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Revealing Silent Vibration Modes of Nanomaterials
by Detecting Anti-Stokes Hyper-Raman Scatterine
with Femtosecond Laser Pulses

Jianhua Zeng, Lei Chen,” Qiaofeng Dai,* Sheng Lan** and Shaolong Tie*"

We proposed a scheme in which normal Raman scattering is coupled with hyper-Rama-
scattering for generating strong anti-Stokes hyper-Raman scattering in nanomaterials by usin:-
femtosecond laser pulses. The proposal was experimentally demonstrated by using single-layer
MoS, on a SiO,/Si substrate, 17 nm-thick MoS, on an Au/SiO, substrate and 9 nm-thick Mo¢ -
on a Si0,-Sn0,/Ag/SiO, substrate which were confirmed to be highly efficient for second
harmonic generation. Strong anti-Stokes hyper-Raman scattering was also observed in otuc.
nanomaterials possessing large second-order susceptibilities, such as silicon quantum dots s -
assembled into “coffee” rings and tubular Cu-doped ZnO nanorods. In all cases, many Raman
inactive vibration modes were clearly revealed in the anti-Stokes hyper-Raman scatteri=«
Apart from strong anti-Stokes hyper-Raman scattering, Stokes hyper-Raman scattering wif
small Raman shifts was detected during the ablation process of thick MoS, layers. It was also
observed by slightly defocusing the excitation light. The detection of anti-Stokes hyper-Rame 1
scattering may serve as a new technique for studying the Raman inactive vibration modes in

nanomaterials.

1 Introduction

Raman scattering in which the scattered photons carry the
information of the target material has been developed as a
powerful technique for material analysis. Although both Stokes
and anti-Stokes components are expected to appear in a Raman
scattering spectrum, only the Stokes component is observed in
most cases because of the much larger population of the ground
state. In the cases when the excitation intensity of the laser light
is sufficiently strong, one can anticipate the observation of
second-order Raman (or hyper-Raman) scattering whose
intensity is much weaker than the first-order one. Hyper-Raman
scattering was demonstrated many years ago by using high-
power nanosecond or picosecond lasers.! Since some vibration
modes are Raman inactive but hyper-Raman active due to the
different symmetry selection rules,®'® hyper-Raman scattering
has become a complementary tool of normal Raman scattering
for revealing silent vibration modes that are invisible in both
Raman and infrared absorption spectra.

So far, most hyper-Raman scattering measurements are
performed by using nanosecond or picosecond lasers with large
average powers and low repetition rates.'™ !¢ In this case, the
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Stokes hyper-Raman component is found to be much stronge.
than the anti-Stokes one, similar to that observed in norm: .
Raman scattering. The advantage of using nanosecond anu
picosecond lasers is the narrow linewidth of the laser pulse-
which offers a good spectral resolution for the vibration moauc

However, the long pulse width and low repetition rate of
nanosecond and picosecond lasers generally lead to a long
integration time (e.g., several hours or one day) for the wez -
hyper-Raman scattering signal.>* For this reason, femtosecond
(fs) lasers with large peak powers and high repetition rates have
been employed in the excitation of hyper-Raman scatterir x
signal.'”'"” Tt was found that hyper-Raman scattering signal
could be efficiently generated and the integration time we :
significantly reduced to a few seconds.'®'® More interestingly
it was noticed that the intensity of the anti-Stokes hyper-Rame 1
component was comparable or even stronger than that of the
Stokes one.'® This behavior is quite important because in som :
cases the observation of stokes hyper-Raman scattering is
severely disturbed by other nonlinear optical signals such ¢ s
two-photon-induced luminescence when fs lasers are useu.
Previously, the second harmonic generation (SHG) of silicc «
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(Si) nanoparticles was investigated by using fs laser pulses and
strong anti-Stokes hyper-Raman scattering was observed
together with the extremely efficient SHG.?® The phenomena
described above indicate the possibility of generating highly
efficient anti-Stokes hyper-Raman scattering by using fs laser
pulses with high repetition rates and also raise the question why
anti-Stokes hyper-Raman scattering appears to be much
stronger than Stokes one in the case of fs laser excitation.

If we review the physical mechanism for the well-
established

scattering,”! which is shown in Fig. 1(a), we can easily propose

technique of coherent anti-Stokes Raman
a scheme for generating highly efficient anti-Stokes hyper-

Raman scattering by utilizing the coupling between normal

a

(D1
T GJHas
o, , W,
!
U)R
k Kk t
2 H
‘ 91 > 92 f—: - -
k k k

1 1 1

Fig. 1 (a) Principle of the coherent anti-Stokes Raman scattering
technique. The emission of an anti-Stokes Raman scattering photon (@,s)
is induced by the interaction of two photons (@, and @) with a
frequency difference equal to wr. The relationship between the
wavevectors of the four photons involved in the coherent anti-Stokes
scattering process is shown in the inset. (b) Schematic showing the
coupling between a normal Raman scattering and a hyper-Raman
scattering. The population of the excited state is induced by the normal
Raman scattering (@, — @,). The transition from the excited state to the
virtual state and the emission of an anti-Stokes hyper-Raman scattering
photon is induced by the hyper-Raman scattering process (2@ — @as)-
The relationship between the wavevectors of the five photons involved
in the coupled scattering process is shown in the inset.
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Raman and hyper-Raman scattering processes, as shown in Fig.
1(b). In this case, the effective population of the excited state is
induced by the Raman scattering process. After that, the
transition to a virtual state can be achieved by simultaneous! -
absorbing two photons of the fundamental light provided that
the transition rate is larger than the decay rate of the excite {
state to the ground state. Apparently, such a condition can be
satisfied by using fs laser pulses with large peak powers ana
high repetition rates and nanomaterials with large second-ords
nonlinear susceptibilities (x®) which render a large transitio .
rate from the excited state to the virtual state.

In general, nanometer-sized materials possess much large -
second-order nonlinear susceptibilities (3®) as compared wit.
their bulk counterparts. For bulk materials with centrc
symmetry such as Si and gold (Au), their second-orde-
nonlinear susceptibilities (x®) are expected to vanish. Howeve-
it has been shown that Si and Au nanoparticles exhibit efficier.*
SHG because of the deviation from symmetric shape and the
breaking of symmetry at interfaces.’***** For two-dimension. |
materials such as MoS,, efficient SHG was observed only in
MoS, with odd layers especially single-layer MoS,.>*?’ The
of single-layer MoS, (~107" m/V) was found to be seven or( -«
of magnitude larger than that of bulk MoS, (~10™"* m/V).**
ZnO
semiconductors. For bulk ZnO, the x(z) was found to be ~107*
m/V while that of ZnO quantum dots (QDs) was determined to
be ~10”° m/V.** Besides, a large x® of ~10* m/V was found "1
InAs/GaAs self-assembled QDs.>' All these phenomena clearlv
indicate that the proposed scheme is highly suitable 1c:

other

Similar behavior was observed in and

detecting the silent vibration modes in nanomaterials.

In this article, we demonstrated the proposal mainly t,
using MoS,, a two-dimensional material which has attracte .
tremendous interest in recent years because of its potentia.
applications in the fabrication of electronic and photon’.
devices.*>*' In addition, we also confirmed, by using Si QD.
self-assembled into “coffee” rings and tubular Cu-doped Zn(.
nanorods (NRs) as examples, that the observation of strong
anti-Stokes hyper-Raman scattering is a popular phenomenor
when nanomaterials with large x® are excited by fs laser pu..
The detection of anti-Stokes hyper-Raman scattering may
become a new technique for studying the Raman inactive
vibration modes in nanomaterials.

2 Experimental section

Several nanomaterials were chosen to study the proposed anti
Stokes hyper-Raman scattering by using fs laser excitatior ,
including thin MoS, layers on different substrates, Si QDs seli-
assembled into “coffee” rings, and tubular Cu-doped ZnO NR:.
The common feature of these nanomaterials is the verified larg.
x@ and efficient SHG.

In our experiments, Si QDs were prepared via a chemica
etching by using Si powder as precursor and the mixture of 67
wt% HNO; and 46 wt% HF as solution, respectively. Tb-
detailed ascription can be found in previous literature.*’ The
transmission electron microscopy observation revealed that tt »
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diameter of the obtained Si ODs was 2+0.25 nm. It was found
that Si QDs were self-assembled into “coffee” rings after the
evaporation of water. Such “coffee” rings composed of Si QDs
exhibited strong SHG under the excitation of fs laser pulses.
The detailed method for preparing tubular Cu-doped ZnO NRs
can be found in our recent publication.”” MoS, layers were
exfoliated on a Si0,/Si substrate with a 300 nm-thick SiO, film,
an Au/SiO, substrate composed of a 50 nm-thick Au film on a
silica substrate of ~360 um, and a Si0,-Sn0O,/Ag/Si0, substrate
composed of a 20 nm-thick SiO,-SnO, layer and a 50 nm-thick
Ag film on a silica substrate of ~360 um (see ESI, Fig. S1(a)).
The colors exhibited by the MoS, layers on different substrates
were examined under a microscope. Basically, we can easily
calculate the reflection spectrum of a thin MoS, layer with a
certain thickness and deduce the chromaticity coordinate of the
MoS, layer.
coordinate with the actually observed color, one can give a
rough estimation for the thickness of the MoS, layer (see ESI,
Fig. S2). The normal Raman spectra of the MoS, layers were
measured by using a Raman spectrometer (Invia, Renishaw) at
excitation wavelengths of 514 and 785 nm (see ESI, Fig. S3).
The fs laser light with a repetition rate of 76 MHz and a
duration of 130 fs delivered by a fs oscillator (Mira 900S,
Coherent) was focused on the nanomaterials by using the 60x
objective lens (NA = 0.85) of an inverted microscope (Axio
Observer Al, Zeiss). The nonlinear optical signals generated by

By correlating the calculated chromaticity

the nanomaterials were collected by using the same objective
lens and directed to a combination of a spectrometer (SR-500i-
B1, Andor) and a coupled-charge device (DU970N, Andor) for
analysis (see ESI, Fig. S1(b)).

3 Results and discussion

3.1  Anti-Stokes hyper-Raman scattering observed in single-
layer MoS; on a SiO,/Si substrate

Since single-layer MoS, on a SiO,/Si substrate was known to
possess a large x?,*** we first examined the linear and
nonlinear optical responses of a single-layer MoS, whose
microscope image is shown in the inset of Fig. 2(a). The Raman
spectra of the single-layer MoS, were measured at two different
excitation wavelengths of 514 and 785 nm, as shown in Fig.
2(a). The Raman signal obtained at 514 nm, which is presented
in the inset, was much stronger than that obtained at 785 nm
because of the resonant excitation of the single-layer MoS, with
a bandgap energy of ~1.9 eV.**** Two peaks located at 384.5
cm’ and 403.1 cm™, which are attributed to the in-plane (Elgg)
and out-of-plane (A1g) vibration modes, were clearly resolved.
The MoS, layer was confirmed to be a single-layer one by the
frequency difference between the two modes which is estimated
to be 18.6 cm'*® No anti-Stokes Raman scattering was
observed in the Raman spectra.

In Figs. 2(b), we present the nonlinear response spectra of
the single-layer MoS, measured by using a fs laser light at 750
nm. The exposure time of the CCD, which corresponds to the
integration time of the nonlinear optical signals, was chosen to

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 (a) Raman scattering spectrum measured at 785 nm. The in-plane
(E'5,) and out-of-plane (A,,) vibration modes are indicated by tl :
dished circle. The Raman spectrum measured at 514 nm in which the
two vibration modes are clearly resolved and the microscope image ¢
the single-layer MoS, on the SiO,/Si substrate are shown in the insec
The length of the scale bar is 10 um. (b) Nonlinear response spectra ot
the single-layer MoS, measured at different excitation powers with ¢ .
exposure time of 0.5 s. The anti-Stokes hyper-Raman signal
magnified in the inset. (c¢) Nonlinear response spectra of the single-
layer MoS, measured at an excitation power of 60 mW with differe ¢
exposure times of 10, 20, and 40 s. In this case, the intensity of th.
SHG was beyond the detection region of the CCD. The weak anti
Stokes hyper-Raman signal with a larger Raman shift appearing in tl 3
350-360 nm wavelength range is magnified in the inset.
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be 0.5 s. Apart from the strong second harmonic (SH) observed
at 375 nm, one can see a nonlinear signal composed of two
peaks appearing at the short-wavelength side of the SH (see the
inset of Fig. 2(b)). They are attributed to the anti-Stokes hyper-
Raman scattering related to two vibration modes with Raman
shifts of about 793 cm™' and 923 cm™, respectively. These two
modes are not found in the normal Raman spectrum of MoS,.*’
Contrary to the normal Raman scattering, Stokes hyper-Raman
scattering was not observed in the nonlinear response spectra of
the single-layer MoS,. Early in 2000, Nayfeh et al. also
observed strong anti-Stoke hyper-Raman scattering in the
microcrystalline films composed of ultrasmall Si nanoparticles
which exhibited extremely strong SHG.?® In their case, the
intensity of the anti-Stokes hyper-Raman scattering was even
stronger than that of the SH.

In order to resolve more vibration modes in the nonlinear
response spectra, we increased the integration time from 10 to
40 s, as shown in Fig. 2(¢). Six vibration modes were clearly
revealed and their Raman shifts were estimated to be 772 cm™,
888 cm™, 1378 cm™, 1492 cm’, 1594 cm™ and 1667 cm’™,
respectively (see ESI, Fig. S4 for the details of extracting the
Raman shifts of these vibration modes).

In Fig. 1(b), it can be seen that the transition rate from the
excited state to the virtual state should be larger than the decay
rate of the excited state to the ground state in order to observe
the anti-Stokes hyper Raman scattering. In this case, the hyper-
Rayleigh scattering, which corresponds to SHG, is also strong
because of the large transition rate from the excited state to the
virtual state. For this reason, an enhancement in hyper-Raman
scattering is also accompanied by an enhancement in SHG, as
shown in Fig. 2(c) where the integration time for the nonlinear
signals is increased. In other words, any method which can be
employed to enhance SHG will also benefit to the enhancement
in hyper-Raman scattering.

3.2  Anti-Stokes hyper-Raman scattering observed in 17 nm
MoS, layer on an Au/SiO, substrate

Very recently, we have demonstrated that the SHG of a MoS,
layer can be enhanced by using a thin gold film.** For the MoS,
layers on an Au/SiO, substrate, the strongest SHG is no longer
achieved in single-layer MoS, which exhibits the strongest
SHG on a SiO,/Si substrate. Based on the calculation of the
enhancement factor for SHG, it was found that the strongest
SHG was obtained in the 17 nm-thick MoS, layer on the
Au/SiO, substrate.*® Therefore, we measured the nonlinear
response spectra for the 17 nm-thick MoS, layer on the
Au/SiO, substrate, as shown in Fig. 3. In Fig. 3(a), we present
the evolution of the nonlinear response spectrum obtained at
800 nm with increasing excitation power. The dependence of
the SHG intensity on the excitation power is provided in the
inset where a slope of ~2.28 was extracted by fitting the
experimental data plotted in a double logarithmic coordinate, in
good agreement with the second-order nature of SHG. In Fig.
3(b), strong anti-Stokes hyper-Raman scattering was observed
at an excitation power of 80 mW. In this case, the intensity of
the SHG exceeded the detection range of the CCD. In order to
see clearly the hyper-Raman scattering, the spectra were
magnified in the wavelength range of 382-394 nm, as shown in
the inset. The intensity of the hyper-Raman scattering was

4| J. Name., 2015, 00, 1-3
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Fig. 3 (a) Evolution of the nonlinear response spectrum with increas.. ,
excitation intensity measured at 800 nm with 50 gain value for the 17
nm-thick MoS, layer on the Au/SiO, substrate. The integration tin 3
was chosen to be 0.5 s. The dependence of the SHG intensity on th..
excitation intensity and the microscope image of the 17 nm-thick MoS
layer on the Au/SiO, substrate included within the dotted ellipse =
shown in the inset. The length of the scale bar is 10 um. (b) Evolution
of the nonlinear response spectrum with increasing irradiation tinr .
measured at an excitation intensity of 80 mW for the 17 nm-thick Mot
layer on the Au/SiO, substrate. The integration time was chosen to be
10 s. In this case, the intensity of the SHG was beyond the detectic 1
region of the CCD.

found to increase with increasing integration time. Howeve. **
does not exhibit a linear increase because of the saturation of
the SHG for excitation powers larger than 35 mW (see the inset
of Fig. 3(a)). When the ablation of the MoS, layer occurred,
decrease in both the SHG and the hyper-Raman scattering wa
observed, as shown in Fig. 3(b). The Raman shifts for the for
vibration modes resolved in the anti-Stokes hyper-Raman
scattering were derived to be ~542 cem™, ~655 em™!, ~761 cm
and ~846 cm™ (see ESI, Fig. S4 and Table S1/S2 for the details
of extracting the Raman shifts of these vibration modes). Thes :
four vibration modes are also not found in the normal Ramau.
spectrum of MoS,.*” In addition, it is noticed that the vibratio-
modes observed in the 17 nm-thick MoS, layer on the Au/SiC -
substrate are different from those observed in the single-layer
MoS, on the SiO,/Si substrate. Apart from the difference i1
thickness, this behavior implies that the enhancement in hyper-
Raman scattering provided by the thin gold film is selectiv:
More experiments are needed to clarify this issue.

3.3 Stokes hyper-Raman scattering observed in the ablation (.
MosS, layers

This journal is © The Royal Society of Chemistry zui>
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When the excitation power of the fs laser light exceeds a
critical value, the ablation of the MoS, layer will occur, leading
to the reduction in the thickness. Since the maximum SHG is
achieved in the 17 nm-thick MoS,, a decrease in SHG is
expected with the decrease of the thickness. In the inset of Fig.
4(a), we present the microscope images of the 17 nm-thick
MoS, layer before and after the ablation. A color change was
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Fig. 4 (a) Evolution of the nonlinear response spectrum of the 17 nm-
thick MoS, on the Au/SiO, substrate with increasing ablation time
observed at an excitation power of 80 mW. The dependence of the SHG
intensity on the ablation time and microscope images of the 17 nm-
thick MoS, before and after the ablation by using high-power fs laser
light are shown in the inset. The length of the scale bar is 10 um. (b)
and (c): Evolution of the nonlinear response spectrum with increasing
ablation time observed at excitation powers of 100 and 115 mW,
respectively. In all cases, the integration time was all chosen to be 0.5 s.
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observed at the ablation points. In Fig. 4(a), we show the
evolution of the nonlinear response spectrum with increasing
ablation time when the excitation power was fixed at 80 mW.
In this case, a monotonic reduction in the SHG intensity was
observed with increasing ablation time, as summarized in *
inset. If we raised the excitation power further to 100 or 115
mW, a new peak whose intensity is comparable to that of tk. >
SH emerged at the long-wavelength side of the SH, as can be
seen in Figs. 4(b) and 4(c). We attributed this peak to e
Stokes hyper-Raman scattering of a certain vibration moc.
whose Raman shift was estimated to be about 270 cm™ (see ESI,
Fig. S4 and Table S1/S2). With increasing ablation time, tl :
intensity of the Stokes hyper-Raman scattering decreased ana
finally appeared as a shoulder on the right side of the SH.

When the MoS, layer was ablated by the high-power fs
laser light, the high temperature in MoS, accelerated the deca,
of electrons from the excited state to the ground state. As
result, the excited state is no longer effectively populated
leading to the decoupling between the normal Raman scatterin:
and the hyper-Raman scattering proposed in Fig. 1(b). In thic
case, the anti-Stokes hyper-Raman scattering was reduce 1
while the Stokes component became visible in the nonlire~r
response spectra because of the increased population of wic
ground state, as evidenced in Fig. 3(b) and Fig. 4.

Basically, MoS, possesses semiconducting 2H phase and
1T/1T 4952 Yhile the 2H phase -
thermodynamically stable, the 1T phase is inherently unstab’ >

metallic phase.
or metastable. The conversion of 2H phase to 1T phase can be
realized through the intercalation of alkali-metal (Li and K) du »
to the charge transfer from alkali atoms to MoS,*? Very
recently, it has been demonstrated experimentally that the
reversion of the 1T phase to the 2H phase can be realized t /
irradiating fs laser pulses, making it possible to fabricate «
1T/1T' to 2H heterojunction.49 It is noticed, however, that the 7,
laser power used to induce the phase transition was only 15v
uW and an ablation of MoS, occurred when a higher lasc.
power was employed. Physically, the possibility of introducing
a phase transition from 2H to 1T/1T' by using fs lasc.
irradiation is quite small because the former is stable while the
latter is metastable. As compared with metallic 1T/1T" —MoS
the absorption of laser energy by semiconducting 2H—MoS, .
much smaller. Consequently, the fs laser power we used was
almost three orders of magnitude larger than that reported for
inducing the 1T/1T’ to 2H phase transition. In order to confiri
that the change in SHG intensity and film color was caused hv
ablation rather than phase transition, we measured the Raman
scattering spectra for the un-ablated and ablated areas ar 1
found no change in the Raman scattering peaks (see ESI, Fig
S3b). This result indicates that the irradiation of fs laser pulsc
results in the ablation of MoS, rather than the 2H to 1T/T’
phase transition.

3.4  Stokes hyper-Raman scattering observed in the case .
defocusing

Previously, it was shown that the third harmonic generatic 1
(THG) and the associated hyper-Raman scattering exhibited «
conical emission due to the phase-matched condition (c.

J. Name., 2015, 00, 1-3 | >
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momentum conservation) that needs to be satisfied in the
nonlinear optical process.'® Since the wavevector of the anti-
Stokes hyper-Raman scattering is larger than that of the Stokes
one, the conical angle for the anti-Stokes component should be
smaller while that for the Stokes one should be larger than that
of the THG. Similar situation is expected in the hyper-Raman
scattering associated with SHG as we studied in this work. For
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Fig. 5 Nonlinear response spectra measured by using defocused fs laser
light for the 17 nm-thick MoS, layer on the Au/SiO, substrate (a) and
the 9 nm-thick MoS, layer on the SiO,-SnO,/Ag/Si0O, substrate (b). The
microscope images for the corresponding MoS; layers are shown in the
insets. The length of the scale bar is 10 um. (c) Nonlinear response
spectra measured for the 9 nm-thick MoS, layer on the SiO,-
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Sn0O,/Ag/SiO, substrate by using focused fs laser light and the
increased integration time from 0.5 to 20 s.

this reason, the Stokes hyper-Raman component may not be
collected by the objective in the case of focusing because of
larger conical angle, especially for those vibration modes with
large Raman shifts. A possible way to observe the Stokc s
hyper-Raman scattering with small Raman shifts is to increasc
the conical angle for collecting signals by moving the objec..ve
towards the sample or by defocusing upwards. In this way, th "
signals with conical angles larger than the incident angle can be
collected by the objective, enabling the observation of tk:
Stokes hyper-Raman scattering with small Raman shifts.
However, the excitation intensity is also reduced by defocusing,
leading to the reduction in the intensity of the SHG and hype.
Raman scattering. In Fig. 5(a), we show the nonlinear respons~
spectra measured for a 17 nm-thick MoS, layer on the Au/SiO,
substrate by using defocused fs laser light at 800 nm. In this
case, the anti-Stokes hyper-Raman scattering was too weak 1.
be observed. As expected, the Stokes component with a Rama-
shift of 278 cm™ was clearly resolved in the spectrum, simila~
to the Stokes component observed in the ablation process of tt »
MoS, layer. If we refocused the excitation light on the MoS,
layer, the Stokes component disappeared and the anti-Stc -«
component appeared. We also examined the nonlinear respons<
spectrum for a 9 nm-thick MoS, layer on a SiO,-SnO,/Ag/S._,
substrate which exhibited very strong SHG even in the case of
defocusing, as shown in Fig. 5(b). A Stokes hyper-Rar---
scattering with a Raman shift of 226 cm' was observe: .
Actually, the observation of Stokes hyper-Raman scattering
with less strong laser field similar to the case of defocusing we ,
also found in the study of the hyper-Raman scattering spectrum
of hydrogen atoms.”® Similarly, strong anti-Stokes hyp
Raman scattering was revealed in the nonlinear response
spectra of the 9 nm-thick MoS, layer on the SiO, -
Sn0,/Ag/SiO, substrate by increasing the integration time frot..
0.5 to 20 s, as shown in Fig. 5(c). Their Raman shifts wer
calculated to be 527 cm™, 620 cm’l, 703 cm’!, and 792 cm’
respectively (see ESI, Fig. S4 and Table S1/S2).

3.5 Anti-Stokes hyper-Raman scattering observed in Si QDs
and ZnO NRs

As depicted in Fig. 1(b), the transition rate from the excited
state to the virtual state is determined not only by the excitat’ .
intensity but also by the @ of the nanomaterials which i
indirectly reflected in the efficiency of the hyper-Rayleigh
scattering or the intensity of SHG. Therefore, anti-Stokes
hyper-Raman scattering should also be observed in othcc
nanomaterials with large yx®. Here, we show two typicai
examples where strong anti-Stokes hyper-Raman scattering wao
successfully observed. The first one is Si QDs self-assemble

into “coffee” rings. Such a nanomaterial is quite similar to th

microcrystallite films composed of ultrasmall Si nanoparticle-
reported previously.”® The second one is tubular Cu-doped Zn
NRs. The nonlinear response spectra measured for these
two nanomaterials are presented in Figs. 6(a) and 6(b) while tl :
scanning electron microscope (SEM) images are shown in the
insets. The magnified spectra showing clearly the anti-Stoke

hyper-Raman scattering are also provided as insets. For the £’
QDs, four vibration modes with Raman shift of about 578 cm’
666 cm™, 763 cm™!, 859 cm™! are deduced (see ESI, Fig. S4 .
They are not found in the Raman scattering spectrum of Si.>*’

Similarly, two peaks with Raman shifts of about 859 cm™ an

995 cm™' were clearly identified in the anti-Stokes hype.

This journal is © The Royal Society of Chemistry zui>
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Raman scattering of the tubular Cu-doped ZnO NRs (see ESI,
Fig. S4 and Table S1/S2). These two vibration modes are also
not found in the Raman scattering spectrum of ZnQ.3¢*°

a
1.5x10* ————— T
Si QDs
e, L 4, =800nm P=30mwW
w)
E N — 0 S
:{ 1.0x10 60's |_
£ ——120s -~
[ = 3
\:_U— b 180 s ;40)(10
> 240's = /
‘B 5.0x10°} 300 s Z2.0x10° X .
c c —
2 g
£ £ o0
382 386 390 394
0.0 - - Wavelength (nm)
'360 380 400 420 440 460 480
Wavelength (nm)
ZnO NRs

3x10°f 2, =750 nm

[— 40 mW

80 mW
2x10" P——120 mwW
—— 160 mw |
L—— 200 mwW
- 240 mW i
1x1 0“ I— 280 mW ||

Intensity (arb. units)

355 360 365 370
Wavelength (nm)

360 8 400
Wavelength (nm)

Fig. 6 (a) Evolution of the nonlinear response spectrum with increasing
integration time measured for the Si QDs self-assembled into coffee
rings. The excitation wavelength was chosen to be 800 nm and the
excitation power was fixed at 30 mW. The SEM image of the self-
assembled Si QDs and the magnified anti-Stokes hyper-Raman
scattering are shown in the insets. (b) Evolution of the nonlinear
response spectrum with increasing excitation power measured for the
tubular Cu-doped ZnO NRs. The excitation wavelength and the
integration time were chosen to be 750 nm and 0.5 s, respectively. The
SEM image of the tubular Cu-doped ZnO NRs and the magnified anti-
Stokes hyper-Raman scattering are shown in the insets. .

440

4 Conclusion

In summary, we proposed a scheme for generating anti-Stokes
hyper-Raman scattering by wusing fs laser pulses and
demonstrated the proposal by using MoS, layers on different
substrates, Si QDs self-assembled into ‘“coffee” rings and
tubular Cu-doped ZnO NRs that exhibited efficient SHG. In
addition, Stokes hyper-Raman scattering was observed in the
ablation process of MoS, layers and also in the case of
defocusing the excitation light. With appropriate improvement,
the detection of strong anti-Stokes hyper-Raman scattering may
become a new technique for studying the Raman inactive
vibration modes in nanomaterials.
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