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ABSTRACT

Hybrid metal-semiconductor systems are promising substrates for field Raman analysis due to their ability to use both
electromagnetic and chemical enhancement pathways for surface enhanced Raman spectroscopy (SERS). Photo-induced
Raman spectroscopy (PIERS) has previously been shown to be a promising method utilizing an additional enhancement
route through photo-inducing atomic surface oxygen vacancies in photocatalytic metal-oxide semiconductors. The photo-
induced vacancies can form vibronic coupling resonances, known as charge transfers, with analyte molecules, enhancing
the signal beyond conventional SERS enhancements. However, conventional UV sources most often used for excitation
of the PIERS substrate are impractical in combination with portable Raman systems for field analysis. In this work we
show how a small UVC LED, centered at 255 nm, can replicate the same results previously reported with the benefit of
allowing greater in-situ real time measurements under constant UV exposure. The UV LED source can be controlled more
easily and safely, making it a practical UV source for field PIERS analysis.

Keywords: SERS (surface enhanced Raman spectroscopy), PIERS, oxygen vacancy defects, metal oxide, chemical
sensing, enhanced detection

1. INTRODUCTION

Raman spectroscopy is common technique employed for molecular characterization and identification. ** Through in-
elastic vibrational interactions, Raman spectroscopy relies on specific vibrational modes in a molecule. As each Raman
band can be assigned to specific molecular vibrational modes, a Raman spectrum can be de decoded to allow molecular
“fingerprint”-like detection. Substrates used for detection applications are often tailored to specific functional groups or
molecule “families”, whereas the use of Raman spectroscopy presents a non-chemical specific method for analyte
detection. Raman spectroscopy itself can be considered a relatively weak spectroscopy due to low molecular cross sectional
areas, in comparison to infrared spectroscopy for example. The discovery of SERS (surface enhanced Raman spectroscopy)
overcame this problem and helped to establish Raman spectroscopy as the popular and powerful analytical technique it is
today. 5 SERS was first discovered on roughened silver surfaces, but modern systems often use a wide range of noble-
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metal based substrates. 68 With the advancement of substrate manufacturing techniques, the resultant Raman enhancement
factors have greatly advanced over time, enabling modern SERS substrates to detect single molecules. *7#

The exact mechanism behind the measured enhancements is debated within the literature, where many different models
have been presented to explain this phenomena over the years. &7°1° Roughened surfaces can locally focus and intensify
electromagnetic (EM) fields through local surface plasmonic effects, the collective movement and oscillation of valence
electrons. ° This results in EM fields being highly focused to nanoscale volumes, known as “hot-spot” regions. Hot spot
regions can both enhance the effective local incident field on the Raman analyte enhance the re-emitted Raman scattering.
11 The resultant Raman band enhancements are often presented as enhancement factors (EF), ° typically reported to be
around 108 for noble-metal substrates although theoretically they can exhibit much higher values. 7 The use of
nanostructured noble metals has often been referred to as “conventional SERS”. For these materials the EM enhancement
pathway is often responsible for the majority of the SERS enhancement and other enhancement mechanisms play a less
significant role.

However, the concept of an EM enhancement pathway cannot be used alone to explain the source of all Raman
enhancements. For example, semiconductors are commonly used alternative SERS substrates over the last few decades.
6.12-16 Enhancements of these substrates primarily relies on a chemical enhancement (CE) mechanism. Often the EF for
these materials is found to be significantly lower than noble metal enhancements, usually between 1-100. However, recent
reports using defective metal oxides have shown comparable CE to EM enhancements. 178 This mechanism primarily
relies on interactions and changes between charge distributions and vibronic states, resulting in vibronic coupling
resonances between the analyte and the surface. 3141° More recent works have attempted to utilize both enhancement
mechanisms in a synergistic SERS approach using a metal-semiconductor hybrid system.

An alternative and novel method for further increasing the SERS intensities utilizes defective semiconductor materials.
Inducing surface defect states into metal-oxide semiconductors (MOS) can largely change a variety of physical and
chemical properties of the material. In addition, surface defect states can interact with adsorbed molecules, resulting in an
additional CE pathway. 222 Surface oxygen vacancies, V,, induced through high energy UV irradiation (254 nm) on
photocatalytic MOS substrates has come to be known as PIERS (Photo-Induced Enhanced Raman Spectroscopy). The
mechanism is thought to rely on photo-induced carrier production, where induced carrier lifetimes are increased due to
carrier separation due to the hybrid metal-semiconductor system. Holes induced near the surface of the MOS can weaken
surface oxygen bonds and/or mediate splitting reactions with surface adsorbed H,O and O. As a result the concentration
of surface oxygen vacancies is increased and an increase in Raman band enhancements is seen. Under ambient conditions,
or exposure to O, or H20, the induced vacancies were shown to “heal”, decreasing the Raman band intensities back to the
original background enhancement level. %

Previous PIERS studies conducted have primarily used fixed laboratory UV sources, typically UV gas discharge lamps,
which are generally larger, have significant power supply requirements and cannot be as easily adjusted and are therefore
hard to incorporate into portable Raman systems for field analysis. In addition, due to the size and nature of the UV lamps,
real time Raman measurements under UV exposure are challenging practically. Although enhancements under constant
UV exposure have been reported previously, 2 the UV source was reported to be switched off during measurements where
objects often had to be refocused on the substrate before taking measurements between UV exposures, due to experimental
constraints — see Figure 1. In this paper we report an alternative UV source which can overcome all these issues, allowing
real time Raman monitoring under UV irradiation, a UV LED. A UV LED, with a peak wavelength centered at 255 nm,
allows easy illumination of the sample whilst still allowing microscope objectives to be in focus on the sample for Raman
analysis, due to its small size, as shown in Figure 1b. Using the LED source the dynamics for induced vacancy formation
and healing can be determined, as previously shown with a UV lamp. In addition, UV LEDs can easily be incorporated
into a portable Raman system for field analysis, where the source can be safely focused onto the sample without exposing
the user to UV irradiation.
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Figure 1. (@) UV Lamp illuminating substrate directly from the front, as reported previously, where objective is moved to the side
to allow exposure of the substrate (previous study). (b) UV pen/LED illuminating substrate from the side with objective in place
above the substrate, thereby allowing real time measurements under UV (this study).

2. METHODOLOGY
2.1 Substrate synthesis

TiO; thin films were synthesized using aerosol-assisted vapour deposition (AA-CVD), on to quartz substrates. The
substrates were washed in acetone and placed into the CVD reactor which consisted of a 320 mm-long graphite heating
block accommodated within a quartz tube with three Whatman heater cartridges. Titanium (V) isopropoxide (Sigma
Aldrich, 97 %, 0.5 ml) in methanol (Fisher Scientific HPLC grade, 20 ml) was used as precursor and solvent respectively.
An ultrasonic humidifier (Liquifog, Johnson Matthey operating at 2 MHz) was used to form aerosol droplets of a precursor
solution which were transported to the heated rector chamber under the flow of nitrogen gas (BOC) at a flow rate of 1 L
mint. TiO; films were initially deposited at 500 °C and subsequently annealed to 1000 °C in air for 10 hours and then
allowed to cool to room temperature to obtain a pure Rutile phase. This was confirmed by X-ray diffraction and Raman
spectroscopy, where no traces of anatase were detected.

2.2 Chemical and substrate preparation

4-mercaptobenzoic acid (MBA, Sigma Aldrich) was dissolved in ethanol (VWR Chemicals) to create a 1x10-> M solution.
0.1 ml of the MBA solution was dropped into 0.5 ml of 40 nm citrate capped AuNP solution, purchased from SPI supplies.
The solution was left overnight to allow MBA to functionalize the AuNPs by replacing the citrate capping layer. The
solution was then centrifuged using an Eppendorf Minispin at 6 KRPM for 6 minutes to cause the Au NPs to pellet. As
much of the remaining solution as possible was removed, leaving the NPs, and deionized water was added to make a total
volume of 1 ml, re-dispersing the functionalized NPs. This process was repeated 5 times to remove any unbound
MBA/citrate from the solution. After the final washing, enough DI water was added to have 0.5 ml of MBA functionalized
Au NP solution. 1 pL of MBA functionalized AuNP solution was dropped onto the prepared TiO- films. The films were
then placed on a hotplate which was heated with the substrate on it. Temperatures were limited to 100 °C, however samples
were removed as soon as the droplet had evaporated, normally occurring after 15-30 seconds, before the hotplate had
reached maximum temperature. A ring of AuNP of roughly 2 mm in diameter was visible on the substrates.

2.3 UV irradiation procedures

Two types of irradiation procedures were used, firstly an initial irradiation period and subsequent Raman measurements
and secondly Raman measurements under continual constant UV exposure. Where samples were first exposed to an initial
irradiation period, substrates were then placed under either UV source for 45 minutes prior to Raman analysis. For the UV
lamp (UVlItec LI 215G model (A = 254 nm)), substrates were placed a distance of 1 cm away from the bulbs. For the UV
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LED (Crystal IS OPTAN-255P-SMD (A centered at 255 nm)), the LED was powered using a bench power supply (Tenma
72-2535) at 8 V focused using 2 UV grade fused silica lenses (ThorLabs LA4647-UV), collimating and subsequently
focusing the LED through a lens tube. The LED set-up was placed at a distance of the focal length away from the sample,
which was roughly 2 cm. At the focal length the LED illuminates a 2 mm? area.

For Raman measurements under continuous UV exposure, only the UV LED was used in this study. The LED was
positioned to irradiate the substrate from the side at a distance where the LED was focused unto the substrate. The LED
was turned on after an initial Raman measurement, using the bench power supply at 8 V, and was kept on subsequently
until all measurements were taken.

2.4 Characterization techniques

Raman studies were conducted using a confocal Raman microscope (WiTec) equipped with a He-Ne laser (A = 633 nm) at
an average power of 1 mW. For the measurements after an initial UV exposure a bright field objective (Zeiss 100x NA
0.8) was used, whereas for measurements under continuous UV LED exposure a different bright field objective was used
(Zeiss 20x NA 0.4). The focal distance of the 100x and 20x objectives is roughly 1 um and 3 mm from the surface of the
films, respectively. Hence in order to exposure the sample to UV LED irradiation whilst still taking Raman measurements
the 20x objective was used as the 100x objective blocks exposure to the sample. The acquisition time for individual spectra
was set at 3 seconds, where an average of 3 consecutive spectra were taken to produce the resultant spectra. Where
individual spectra were taken, both after an initial UV exposure and under constant UV exposure, a series of spectra at the
same position were taken over time every 5 minutes. For these measurements the measured positions were only exposed
to the He-Ne laser during data acquisition. The measurements reported here represent an average of 15-20 positions taken
across multiple samples. For continuous Raman measurements at a single position the acquisition time was set as above
with 10 second intervals between measurements. The He-Ne laser was continuously exposed to the measured position for
this type of measurement due to its nature.

3. RESULTS AND DISCUSSION

Raman analysis of TiO; films showed characteristic Raman bands corresponding to the rutile phase at 438 cm and 602
cm? respectively, as confirmed with other published spectra for TiO,. After depositing 4-mercaptobenzoic acid (MBA)
functionalized onto AuNPs on the surface of the TiO: films additional bands centered around 1065 cm™ and 1575 cm™
were visible, attributed to v8 and v12 aromatic ring vibrations of MBA, respectively. 2 Under UV irradiation, on occasion,
additional Raman bands were visible. These bands only appeared when the UV source was on, therefore it was assumed
these bands corresponded to vibrational modes excited from the UV source rather than the He-Ne source. These bands
were found to not overlap the spectral regions where TiO, or MBA bands were present, therefore for the sake of this study
they were discounted. UV irradiation of a sample under ambient conditions results in three time-dependent processes which
affect the measured Raman band intensity concurrently occurring; laser induced photo-bleaching, vacancy formation and
vacancy healing. These three processes were reported to be independent of one another, and therefore could be considered
separately. A 3 step-analysis approach was followed to analyze series of Raman spectra without UV, after UV and under
constant UV, following the procedure and analysis reported previously. 22 Firstly, the rate of decay of the Raman band
intensities due to photo-bleaching was measured for each different experimental set-up under identical conditions,
excluding UV exposure. The second step analyzes samples after an initial exposure to UV irradiation, allowing the rate of
induced vacancy healing to be determined. Finally, measurements were taken under constant UV exposure allow the rate
of induced vacancy formation to be calculated. To investigate the UV LED source, the induced vacancy healing dynamics
were first compared to that of the UV lamp.

3.1 UV source comparison — induced vacancy healing dynamics

Prepared substrates were exposure to UV light from either the UV lamp or UV LED for 45 minutes. The relative decay of
Raman bands corresponding to MBA were monitored over time, where an average decay of the two main bands at 1065
cm? and 1575 cm™ was taken. 8 random positions were analyzed per sample, where the experiment was repeated on
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multiple samples. An average of the relative decay across all positions and all samples for each UV source (PIERS decays)
and for no UV exposure (SERS decay) were taken to determine the representative average decay, respectively. A relative
change of signal enhancement was taken, as oppose to absolute changes in measured Raman counts, to account for changes
in SERS enhancements due to hot-spot effects. By measuring the relative change in enhancement, the changes can directly
correspond to photo-bleaching and/or vacancy induced affects respectively.

Figure 2a shows the average relative change in measured Raman band intensities over time, relative to the decay due to
photo-bleaching alone — the blue-dotted decay. It is presented this way as after a long period of time, where all induced
vacancies have healed, it can be assumed the PIERS decays would decay down to the same level as the SERS decay. It
can clearly be seen that an additional enhancement of Raman bands were found after UV exposure from both sources. It
is important to note that taking relative changes in enhancements can lead to non-realistic enhancements of the data. To
ensure the enhanced decay is due to induced vacancy effects, Figure 2b shows the changes in average Raman band
intensities relative to the initially measured positon. If no vacancy effects were present the rate of decay here would be
comparable to the SERS decay, which is clearly not the case. Hence we can assume induced vacancy effects were present
after exposure to both the UV lamp and UV LED. The average relative enhancement factor (EF), relative to the SERS
enhancement, for the lamp was found to higher than for the LED, as shown in Figure 2a. In addition, a slight change in
measured behavior between the UV LED and the UV lamp can be seen in Figure 2a. These differences may be explained
by the significant difference in irradiance power, Table 1.
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Figure 2. Average decay of Raman bands (a) relative to SERS photo-bleaching and (b) relative to the initial measurement over time
after exposure to different UV sources; no source (blue, ®), UV LED (purple, +) and UV lamp (green, O). A noticeable difference
between the decays after exposure to the different sources and with no source can be seen.

After the presence of an enhanced decay, and therefore induced vacancies were confirmed, the relative change in induced
vacancy concentration can be calculated, Figure 3. The respective lifetimes associated are reported in Table 1. Within error
the calculated times were found to be comparable. The determined lifetime for LED induced decays had a noticeably
higher error associated with it than that calculated for the lamp. The primary reason for this relies on the chosen fitting
approximations, based on the model presented previously. 22 The model assumes the healing of induced vacancies can
effectively be modelled as an exponential decay. Although this is shown to be accurate for the UV lamp data, after 15
minutes the LED data appears to behave more like a linear decrease rather than an exponential decay. This results in an
increased error in the fitting parameters, resulting in an overall increased error in the calculated lifetime.
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Table 1. Comparison of UV sources.

UV Source Maximum power of source Average EF Calculated Vo healing
measured (mW/cm?) (relative to SERS) lifetime (mins)
No source 0 1 N/A
Lamp 14 2.56 551+0.44
LED 1.3 (at8V) 1.92 741 +241
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Figure 3. Calculated relative concentration of UV induced vacancies over time upon exposure to air for UV LED (purple, +) and
UV lamp (green, O).

3.2 Constant UV LED exposure

After measuring and calculating the rate of photo-bleaching and the rate of induced vacancy healing, dynamics for the
formation of UV induced oxygen vacancies can be determined. A series of Raman spectra were taken under constant UV
exposure at both single positions over time and an average of multiple positions across the surface, as shown in Figure 4.
There were two main differences between these scenarios. Firstly, for single positions the objective was fixed at a constant
position, hence the Raman laser was constantly exposed to the measured position. In contrast, where multiple positions
were measured the Raman laser was only exposed to each position at the time data was acquired. This difference primarily
affects the amount of photo-bleaching that can occur during the experiment. Secondly, a single position shows real time
changes over the measured position, whereas an average of multiple positions represents the average change over the whole
sample. It is important to note that even though a single position was analyzed, this measurement was repeated multiple
times and the displayed data represents an average of these repeat measurements.

Figure 4a shows the changes in relative Raman counts over time for a single position on the surface with and without UV
LED irradiation. An almost identical trend was seen over time, regardless of UV irradiation or not. The data above has
shown that the UV LED is able to induce vacancies; however, no significant increase in Raman enhancement is seen here.
In contrast, Figure 4b shows a noticeable difference between the average measured Raman enhancement across the surface
with and without constant UV LED irradiation. Although a clear overall decay can be seen with and without UV irradiation,
a slower decay rate can be seen with the UV LED on. It is interesting to note after 5 minutes of UV exposure the measured
Raman intensity was found to be higher than the initial average intensity. This observation can be explained by the rate of
vacancy formation dominating over the rate of photo-bleaching during this time. Vacancy healing effects are considered
significantly reduced during this time window, as it is within the healing lifetime of the first induced vacancies. At later
times effects due to combined vacancy healing and laser induced photo-bleaching dominate over enhancements due to
additional induced vacancies, therefore an overall decrease in enhancement is seen. From the comparison between
measurements made at a single position, Figure 4a, and the representative average across the surface, Figure 4b, it is
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reasonable to assume that little-to-no significant clusters of vacancies were induced at the single position
Additionally, any vacancies which were induced at these positions were obscured by photo-bleaching affects.

measured.
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Figure 4. Raman counts relative to the initial Raman band enhancement for: (a) an average of single positions measured over time
without UV (blue, ®)) or with constant UV LED exposure (purple, +), (b) an average of 10-20 positions across the surface of the
film over time without UV(blue, ®) or with constant UV LED exposure (purple, +).
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Figure 5. Calculated average relative amount of UV LED induced vacancies over time.
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Figure 5 shows the calculated formation of induced vacancies over time derived from the data shown in Figure 4b. The
relative concentration of induced vacancies is 0 at 0 minutes as this measurement was conducted prior to switching on the
UV source. Subsequent times correspond to the time exposed to UV irradiation. This data was calculated following the
procedure reported previously, after taking account effects of both photo-bleaching and vacancy healing. 22 During the
initial 15 minutes, a slower rate of formation appears to occur. After 15 minutes an increased rate of formation occurs
tending towards a maximum around 30 minutes where the curve appears to plateau. Similar results have previously been
reported, where after 25-30 minutes an effective steady state is reached between vacancy formation and healing. Both the
overall behavior and trend appear to match that which was previously reported using the UV lamp, showing that the UV
LED is an effective, useful and more practical alternative UV source.
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4. CONCLUSION

Rutile TiO; thin films were combined with Au nanoparticles for use as a hybrid SERS substrates, utilizing the EM and
chemical enhancement SERS mechanism. Additionally, photo-induced atomic oxygen vacancies were incorporated onto
the surface of the films via UV irradiation. UV gas discharge lamps are a common choice for this purpose; however, these
sources are often large, fragile, difficult to use experimentally and impractical to be incorporated into portable Raman
systems safely. We have shown here how comparable effects and results can be obtained using UVC LED sources.
Although there is a significant reduction in the source power, therefore a small reduction in SERS enhancement factor, this
was not found to significantly affect the calculated dynamics of induced vacancies defects. A noticeable PIERS
enhancement was still found and a clear change in measured signal in comparison to where no UV light was present. UV
LEDs are more compact, versatile as well as being more cost effective. In contrast to discharge lamps and other UV sources,
LEDs are far easier to incorporate into pre-existing Raman systems to allow real time enhancements to be monitored.
Hence, we have shown that UV LED sources are a possible practical solution to allow fieldable PIERS measurements
without compromising the measured Raman intensities significantly.
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