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ABSTRACT. Photo-induced enhanced Raman spectroscopy from a lithium niobate on
insulator (LNOI)-silver nanoparticle template is demonstrated both by irradiating the sample
53 with 254 nm UV light before adding an analyte and before placing the sample in the Raman
55 system (substrate irradiation) and by irradiating the sample in the Raman system after adding

57 1

60 ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces Page 2 of 35

the molecule (sample irradiation). The photo-induced enhancement enables up to a ~ 7-fold
increase of the surface enhanced Raman scattering signal strength of an analyte following
substrate irradiation, whereas a ~ 3-fold enhancement above the surface enhanced signal is
obtained for sample irradiation. The photo-induced enhancement relaxes over the course of ~
10 hours for a substrate irradiation duration of 150 minutes before returning to initial signal
levels. The increase in Raman scattering intensity following UV irradiation is attributed to
photo-induced charge transfer from the LNOI template to the analyte. New Raman bands are
observed following UV irradiation, the appearance of which are suggestive of a

photocatalytic reaction and highlight the potential of LNOI as a photo-active SERS substrate.

INTRODUCTION

Integrated photonic sensors are promising for a wide range of applications including chemical
detection, bioanalysis, and communications.'” One method to increase the sensitivity of the
materials used in such devices is to engineer high refractive index contrast to increase the
optical path length.’ The use of high refractive index dielectrics and refractive index contrast
engineering® has been shown to increase the optical path length of the exciting light and lead
to enhanced Raman scattering.’ High refractive index contrast can be achieved using lithium
niobate (LN) on insulator (LNOI) substrates,’ enabling LNOI substrates to be used as

photonic crystals, resonators, and sub-micron waveguides.*® LN, a ferroelectric crystal

10,11 12,13

widely used in photonics, is known to be cytocompatible, '~ making it a suitable
substrate for bio-photonic applications as well. LNOI is fabricated using He" ion implantation
of bulk LN, wafer bonding the implanted LN surface to an SiO, on Si (or LN) substrate, and
subsequent thermal treatment to slice out the submicron thick top LN layer from the first

(implanted) LN bulk substrate.*'*'* The resulting LNOI structure comprises thin LN on SiO,

on a Si (or LN) carrier wafer. Bulk LN has a refractive index of ~ 2.2."*'7 The use of an SiO,
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interlayer with an index of refraction of ~ 1.5 '® therefore results in a refractive index
difference of ~ 0.7. Such refractive index contrast in LNOI may result in increased Raman
sensitivity. It has been previously demonstrated that Raman scattering can be enhanced

through multiple reflections by engineering high refractive index contrast.®

Another method to increase sensitivity is via surface-enhanced Raman spectroscopy (SERS).
SERS enhancement is generally attributed to electromagnetic or chemical effects.®!*° The
electromagnetic enhancement mechanism occurs when electromagnetic waves interact with
specifically-designed metallic surfaces.' The resultant localized surface plasmon resonances
can result in SERS enhancement factors of > 10'.?° The polarization-dependent
photochemistry of LN, which can be tailored via domain engineering®' and chemical
patterning,” has been previously exploited to deposit metallic nanoparticles™ > for Raman-
based sensing of molecules.”>***” To date, such work has been focused mainly on bulk single
crystal LN.'" The use of LNOI to deposit metallic nanoparticles for SERS may offer
additional Raman scattering enhancement pathways, for example, through refractive index

contrast effects.

Chemical enhancement typically results in an enhancement factor of < 10°." Several models
have been proposed to explain this mechanism, depending on the specific system under
study, such as the metal-to-molecule charge transfer resonance model."” A recent study
showed that the Raman signal for an analyte can be enhanced by an order of magnitude
beyond the normal electromagnetic SERS effect by ultraviolet (UV) irradiation.”® A
semiconducting TiO, substrate was irradiated in the absence of the analyte, prior to placing
the analyte on the substrate and prior to placing the sample in the Raman system.”® The

observed photo-induced enhanced Raman spectroscopy (PIERS) was attributed to a chemical

3
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enhancement of the SERS signal. During Raman laser excitation, electrons from defect
states were reported to be promoted to the conduction band and transferred to the metallic
nanoparticles.”® Previous studies of LN-based substrates have shown that UV light influences

3032 and the wettability of LN.>

domain engineering,” deposition of metallic nanoparticles,
Despite this progress, little is known about the influence of UV irradiation on Raman

scattering from LN-based templates.

Here, we investigate the use of LNOI templates for Raman-based detection of molecules.
PIERS from silver nanoparticles on LNOI (LNOI-Ag) is demonstrated. We show that PIERS
from LNOI enables up to a ~ 7-fold increase of the SERS signal strength that persists for

hours before returning to initial signal levels.

MATERIALS AND METHODS

Substrates. The following substrates were used in this work.

x-cut LNOI. A 1.0 cm % 0.5 cm thin-film LNOI-on-Si substrate (Partow Technologies LLC)
with a 400 nm-thick x-cut LN layer on a 2.3 pm SiO; layer was used. As described
elsewhere, the substrate was etched using reactive ion etching in SF¢/Ar gas to partially
remove the LNOI layer.** Prior to etching, portions of the sample were covered with a Cr
mask in order to fabricate waveguide structures unrelated to this work. The mask was
subsequently removed, allowing the thickness of the remaining LNOI layer to be determined
to be 130 nm using atomic force microscopy (AFM).

v-cut LNOI. A 2.0 cm % 1.0 cm y-cut LNOI substrate (Partow Technologies LLC), having
regions with a completely etched LN layer (exposing the underlying SiO, layer) and regions
that were not etched (unetched y-cut LNOI; 300 nm thick).

x-cut LN. Uniform x-cut LN (1 cm x 1 e¢m, 0.5 mm thick x-cut LN sample (CasTech, China)).

4
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—z PPELN. Periodically proton exchanged LN (PPELN) was fabricated from 500 pm-thick z-
cut optical grade LN (CasTech Inc., China) by selective exchange in molten benzoic acid at
200 °C through photolithographically-defined openings in a titanium mask having a period of

6.09 pm on the —z LN surface, as described previously.?***

Photodeposition. Ag nanoparticles were photodeposited from AgNOj; solution onto the
LNOI surface. Prior to photodeposition, LNOI, LN, and PPELN samples were sonicated for
30 minutes each in acetone, isopropanol, and deionized water before being dried with
compressed nitrogen. LNOI samples were placed on a glass slide, and a 70 pl volume of 0.01
M AgNOj; solution was pipetted onto the sample surface. The samples were irradiated with a
254 nm above-bandgap energy (bandgap of LN ~ 3.9 ¢V)*® UV lamp (11SC-2, Spectroline)
located 2 cm above the surface with an average intensity of 0.92 + 0.04 mW/cm? at 2 cm as
measured using a light meter (HHUV254SD, Omega). The LNOI samples were irradiated for
20 minutes while the LN and PPELN samples were irradiated for 10 minutes. The resulting
photogenerated electrons reduce Ag” to Ag’, forming metallic nanostructures on the surface.
After UV irradiation, the samples were immersed in deionized water for 1 minute and then
blown dry with nitrogen. LNOI, LN, and PPELN samples were reused by cleaning them as
described above with an additional step of gently rubbing the sample with lens paper soaked
in isopropanol in between the acetone and isopropanol sonication steps and verifying by

AFM imaging that the cleaning steps resulted in surfaces free of nanoparticles.

Atomic force microscopy. Amplitude modulation AFM (MFP-3D, Asylum Research) was

employed with cantilevers having a typical resonant frequency of ~ 330 kHz and a spring

constant of ~ 42 N/m (PPP-NCH, Nanosensors) to image the surface topography and measure
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the surface roughness of each sample before and after photodeposition. Roughness was

determined as the average roughness of three 60 um X 60 um images.

4-aminothiophenol. 4-aminothiophenol (4ABT) was deposited by immersing the substrates
in 2 mM 4ABT in methanol solution for 15 minutes. The sample was then dipped in
methanol for 5 minutes to rinse off excess 4ABT and left to dry. Raman spectroscopy was
also performed on 4ABT powder (Sigma-Aldrich) on a glass slide. For Raman measurements

of 4ABT powder, 2.5 mg of powder was placed on a glass slide.

Substrate irradiation. The LNOI sample with silver nanoparticles (LNOI-Ag) was
irradiated under 254 nm UV light (11SC-2, Spectroline) for different time periods (30 — 150
minutes in increments of 30 minutes). The UV lamp was placed 2 cm from the substrate.
After each time period, the sample was dipped in 2 mM 4ABT. Raman spectra were
subsequently recorded, after which the samples were washed as previously described in order

to repeat the experiment for the next irradiation time.

Sample irradiation. In this case, 4ABT was deposited on LNOI-Ag prior to irradiating the
surface. The UV lamp (11SC-2, Spectroline) was placed 2 cm from the sample and
positioned in order to irradiate the same location from where Raman would be measured. The
LNOI surface was first irradiated with 254 nm UV light for 3 minutes, after which the lamp
was turned off and Raman spectra were recorded. The UV light was subsequently turned on
again to irradiate the surface for an additional 3 minutes, followed by a Raman measurement
after the UV lamp was turned off. This Raman spectrum is considered as 6 minutes of sample
irradiation. The on/off sequence was repeated for 84 minutes. The procedure was repeated
using sub-bandgap 365 nm UV irradiation (36-380, Spectroline) with an average intensity of

6
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0.42 + 0.02 mW/cm? at 2 cm as measured using a light meter (HHUV254SD, Omega) to

investigate the influence of wavelength on the Raman signal.

Raman spectroscopy. SERS spectra were collected using a 632.8 nm He—Ne excitation laser
combined with a micro-spectroscopy instrumentation set-up. This consisted of a spectrograph
(IsoPlane 630, Princeton Instruments) attached to back-illuminated electron multiplying
charge-coupled device camera (ProEM-HS:512BX3, Princeton Instruments) and an optical
microscope (IX71, Olympus) with a 10x 0.3 numerical aperture objective. All Raman spectra
were recorded under the same conditions and the average spectrum of 10 measurements is
displayed. Intensities are reported as the mean and standard deviation of the intensity

recorded at the wavenumber of interest, as determined from 10 spectra.

Reflectance hyperspectral imaging. LNOI, LN, and PPELN substrates were investigated
using visible near infrared reflectance hyperspectral imaging before and after UV irradiation
using a pushbroom hyperspectral imaging system (CytoViva Inc.), comprising a 150 W
halogen illumination source, an optical microscope (BX51, Olympus), with a 40%, 0.6 NA
objective, coupled to an X-Y translation stage, spectrograph (Specim ImSpector V10E) and
CCD detector. The UV lamp (11SC-2, Spectroline) was placed 2 cm from the sample and
positioned in order to irradiate the same location to be imaged using hyperspectral imaging.
The spectral data (696 x 696 spectra) were acquired from 400 nm to 1000 nm with 2 nm
spectral resolution and analyzed using MATLAB (version 16b, MathWorks). Mean
reflectance spectra were obtained by averaging over each pixel in the hyperspectral image.
False RGB images were constructed by concatenating single wavelength reflectance images
at 507, 632, and 690 nm, selected from the hyperspectral images based on the observation

that reflectance changed substantially at these wavelengths after UV irradiation, and
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normalizing all images to the maximum reflectance value ~ 6000 a.u. The same
normalization was applied to each frame in a movie constructed from images recorded at

each wavelength from 400 nm to 1000 nm.

RESULTS AND DISCUSSION

AFM topography images and representative line profiles for x-cut LNOI samples before and
after Ag photodeposition are shown in Figure 1a and 1b, respectively. The Ag nanoparticles
formed during the Ag" — Ag’ reduction reaction in the presence of electrons photogenerated
via irradiation with above-bandgap energy light. The surface roughness increased from 14 + 1

nm to 18 = 1 nm following photodeposition.

The Raman spectrum recorded for 4ABT on the x-cut LNOI substrate in the absence of Ag
nanoparticles (LNOI-4ABT) (black spectrum in Figure 1¢) shows a peak at 528 cm™,
assigned to the underlying Si substrate.”” The bands between 1000 and 1500 cm™ are
assigned to 4ABT in accordance with previous reports and as LN and SiO, are not Raman-
active in this spectral region.3 83 The SERS spectrum from 4ABT deposited on Ag
nanoparticles assembled on x-cut LNOI (LNOI-Ag-4ABT) also shows a peak for SiO, (blue
spectrum in Figure 1c). Other than the peak at 528 cm™, the Raman bands in the LNOI-Ag-
4ABT spectrum below 1000 cm™ are assigned to LN and are consistent with previously
reported spectra for LNOI*’ The intensity of these peaks is low compared to the Si peak and
also to the LN peaks for x-cut LN-Ag-4ABT (Figure S1) since the LN layer is thin by
comparison. The bands between 1000 and 1500 cm™ are plasmon-enhanced on x-cut LNOI-
Ag-4ABT by a factor of ~ 9.5, assuming both samples have the same amount of 4ABT, and

show the appearance of peaks typically observed from 4ABT on Ag.*
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Raman spectra of 4ABT powder show a series of bands with peak positions assigned to a;
type vibrations.***’ The band at ~ 1583 cm™ present from x-cut LNOI-Ag-4ABT and 4ABT
powder (Figure 1d) corresponds to C—C stretching vibrations.*” The three bands of 4ABT on
x-cut LNOI-Ag at 1146, 1393, and 1437 cm’! are chemically-enhanced b, mode vibrations
that have previously been attributed to charge transfer and Herzberg-Teller vibronic
coupling.39’41_44 Given that the lowest unoccupied molecular orbital (LUMO) of 4ABT is 4.13
eV below the vacuum level*®* and that the reported work function of Agis 4.2 eV, it is
likely that electrons could fill the LUMO via Raman laser excitation, having an energy of
1.96 eV.* Notably, these b, mode vibrations are also present on x-cut LNOI and x-cut LN in
the absence of Ag (Figure S2). This is suggestive of a charge transfer process between LN
and 4ABT as well, perhaps as a result of Raman laser excitation of electrons in surface defect
states of LN,*' as has been reported for the semiconductor ZnO.*® Assuming similar Ag
nanoparticle decoration and amount of 4ABT, the ~ 3.5-fold increase observed for LNOI

could be attributed to refractive index contrast effects.

SERS spectra recorded from 4ABT on x-cut LNOI-Ag substrates that were irradiated (see
Figure 2a) for 90 minutes and 160 minutes before dipping the samples into methanolic
solutions of 4ABT have enhanced SERS signals (Figure 2b) compared to the spectra recorded
prior to substrate irradiation (O minutes). The enhancement increases with increased UV
irradiation time. It is proposed that charge transfer of the photogenerated electrons, resulting
from above-bandgap irradiation, from LNOI to Ag (work function of 4.2 eV) and 4ABT
(LUMO is 4.13 eV below the vacuum level), is favorable given that the energy of the UV
irradiation is 4.88 eV, higher than the energy of the Raman laser excitation. It has already
been established that photogenerated electrons from LNOI will reach the LNOI surface since

this is the process that leads to the deposition of Ag nanoparticles in the first place.
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Furthermore, assuming a band gap of 3.9 eV,*® an electron affinity of 1.5 eV, and a Fermi
level in the middle of the band gap,3 " based on reports for z-cut LN, we can estimate the work
function of x-cut LNOI to be ~ 3.45 eV, which is less than the energy of the 254 nm UV
irradiation. Thus, we attribute this apparent PIERS effect to a chemical enhancement of the

Raman signal, beyond the electromagnetic enhancement observed in Figure 1¢.*®

The Raman intensity of the C-C stretching a; mode at 1583 cm™ plotted as a function of
substrate irradiation time shows that the signal increases by ~ 3-fold over a period of 120
minutes of UV irradiation (Figure 2d). Further irradiation resulted in a relatively minor
increase in the signal. The blue-shift of the band increased with irradiation time, as shown in
Figure 2d. As the photoexcited charge increases with irradiation time, the blue shift might be
attributed to changes in the x-cut LNOI-Ag surface potential, which could modify the
electronic levels of 4ABT.*** The b, mode at 1437 cm™ behaved similarly (Figure S3a, b,
and c). Following 150 minutes of irradiation, the intensities of the band were tracked over the
course of ~ 10 hours until the signals relaxed to the initial SERS values (Figure 2¢). Thus, the
PIERS effect lasted an order of magnitude longer than previously reported for TiO,.%* The
more persistent PIERS process for LNOI could be explained by considering the difference in
the lifetime of photoexcited charge carriers: pico- to microseconds in TiO5 *° and hundreds of
milliseconds to tens of seconds in LN.>' A longer lifetime provides more opportunity for
charge transfer processes to take place before recombination. The photoexcited charge
lifetime is likely to be further influenced by UV-induced band bending and the presence of,

51,52

e.g., intrinsic defects”? or those introduced during reactive ion etching.”

SERS spectra of x-cut LNOI-Ag-4ABT with and without sample irradiation (Figure 3a) are

shown in Figure 3b. As with substrate irradiation, sample irradiation enhances the SERS

10
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signal, in this case up to ~ 3-fold. A plot of the 1583 cm™ band SERS intensity versus
irradiation time for spectra recorded with sample irradiation is shown in Figure 3c. The SERS
signal increased during up to ~ 35 minutes of total irradiation time, after which the signal
appeared to stabilize at a reduced intensity. The difference in intensity versus background as
a function of irradiation time (Figure 3d) reveals that the peak remains detectable at least over
the course of 90 minutes of irradiation. As with substrate irradiation, the 1583 cm™ peak
blue-shifted (Figure 3d). The blue shift was more pronounced during sample irradiation: ~ 22
cm™ versus ~ 4 cm™ for the substrate irradiation case.*’ The increased blue shift may be
related to the exposure of the 4ABT in contact with LNOI during sample irradiation that
might modify molecular electronic states.**~* The b, mode at 1437 cm™ behaved similarly

both in terms of peak intensity and shift (Figure S3d, e, and f).

The results of both substrate irradiation and sample irradiation experiments suggest that
photo-induced enhancement of Raman signals might be explained by UV-assisted charge
transfer from the template to 4ABT, whereas the appearance of new b, mode peaks might be
explained by Raman laser-assisted charge transfer and Herzberg-Teller vibronic coupling.
Quite strikingly, even in the absence of Ag nanoparticles, enhanced intensity (up to ~ 2-fold)
of the 1583 cm™ peak is observed from x-cut LNOI-4ABT (Figure S4) after ~ 9 minutes of
UV irradiation, emphasizing the critical role of LNOI in the process and demonstrating that
charge transfer can take place directly between LNOI and 4ABT. The signal increased for up
to ~ 9 minutes of UV irradiation; however, after ~ 20 minutes of UV irradiation, the 4ABT

appeared to photodegrade.

To investigate the role of photogenerated charge on the proposed charge transfer mechanism,
x-cut LNOI-Ag-4ABT was irradiated with 365 nm light having sub-bandgap energy, for

11
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which no signal enhancement was observed (Figure 4a). In addition, PIERS was not observed
from Si0,-Ag-4ABT using 254 nm light (Figure 4b), emphasizing the critical role of LNOI
and above-bandgap energy in the proposed charge transfer mechanism. In both cases, the
intensity was significantly reduced, indicative of 4ABT photodegradation during Raman laser

irradiation.

To further understand the proposed charge transfer mechanism, Raman spectra from uniform
x-cut LN-Ag-4ABT, unetched y-cut LNOI-Ag-4ABT, and —z PPELN-Ag-4ABT samples
subjected to sample irradiation were investigated (Figure S5). For uniform x-cut LN-Ag-
4ABT and —z PPELN-Ag-4ABT, there was an initial increase in the 1583 cm™ peak intensity
compared to the background; however, PIERS was not observed, and within ~ 10 minutes of
UV irradiation the signal reduced until the difference between peak intensity and background
was negligible (Figure S5a and b). A delayed increase in the peak intensity compared to the
background was observed for unetched y-cut LNOI-Ag-4ABT. The signal decreased within ~
10 minutes of UV irradiation until the difference between peak intensity and background was
negligible (Figure S5¢). The initial increase in background-subtracted intensity might be
attributed to a PIERS effect (i.e., a photo-induced chemical enhancement arising from charge
transfer processes); however, the enhancement does not continue to increase with increasing
UV irradiation time as observed for x-cut LNOI (Figure S5d). The absence of signal from
4ABT after ~ 10 minutes of UV irradiation from x-cut LN, y-cut LNOI, and —z PPELN is
indicative of photodegradation of 4ABT, likely as a result of heating facilitated by Raman
laser excitation and UV irradiation. Yan et al. have shown previously that UV irradiation can

lead to substrate heating in LN.>

12
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It is known that above-bandgap energy irradiation of LN produces electron-hole pairs,*
which will subsequently recombine, become trapped at impurity or lattice defect sites,” or
participate in a charge transfer process such as photocatalysis™® or photodeposition.”” Given
also that charge transfer from LN to Ag or 4ABT is permitted under UV irradiation, this
raises the question as to why sustained PIERS is observed on x-cut LNOI-Ag-4ABT and not
on the other LN samples. While substrate cut and other factors including intrinsic and
impurity defects can affect surface chemistry and the amount of photogenerated charge and

30,31,62,32,33,56-61 -, - :
””” it is clear from this work that

the size and distribution of metal nanoparticles,
photodeposition occurs, and therefore photoexcited charge is present, on all substrates

investigated, regardless of cut. Thus, the orientation of the LN substrate does not appear to

play the dominant role in the PIERS effect.

To understand how each sample responds to UV irradiation, we must consider several

factors. The LN layer in LNOI has been fabricated via ion implantation and ion beam slicing
and further exposed to reactive ion etching. This processing changes the roughness and the
optical properties and introduces defects.® % It has been reported previously for TiO, that
photogenerated charge trapped at defect sites could be excited by the Raman laser to facilitate
PIERS.? In that sense, LN samples having different defect type and density would likely
yield different PIERS behavior. Furthermore, there is a SiO, layer under the thin LN layer in
LNOI, which increases the index of refraction contrast.'* To investigate the light-material
interaction for LN samples with and without index of refraction contrast and with and without

reactive ion etched-induced defects, reflectance measurements were undertaken.

Mean reflectance spectra and hyperspectral images constructed from wavelengths 507, 632,

and 690 nm for x-cut LNOI-Ag revealed a slight increase in reflectance after 24 minutes of

13
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UV irradiation (Figure 5). In contrast, reflectance from unetched y-cut LNOI-Ag decreased
significantly already after 6 minutes of UV irradiation (Figure S6). The multiple peaks in the
reflectance spectra are attributed to interference fringes arising from multiple reflections at
interfaces in the LNOI sample. In particular, the observed spectral spacing of the fringes in
Figure 5 matches well, within the experimental uncertainties in thickness and refractive
indices, the theoretical estimate of ~ 55 nm, corresponding to destructive interference
between the reflections arising from the LN-SiO, and SiO,-Si interfaces at the wavelengths
of interest. This further indicates the possibility to optimize the response at specific
wavelengths by careful tailoring of the multilayer structure. A movie constructed from the
hyperspectral images of the x-cut LNOI-Ag surface before UV irradiation illustrates this
wavelength dependence (Supplementary Movie 1). The reflectance from uniform x-cut LN-
Ag (Figure S7) also decreased after 6 minutes of UV irradiation whereas the reflectance from
—z PPELN-Ag remained largely unchanged following 6 minutes of UV irradiation (Figure
S8). The absence of interference fringes is attributed to the bulk nature of these substrates.

The mean values of reflectance spectra maxima are shown in Table 1.

Table 1. Mean values of reflectance spectra maxima as determined by peak fitting for LN

samples before and after UV irradiation.

Sample Before UV irradiation After UV irradiation
x-cut LNOI-Ag 3094 + 223 3224 + 320
y-cut LNOI-Ag 3753 £ 870 1631 + 86

x-cut LN-Ag 3033 +412 3107 £ 634
—z PPELN-Ag 5874 + 420 3792 £208

Reflectance will depend on a number of factors including surface roughness and the amount
and distribution of silver nanoparticles. Notably, the initial reflectance from y-cut LNOI-Ag

is higher than from x-cut LNOI-Ag. The original y-cut LNOI surface had a roughness of 0.4
14
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+ 0.1 nm that increased to 7 £+ 2 nm after Ag photodeposition. Thus, both the LNOI and
LNOI-Ag surfaces are smoother for unetched y-cut LNOI than for etched x-cut LNOI
templates. Furthermore, the thickness of LN in y-cut LNOI is 300 nm whereas the thickness
of LN in x-cut LNOI is 130 nm. Perhaps the photoexcited charge confined in the thinner x-
cut LNOI layer with a rougher surface leads to increased scattering and reflectance.®’ Thus,
differences in thickness, roughness, crystallographic cut, and amount of silver might
contribute to the different reflectance behavior observed. Notably, samples subjected to
reactive ion etch, namely x-cut LNOI and —z PPELN, show similar reflectance behavior,
pointing to a significant role of etching-related defects on the light-material interactions and
suggesting that the observed PIERS effect for x-cut LNOI relies both on the etching process

and the LN on Si0O, structure.

Inspection of the Raman spectra (Figure S5) suggests that 4ABT photodegrades on the bulk
samples at around ~ 5 — 10 minutes of UV irradiation. The photodegradation likely results
from sample heating during Raman measurements and UV irradiation. Photodegradation also
appears to occur for y-cut LNOI-Ag-4ABT at around ~ 10 minutes of UV irradiation. It is
possible that increased scattering prevents photodegradation in the case of x-cut LNOI-Ag-
4ABT, e.g., by limiting the heat produced. Thus, the increased scattering might act to protect
the 4ABT from damage that would normally occur under UV irradiation and continuous

. .. 68
Raman laser irradiation.

Interestingly, for both substrate irradiation and sample irradiation experiments on x-cut
LNOI-Ag-4ABT, increasing the irradiation time resulted in the appearance and subsequent
enhancement of a new Raman band appearing at 1530 cm™ following 60 minutes of substrate
irradiation (Figure 2b; area highlighted in yellow) and 1525 cm™ following 9 minutes of

15

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces Page 16 of 35

sample irradiation (Figure 3b; area highlighted in yellow). Furthermore, a peak at ~ 1676 cm”
" appeared after 12 minutes of sample irradiation (Figure 3b; area highlighted in green).
These bands are not present in previously reported Raman investigations of 4ABT, and their
identity remains indeterminate. The appearance of these peaks might be due to a
photocatalytic or photodecomposition reaction of 4ABT on LNOI-Ag with Raman laser and

UV irradiation, and is a promising avenue of future research.

SUMMARY

Photo-induced enhanced Raman spectroscopy from a LNOI template with photodeposited
silver nanoparticles enabled up to a ~ 7-fold increase of the surface enhanced Raman
scattering signal strength of 4ABT. The enhancement decayed over the course of ~ 10 hours,
which is an order of magnitude longer than previously reported for PIERS from a TiO,-based
template. The Raman enhancement, above the SERS enhancement of the silver nanoparticles,
is attributed to photo-induced charge transfer from the template to 4ABT, while the increased
duration is attributed to the slower recombination times for LN. New peaks at ~ 1525 cm’!
and ~ 1676 cm™, attributed to photocatalytic reactions, are visible following UV irradiation,
highlighting the potential of the LNOI-Ag PIERS substrate to be used to monitor photo-

activated processes.
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Figure 2. (a) Schematic diagram of the substrate irradiation methodology: (i) irradiation of
the x-cut LNOI-Ag surface before adding 4ABT, (ii) addition of 4ABT to the substrate
irradiated LNOI-Ag surface, and (iii) generation of SERS-PIERS spectra from the substrate
irradiated LNOI-Ag-4ABT substrate. (b) SERS spectra of 4ABT on LNOI-Ag before
irradiation and following substrate irradiation for 90 minutes (green) and 150 minutes (red).
(c) Relaxation of the SERS-PIERS signal 0 minutes (red), 350 minutes (blue), and 600
minutes (purple) after irradiating the surface for 150 minutes. The yellow areas in (b) and (c)
highlight a band at 1530 cm™ that appears after UV irradiation. (d) Intensity (red) and shift
(blue) of the 1583 cm™ 4ABT band from LNOI-Ag with increasing substrate irradiation time.
(e) Relaxation of the intensity of the 1583 cm’ band as a function of time after 150 minutes
of UV irradiation.
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Figure 3. (a) Schematic diagram of the sample irradiation methodology. (b) SERS-PIERS
spectra from x-cut LNOI-Ag-4ABT before (black) and after 9, 18, and 27 minutes of
irradiation. The areas in yellow and green in (b) highlight the bands at 1530 cm™ and 1676
cm’ that appear after UV irradiation. (c) Intensity of the 1583 cm™ band from LNOI-Ag-4-
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ABT with increasing irradiation time. (d) Background-subtracted intensity (purple) and shift

(green) of the 1583 cm™ band from LNOI-Ag-4-ABT with increasing irradiation time (full

data set up to ~ 30 minutes

is shown in Figure S5d).
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appears after UV irradiation. (d) Intensity (red) and shift (blue) of the 1583 cm-1 4ABT band from LNOI-Ag
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Figure 3. (a) Schematic diagram of the in-situ irradiation methodology. (b) SERS-PIERS spectra from x-cut

LNOI-Ag-4ABT before (black) and after 9, 18, and 27 minutes of irradiation. The areas in yellow and green

in (b) highlight the bands at 1530 cm-1 and 1676 cm-1 that appear after UV irradiation. (c) Intensity of the

1583 cm-1 band from LNOI-Ag-4-ABT with increasing irradiation time. (d) Background-subtracted intensity

(purple) and shift (green) of the 1583 cm-1 band from LNOI-Ag-4-ABT with increasing irradiation time (full
data set up to ~ 30 minutes is shown in Figure S5d).
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Figure S1. Raman spectra from (a) uniform x-cut LN-Ag-4ABT and (b) x-cut LNOI-Ag-4ABT.
The full data range for (b) can be seen in Figure 1c(i).
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Figure S2. Raman spectra of 4ABT on x-cut LNOI (green) and on uniform x-cut LN (black) in
the absence of Ag nanoparticles.
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Figure S3. (a) Intensity and (b) shift of the 1583 cm™ and 1437 cm* bands with increasing
irradiation time for x-cut LNOI-Ag-4ABT (substrate irradiation). (c) Relaxation of the intensity
of the 1583 cm™* and 1437 cm™ bands following 150 minutes of substrate irradiation for x-cut
LNOI-Ag-4ABT. (d) Intensity and (e) shift of the 1583 cm™ and 1437 cm™! bands with increasing
irradiation time for x-cut LNOI-Ag-4ABT (sample irradiation). (f) Background-subtracted
intensity of the 1583 cm™ and 1437 cm™ bands with increasing sample irradiation time for x-cut
LNOI-Ag-4ABT.
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Figure S4. Background-subtracted intensity for the 1583 cm™* band for sample irradiation for x-
cut LNOI-4ABT without Ag nanoparticles.
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Figure S6. (a) Reflectance intensity recorded for unetched y-cut LNOI-Ag before and after 6

minutes of UV irradiation. Normalized hyperspectral images (b) before and (c) after 6 minutes of
UV irradiation.
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Figure S7. (a) Reflectance intensity recorded for uniform x-cut LN-Ag before and after 6
minutes of UV irradiation. Normalized hyperspectral images (b) before and (c) after 6 minutes of
UV irradiation.

S-8



(a) (b)

= — 0 min irradiation
— 6 min irradiation

(c)
1
] 05
0—.
T T T T T T T T T T T T T
400 500 600 700 800 900 1000
Wavelength (nm) 0

Figure S8. (a) Reflectance intensity recorded for —z PPELN before and after 6 minutes of UV

irradiation. Normalized hyperspectral images (b) before and (c) after 6 minutes of UV
irradiation.
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