were observed within the unimplanted
glass, indicating that its thickness was uniform. The field
Eg(ω) is thus well characterized. Significantly, the signal
|E2ω

g |2 drops to approximately zero at 395, 398, 401 and
404 nm. At these 4 wavelengths, the non-zero SHG signal
from the NC-implanted region, shown by filled squares in
Fig. 3b, can be regarded as pure NC signal. At interven-
ing frequencies, the Eg(2ω) acts as a local oscillator that
interferes with E2ω

NC . Since the NC layer is much thin-
ner than π/∆kNC ≈ 13µm,6 phase mismatch is small
and does not produce Maker fringes in E2ω

NC . It can be
written iΓNC(i∆k+α2ω

NC)−1(ei∆kLNC−e−αLNC )E2(ω),17
where α2ω

NC and LNC are the linear absorption coeffi-
cient and thickness, respectively, of the NC layer, and
we take the nonlinear coefficient ΓNC as a complex,
frequency-independent constant. The curve through the
filled squares represents a fit to |E2ω

NC + E2ω
g |2, where

E2ω
g = Γg(∆k)−1e(−α2ω

NC+i∆k)LNC (ei∆kgLg − 1)E2(ω)
when its propagation through the NC layer is taken into
account.17 For the fitted value ΓNC/Γg = P1e

iP2 relative
to Γg we obtain P1 = 1.35± .01 and P2 = 0.39π ± .002π.
The presence of a significant positive phase shift of ΓNC

relative to Γg suggests that 2ω lies just below a reso-
nance of the Si NCs. Indeed a modified E1 resonance
at h̄ω = 3.32 eV, near the SH photon energy, has been
observed in 〈d〉 = 5 nm Si NCs.16 Thus we have dis-
criminated ΓNC completely from Γg, while retaining the
strong signal enhancement of the �E1 ⊥ �E2 configuration.

For contrast, Figure 3c shows the much weaker
spectrally-resolved SFG signals from the unimplanted
glass (crosses) and NC-implanted region (filled squares)
in the �E1‖ �E2 configuration. As for single-beam SHG,
the glass yields negligible signal, so the high contrast be-
tween the NC implant and glass is recovered, at the cost
of smaller signal. The absence of Maker fringes in the
two-beam SHG from the NC implant is consistent with
the absence of a glass substrate contribution.

In conclusion, we have experimentally verified that
SHG from a uniform composite of spherical Si NCs is
radiated by a nonlinear polarization of nonlocal dipo-
lar form proportional to ( �E · ∇) �E. We showed that
SH responses of this form are greatly enhanced in a
noncollinear two-beam SHG configuration, whether they
originate microscopically from spherical interfaces (as in
the nano-composite) or from a bulk quadrupolar response
(as in the glass substrate). Competing signals from NCs
and substrate were discriminated straightforwardly, and
detectable without photon counting. We are currently
exploiting this configuration for spectroscopic SHG of
the NC-oxide interfaces, by using a widely tunable pulse
from an optical parametric amplifier. This configuration
should be widely applicable for noninvasive spectroscopy
of the electronic structure of buried nano-interfaces.
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