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Metal oxide semiconductor SERS-active substrates
by defect engineeringf
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Hao Wu,? Hua Wang®® and Guanghai Li

A general route to transform metal oxide semiconductors from non-SERS active to SERS-active substrates
based on defect engineering is reported. The SERS enhancement factor (EF) of metal oxide
semiconductors like a-MoOz and V,0s5 can be greatly enhanced and the SERS performance can be opti-
mized according to the detecting analyte and activating laser wavelength by introducing oxygen
vacancy defects. The EF of R6G on a-MoOs_, nanobelts can be as high as 1.8 x 107 with a detection limit
of 1078 M, which is the best among metal oxide semiconductors and comparable to noble metals
without a “hot spot”. A model, named “effective electric current model”, was proposed to describe the
photo-induced charge transfer process between the absorbed molecules and semiconductor substrates.
The EF of 4-MBA, R6G and MB on a-MoOs_, nanobelts with different oxygen vacancy concentrations
calculated based on the model matches very well with experimental results. As an extension, some
potential metal oxide semiconductor SERS-active substrates were predicted based on the model. Our
results clearly demonstrate that, through defect engineering, the metal oxide semiconductors can be
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Introduction

Surface-enhanced Raman scattering (SERS) is a powerful tool
for detecting trace-level molecules," ™ and has attracted a great
deal of attention in different fields. Generally, there are two
important mechanisms underlying the SERS enhancement,
the electromagnetic mechanism (EM) and the chemical mech-
anism (CM).>® In the EM, incident light induces surface
plasmon resonance (SPR) on the substrate, producing a large
enhancement in the Raman scattering.””®* While in the CM,
apart from the situation where the surface enhanced reson-
ance Raman scattering takes place in the molecule-substrate
complex, one of the most widely-accepted interpretations
considers that the molecular polarizability tensor is signifi-
cantly enhanced because of the photo-induced charge transfer
(PICT) process between the absorbed molecules and the
substrate.” This PICT takes place at the molecular monolayer
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made SERS-active substrates with high stability and high biocompatibility.

on the substrate.’® Although noble SERS substrates/tags with
highly uniform SERS signals have been widely developed,'"?
the major challenge in SERS application is the controllable
synthesis of a SERS-active substrate with a large enhancement
factor.*"** It has been recognized that not only noble- and
transition-metals exhibit the SERS effect,"*™” but also some
semiconductor materials display a notable SERS activity,
for example, NiO, Cu,0, Ag,0, AgX (X = Cl, Br, I), ZnO, TiO,,
a-Fe,O3, Si, Ge, graphene and InAs/GaAs quantum
dots.”*®'833 The enhancement of Raman signals consists of
both EM and CM mechanisms for metal SERS-active
substrates, while it is usually only the CM mechanism for
semiconductor SERS-active substrates. The semiconductor
substrate not only can be used to increase the enhancement
factor of the electromagnetic enhanced noble metal substrates,
but also can be used as sensors in biological detection
because of their high stability and biocompatibility."®>*3>
Novel surface properties, high chemical stability, diversity of
active substrates and controllable photoelectrical properties,
as well as low cost and diverse synthetic techniques, make
semiconductor substrates particularly important for their
application in SERS.' The semiconductor substrate generally
has a higher SERS uniformity than a noble metal substrate,
and is suitable for a rapid SERS detection. The preparation
of a semiconductor SERS-active substrate is relatively simple
because the precise position of adjacent substrate
nanoparticles is not crucial. Nevertheless, the application of
semiconductor SERS-active substrates is limited because of
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their inferior performance in enhancement, a deficiency of
candidates and the absence of regulation in exploring new
semiconductor SERS-active materials.'**>*®  The semi-
conductor materials explored so far usually only work for
limited organic molecules because the PICT process takes
place only when certain conditions are fulfilled, which is also
an obstacle.

Recently, it was found that oxygen vacancies can increase
the enhancement factor of nonstoichiometric tungsten oxide
to as high as 3.4 x 10°, which is the highest enhancement
factor in semiconductors reported in the literature,®” although
the enhancement cannot be proved to be caused only by
oxygen vacancies because of different structures of the sub-
strates. Nevertheless, this result indeed provides a new avenue
to efficiently improve the SERS enhancement of metal oxide
semiconductors for practical applications. In this paper, we
demonstrate a general route to anticipate the SERS activity of
metal oxide semiconductors and transform the metal oxide
semiconductor from non-SERS active to SERS active based on
defect engineering, and provide a new method to detect
different kinds of organics by controlling only the oxygen
vacancy concentration without interfering with the crystal
structure of the substrate. Using this route, a-MoO; (and
a-V,05 in part 4 of the ESIf), a non-SERS or weak SERS active
substrate, can be transformed into a SERS-active substrate with
an enhancement factor as high as 1.8 x 107 and a detection
limit of 10™® M for R6G, which is the highest among the
reported SERS-active semiconductors. A simple model based
on the effective electric current in the PICT was proposed to
describe the PICT process and the oxygen vacancy concen-
tration-dependent SERS enhancement of the oxide semi-
conductor substrate for the first time, which can be used to
predict the SERS behaviours of other semiconductors. Our
results not only can help to understand the SERS enhance-
ment mechanism of semiconductor substrates, but also pro-
vides a strategy to design efficient semiconductor SERS-active
substrates.

Experimental
Synthetic procedures

a-MoO;_, nanobelts were synthesized by the hydrothermal
method. In a typical procedure, 0.1 mmol (NH4)sM0,0,,4-4H,0
(A.R. grade, >99.0%) was dissolved in 20 mL distilled water.
Nitric acid (4 mol L") was added drop by drop into the solu-
tion under magnetic stirring at room temperature until the pH
value reached 1.0. Then the solution was sealed in a 50 mL
Teflon-lined stainless autoclave at 453 K for 5 h. The white pro-
ducts were collected and washed several times with deionized
water, centrifuged, and dried under vacuum at 353 K for 12 h.
Subsequent annealing treatments were performed to
achieve different oxygen vacancy concentrations (details can
be found in part 3 of the ESIf). Stoichiometric a-MoO;
microsized particles were prepared simply by calcination of
(NH,4)§Mo0,0,4-4H,0 (A.R. grade, >99.0%) at 973 K in air for
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2 h and then collected through centrifugation in ethanol and
dried in air at 353 K for 12 h.

Characterization methods

X-ray diffraction (XRD, Philips X’Pert Pro MPD and Cu Ka radi-
ation), field-emission scanning electron microscopy (FESEM,
Sirion 200 operating with an accelerating voltage of 10 kV), UV/
VIS/NIR spectroscopy (Varian Cary-5E spectrophotometer) and
transmission electron microscopy (TEM, JEOL model 2010)
were employed for the characterization and DRS spectra
measurements of the samples. X-ray photoelectron spec-
troscopy (XPS, Thermo ESCALAB250Xi) was used to determine
the valence state and oxygen vacancy content. A confocal
microprobe Raman spectrometer (Renishaw Invia Reflex)
equipped with 532, 633 and 785 nm laser lines was used to
record the Raman spectra. The data acquisition involved a
sum of ten times 1 second accumulation with the power of
about 0.3 mW modulated by the attenuator and at the spot
size of 4 pm in diameter focused by the Leica objective.

Preparation of samples for Raman measurements

4-Mercaptobenzoic acid (4-MBA), Rhodamine 6G (R6G) and
methylene blue (MB) were used as purchased without further
purification. The other chemicals were all of analytical grade
and were used without further purification. Triply distilled
water was used in all experiments. The analytes were decorated
on substrates by dispersing a-MoO; MPs or nonobelts into
ethanol (for 4-MBA) or aqueous solution (for R6G and MB) of
different mole concentrations at room temperature for 5 h
with stirring. The excess molecules were rinsed off the
samples with ethanol and deionized water through centri-
fugation. Then the MPs or NPs were dispersed into deionized
water and sprayed on clean glass slides. To avoid the influence
of photocatalysis, the whole process was operated in the dark.

Effective electric current model

The general consideration of how to transform a non-SERS
active substrate into a SERS-active one with an optimal SERS
performance when molecules are closely attached to the sub-
strate with defects as the donor can be found in part 1 of the
ESL7

When electrons are excited from the substrate to the
absorbed molecule, the potential in the molecule and the posi-
tion of the nuclei of the atoms in the molecule will change.
After these electrons tunnelled back to the substrate, the mole-
cule will be in a vibrationally excited state and the polarization
tensor of the molecule will be magnified.*® Although the mag-
nification is different for different vibration modes of the
molecular SERS spectrum, the more the electrons jump onto
molecular energy levels above the LUMO, the more the mole-
cules are in the vibrationally excited state in the same period
of time, and the more intensive all the molecular vibration
signals can be. The current injected onto molecular energy
levels above the LUMO is proportional to the enhancement
factor of all the vibration modes of the molecular SERS
spectrum in the PICT. Therefore, we can build our model by
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focusing on the current injected onto molecular levels above
the LUMO.

The possible PICT process can be divided into three sub-
PICT processes: CT,, CT, and CT;, as shown in Scheme S3.f
The actual PICT process consists of one to three of these sub-
PICT processes. The CT; process is the PICT resonance
between the doping levels and the coupled molecular levels
above LUMO, the CT, process is the PICT resonance between
the uncoupled energy levels in the conduction band of the
substrate and the coupled molecular levels above LUMO, and
the CT; process originates from the molecular resonance
Raman scattering (RRS) and vibronic coupling between the
molecular excited states and the conduction band states of the
substrate.

The relationship between the defect concentration (M,) and
the SERS signal intensity (I;, i = 1, 2) in the sub-PICT can be
found in part 2 of the ESL{ For the CT; process, I, = a x M,,
where the coefficient a is a constant when M, is very small and
is determined by the parameters of the excitation light, temp-
erature, the adsorbed molecules and the substrate. If the
coefficient is positive, the enhancement factor (EF) linearly
increases with M;. Otherwise no CT; exists. For the CT,
process, the relationship can be written as

- MP+aM +a,

I, = 1
2 biM; + by (1)

when M, is very small. The coefficients a; and b; (i = 1, 2, 3 and
4) are also independent constants, which also can be deter-
mined using the above-mentioned parameters. Acting as
donors in the semiconductor substrate, the defects are not
involved in CT;, and thus the SERS signal intensity in CT; (I3)
is a constant independent of the defect concentration.

(a)
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Results and discussion

In the following, we will take MoO; as an example to show how
to transform metal oxide semiconductors from a non-SERS
active to a SERS-active substrate and optimize SERS perform-
ance based on our model.

MoO; exists in three polymorphs: the orthorhombic phase
a-Mo003,*° monoclinic phase p-Mo0O;,*® and hexagonal phase
h-Mo0O;.*! Surface plasmon cannot be excited by visible light
in most semiconductor materials like a-Mo0O;.*> The CM
mechanism is the only avenue to transform a-MoO; from non-
SERS active to SERS active. Up to now, no report concerning
the SERS of a-MoO; can be found in the literature. a-MoQOj is a
4d° Mo(vi) insulator with a bandgap of ca. 3.2 eV (see details in
part 3 of the ESIf). The work function of stoichiometric
o-MoOj is ca. 7.8 V.**"** Scheme 1a shows the energy diagram
of band energy levels of a stoichiometric a-MoO;3; semi-
conductor,” together with energy levels of 4-mercaptobenzoic
acid (4-MBA) (a fully protonated 4-MBA molecule was con-
sidered here for simplicity),’® and methylene blue (MB, see cal-
culations in part 6 of the ESI{) and Rhodamine 6G (R6G).>°
The energy levels of these three analytes coincide with M; and
M;, in Scheme 1. The absorption spectra of the three analytes
together with the excitation wavelength of the lasers used are
shown in Fig. 1. One can see that the absorption band of
4-MBA is at the UV region whose energy is higher than the
photon energy of all the excited lasers. The absorption band of
R6G is at the green region, while that of MB is at the red
region. The photon energy of the 532 nm laser is within and
those of 633 and 785 nm lasers are lower than the energy level
of the absorption band of R6G. The photon energy of 633 nm
is within and those of 532 and 785 nm lasers are either higher
or lower than the energy level of the absorption band of MB.
Excitation with different laser wavelengths will result in
different sub-PICT processes and different mechanisms of

0eV VL————8— 0eVT VL MB 0eV— VL——  R6G
P —\L \
AL 176eV 176V IANIGE S
22,38 eV
=) oV
385eV el
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Scheme 1 Energy diagrams of 4-MBA, MB and R6G on a-MoOs3 before (a) and after (b) the introduction of defect levels. The navy blue line refers to
the LUMO and the red line the HOMO, the wine color area represents the energy levels of oxygen vacancies. The dashed lines represent the LUMO

and HOMO of MB and R6G if their vacuum levels align with the substrate.
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Fig. 1 Absorption spectra of 4-MBA (curve 1), R6G (2) and MB (3). The
wavelength of the laser excitation is indicated by the vertical lines.

magnification of the molecular polarization tensor, as shown
in Scheme 1a and Table 1.

From Table 1 one can see that the intrinsic stoichiometric
a-MoO; semiconductor is a non-SERS active substrate for
4-MBA excited with these three lasers because the bandgap
energy of a-MoO; and the energy gap (the difference between
HOMO and LUMO) of 4-MBA are both larger than the laser
photon energy. There is no energy matching, and the three
above mentioned sub-PICT processes are all impossible.
Therefore, no SERS enhancement would be observed for
4-MBA absorbed on stoichiometric «-MoQO;. The conduction
band levels of a-MoO; and the energy gap of MB match with
the laser photon energies of 532 and 633 nm, and thus the
CT; process can take place. There is no energy matching
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among the 785 nm laser, a-MoO; and MB, and thus no sub-
PICT process takes place and therefore no SERS effect can be
observed for MB absorbed on a-MoOj; excited with the 785 nm
laser. The above analyses indicate that the stoichiometric
a-MoO; is a SERS-active substrate for MB excited with 532 and
633 nm lasers and a non-SERS active substrate for MB excited
with the 785 nm laser.

From Scheme 1a and Table 1, one also can see that the stoi-
chiometric a-MoO; is a SERS-active substrate for R6G when
excited with the 532 nm laser, in which the CT; process can
take place, and the SERS effect will be strong enough to be
detected. The photon energy and the energy gap of R6G being
almost equal, a very strong RRS will occur from molecular
HOMO directly to LUMO. Similarly, no sub-PICT process takes
place because of the absence of the energy matching for R6G
excited with 633 and 785 nm lasers. This analysis shows that
the stoichiometric a-MoOj; is a SERS-active substrate for R6G
excited with the 532 nm laser and a non-SERS active substrate
for R6G with 633 and 785 nm lasers.

Since oxygen vacancy defects unavoidably exist in all nano-
materials, the stoichiometric «-MoO; microsized particles
(a-MoO; MPs) were used to verify the correctness of our model
without defects. The oxygen vacancy defects in the a-MoOj;
MPs are much lower than those in nanomaterials like nano-
belts and thus can be ignored (see part 4 of the ESIf). Fig. 2
shows the SERS spectra of 4-MBA, MB and R6G absorbed on
the stoichiometric o-MoO; MPs excited with different
laser wavelengths. From Fig. 2a one can see that, when excited
with the 532 nm laser, no Raman signals can be observed for
107> M 4-MBA, while SERS signals can be observed for 107> M MB

Table 1 Energy level matching and sub-PICT process of 4-MBA, MB and R6G adsorbed on stoichiometric a-MoOs3 with different laser wavelengths

4-MBA MB R6G
Laser Energy Sub-PICT Sub-PICT Sub-PICT
wavelength (nm) matching process Energy matching process Energy matching process
532 (2.33 eV) None None hv > Erymo — Enomo CT; hv > Erymo — Enomo CT;
hy > Ecm - EI—[OMO hv > Ecm - EHOMO
633 (1.96 €V) None None hv > Erumo — Eromo CT, None None
hv > Eery — Exomo
785 (1.58 eV) None None None None None None
(a) .

Intensity (a.u.)

10°M 4-MBA

(b) i (c)
10°MRSG  * i . 10°M R6G *

10°M 4-MBA A

10°M MB

10°M 4-MBA

T T T T T T T T
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Fig. 2 SERS spectra of 4-MBA, MB and R6G on stoichiometric a-MoOs MPs excited with the laser wavelengths of (a) 532 nm, (b) 633 nm and (c)
785 nm lasers. The * refers to the Raman peaks from a-MoO3. The molecular characteristic peak and molar concentration are indicated.
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and 10~° M R6G, which is in good agreement with the predic-
tion shown in Table 1. The SERS enhancement of R6G is recog-
nizable considering the 10~® M concentration, owing to the
contribution of the CT; process assisted by a strong RRS.
There are no SERS signals for 107> M R6G and 10> M 4-MBA
excited with the 633 nm laser, while only one weak recogniz-
able peak remains for 107> M MB, as shown in Fig. 2b. No
SERS signals can be detected for these three molecules excited
with the 785 nm laser, as shown in Fig. 2c, which is in good
agreement with the results shown in Table 1.

From the above analyses and experimental results, one can
see that whether the stoichiometric a-MoO; MPs are SERS-
active substrates depends on the excitation laser wavelength
(or photon energy) and the detected molecules. As no defect
levels are available, a possible sub-PICT process is the CTs;,
and thus the stoichiometric «-MoO3; MPs are non-SERS sub-
strates except for R6G excited with the 532 nm laser and MB
with 532 and 633 lasers. In the following discussion, we will
demonstrate that, by introducing defect levels in the bandgap,
the a-MoOj3; nanobelts become SERS-active substrates indepen-
dent of the excitation laser wavelength and the detected mole-
cules. The defect levels were introduced by oxygen vacancies
instead of element doping, and the a-MoO; nanobelts are
surface-clean without any surfactants, which can effectively
suppress the interference from doping elements and other
chemical compounds.

On the other hand, as the nanobelts are several tens of
micrometers in length, about 200 nm in width and 20 nm in
thickness, the influence of surface defects on SERS can be neg-
lected. It was found that the introduction of oxygen vacancy
defects in a low concentration has no notable influence on the
absorption property of the a-MoO; nanobelts, as shown in part
4 of the ESL{ and thus the influence of the absorption prop-
erty of the substrate on the SERS effect can be ignored.

The introduction of oxygen vacancies will form defect levels
in the bandgap of the a-MoO3 nanobelts, which will act as new
valence bands (Ey, in Scheme S27). The value of E,,, increases
and the CT,; and CT, will join the PICT process, and thus will
obviously enhance the SERS effect, as shown in Scheme 1b.
The energy level matching and the sub-PICT process of 4-MBA,
MB and R6G adsorbed on the a-MoOj; nanobelts excited with
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different laser wavelengths are shown in Table 2. From this
table one can see that the a-MoOj; nanobelts are SERS-active
substrates for 4-MBA, MB and R6G excited with 532, 633 and
785 nm lasers except for 4-MBA with the 785 nm laser. For
4-MBA excited with the 532 nm laser, the PICT process con-
sists of only CT,, while for MB the PICT process consists of
both CT; and CTj3, and for R6G the CT; and CT;. When excited
with the 633 nm laser, the PICT process consists of CT, and
CT; for MB, and only CT, for 4-MBA and R6G. But when
excited with the 785 nm laser, the only CT process is CT, for
MB and R6G, and there is no PICT process for 4-MBA
(the energetic difference between the LUMO of 4-MBA and the
defect levels is larger than the energy of the two photons, and
thus no notable sub-PICT process exists). The occurrence of
the sub-PICT process means the observable SERS effect. It
should be pointed out that with the 532 nm laser, the energy
difference between the highest defect level and the LUMO of
R6G equals the energy of photons, and a very strong PICT
resonance between the substrate and R6G will occur.”
This strong resonance between a-MoO;_, nanobelts and R6G
will make the CT; process much stronger than the previous
CT; between stoichiometric a-MoO; MPs and R6G, which will
enhance the SERS signals obviously.

The above analyses show that the introduction of oxygen
vacancy defects will turn a-MoO; nanobelts from a non-SERS
activity to a SERS activity substrate for 4-MBA with 532 and
633 nm lasers, improve the enhancement notably for MB with
532 and 633 nm lasers and transform a-MoO; from a non-SERS
activity substrate to a SERS activity one for MB with 785 nm
laser, improve the enhancement of a-MoOs; for R6G with
532 nm laser and turn a-MoQj; from a non-SERS active substrate
to a SERS-active substrate for R6G with 633 and 785 nm lasers.

Fig. 3 shows the SERS spectra of 4-MBA, MB and R6G
absorbed on the a-MoO;_, nanobelt substrate excited with
different laser wavelengths. Comparing with Fig. 2, one can
see the SERS signals of the molecules on a-MoO;_, nanobelts
are much stronger than those on stoichiometric a-MoO; MPs.
The SERS signals of MB and R6G can be observed with all the
three lasers over a-MoO;_, nanobelts. The SERS signals of R6G
with 532 nm laser and MB with 532 and 633 nm lasers over
a-MoO;_, nanobelts are distinct and stronger than those over

Table 2 Energy level matching and sub-PICT process of 4-MBA, MB and R6G adsorbed on a-MoOs_, nanobelts with different laser wavelengths

4-MBA MB R6G
Laser Energy Sub-PICT Sub-PICT Sub-PICT
wavelength (nm) matching process Energy matching process Energy matching process
532 (2.33 eV) hv > Eery — Eumm CT, hv > Een — Eum CT, hv > Eeny — Eum CT,
hv > Evymo — Enomo CT; hv > Erumo — Enomo CTj3
hv > Ecn = Enomo hv > Eem = Enomo
633 (1.96 eV) hv > Eemy — Eumm CT, hv > Een — Eom CT, hv > Eey — Eum CT,
hv > Evymo — Enomo CT;
h’/ > Ecm - EHOMO
785 (1.58 eV) hv > Eery — Eum None hv > Ee — Eum CT, hv > Eey — Eum CT,
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stoichiometric «-MoO3; MPs, demonstrating the effectiveness
of introducing defect levels in improving SERS-activity. 4-MBA
shows distinct SERS signals on a-MoO;_, nanobelts with 532
and 633 nm lasers, proving the existence of the CT, process
despite its relatively weak SERS enhancement. The appearance
of distinct SERS signals with the 785 nm laser for 4-MBA on
a-MoO;_, nanobelts is unexpected according to our analysis
listed in Table 2. This difference might originate from the
assumption that y = 0. In the system of 4-MBA and a-MoO;_,,
electrons from the highest of the CT,-involved conduction
bands of a-MoOj;_, can be transferred to the LUMO of 4-MBA
with a tiny energy change y of about 0.26 eV (calculated from:
—3.85 eV — (=7.27 eV + 1.58 eV x 2)), leading to the CT,
process.

It is worth noting that, by introducing oxygen vacancies, the
o-MoO; MP substrate can also be transformed either from
SERS-inactive to SERS-active or from a weak SERS-activity to a
high SERS-activity substrate, see Fig. S7.1 This result clearly
demonstrates that the promotions of the SERS-activity of
a-MoOj; nanobelts are attributed to oxygen vacancy levels, and
the influence of different specific surface areas between
a-MoO; MPs and nanobelts can be excluded.

The above results clearly prove that not only an originally
intrinsic non-SERS active a-MoO; substrate can be trans-
formed into a SERS active substrate, but also the SERS per-
formance can be enhanced by introducing defect energy levels
into the bandgap of a-MoO; nanobelts. In the following, we
will further optimize the SERS performance by controlling the
oxygen vacancy concentration in the a-MoO;_, nanobelts.

Eight a-MoO;_, nanobelt samples with different oxygen
vacancy concentrations (different x in a-MoO;_,) were prepared
(the preparation methods and oxygen vacancy concentration
can be found in part 4 of the ESIt). Since there are no changes
in the crystal structure, morphology and size of the nanobelts
with different oxygen vacancy concentrations, the absorption
property of these 8 samples can be regard as the same (see
details in parts 4 of the ESI}), and thus the SERS enhancement
factors of the 8 samples are comparable in the intensity of the
corresponding characteristic Raman peaks.

The SERS spectra of 4-MBA, MB and R6G on a-MoO;_,
nanobelts with different oxygen vacancy concentrations excited
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with different lasers are shown in Fig. S8.1 Clearly, the SERS
enhancement of 4-MBA, MB and R6G depends on the oxygen
vacancy concentration in the a-MoO;_, nanobelts, and distinct
and relatively strong SERS signals can be observed only with
some oxygen vacancy concentrations. Additionally, the back-
ground fluorescence in the Raman spectrum can be elimi-
nated with certain specific oxygen vacancy concentrations,
which provides clear evidence that the PICT process has been
promoted.*®

Fig. 4 shows the dependence of the SERS enhancement of
4-MBA, MB and R6G on the oxygen vacancy concentration
deduced from Fig. S8 using the intensity of the characteristic
peak in each Raman spectrum (4-MBA with 633 and 785 lasers,
R6G with the 785 nm laser was not given because only one
sample has SERS enhancement in all 8 samples), in which two
distinct features can be clearly seen. First, the Raman peak
intensity firstly increases with increasing oxygen vacancy con-
centration, reaches the maximum value and then gradually
decreases, and finally drops to a constant value (or zero) with
further increasing the oxygen vacancy concentration. Second,
the Raman peak intensity gradually decreases from the highest
value till a constant value (or zero), and then remains at the
constant value with further increasing the oxygen vacancy con-
centration. There are two or three stages in the relationship
between the Raman peak intensity and the oxygen vacancy
concentration. The best fittings of the experimental data are
shown by the dashed lines in different colors in Fig. 4 (the
error bars are multiple measurements from different parts of
the substrate). The accurate values of the parameters in fitting
functions are meaningless due to the different intensities of
the SERS signals from different parts of the substrate.
Nevertheless, the fitting functions indeed show the variation
trend of the Raman peak intensity, and can be well explained
by our model. It is worth noting that the point-to-point SERS
mapping and the corresponding SERS intensity analysis of
R6G at 614 cm™* excited with the 532 nm laser demonstrate
the high SERS uniformity of the «-MoO;_, nanobelt substrate,
as shown in Fig. S9,1 in which the standard deviation of the
measurements is about 12.2%.

Since the oxygen vacancy concentration is relatively low, the
changes in the conduction band minimum, the valence band
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10°M MB/10

10°M 4-MBA

10°M 4-MBA

PO §
10°M 4-MBA

T T T T . |I
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Fig. 3 SERS spectra of 4-MBA, MB and R6G on a-MoOs_, nanobelts excited with the laser wavelengths of (a) 532 nm, (b) 633 nm and (c) 785 nm.
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Fig. 4 Dependence of SERS enhancement of 4-MBA, R6G and MB on oxygen vacancy concentration over a-MoOs_, nanobelts excited with
different laser wavelengths. The dashed lines are the fitting results from our model together with the fitting functions.

maximum and the highest/lowest defect levels in the a-MoO;_,
nanobelts with increasing oxygen vacancy concentration are
ignorable. But the change in Fermi energy cannot be ignored,
which is an important factor to be considered. Defect levels
will change the position of Fermi levels of the «-MoO;_, nano-
belts, leading to variations in the molecular LUMO or HOMO
levels relative to the a-MoO;_, nanobelts if these levels are
pinned to the Fermi level of the a-M0O;_, nanobelts, which in
turn will change the pattern of the sub-PICT process, resulting
in different sub-PICT processes. Therefore, there are several
stages in which different sub-PICT processes are dominant.
The HOMOs of MB and R6G are pinned under the Fermi level
of the a-MoO;_, nanobelts, and Eyomo and Erymo can be
calculated using Eyomo = Ecm — A(x) — 0.3 eV, ELumo = Ecm —
h(x) + (Erumo — Enomo) — 0.3 eV, where Ecy is the energy at
the bottom of the conduction band of the a-MoO;_, nanobelts,
h(x) = 0.184 — 0.016In(x + 3.12 x 107°) is the function of the
energy difference between the Fermi level and the upper con-
duction band bottom, which is a function of the non-stoichio-
metry, X. Erumo — Enomo is the energy difference between
molecular HOMO and LUMO and is independent of the
oxygen vacancy concentration.

For R6G with a 532 nm laser, the PICT process contains
CT;, CT, and CT;. The PICT process of R6G molecules

332 | Analyst, 2017, 142, 326-335

absorbed on a-MoO;_, nanobelts can be divided into three
stages for different oxygen vacancy concentrations. At the first
stage (0 < x < 0.02631, the dashed red line), CT; and CT; domi-
nate the PICT process. According to our model, the Raman peak
intensity in this stage can be written as I = I, + I; = aM, + b. Here,
M, is the oxygen vacancy concentration and is proportional to the
non-stoichiometry, x. After merging the constant coefficients, the
relationship between the molecular Raman intensity and
the non-stoichiometry of a-MoO;_, nanobelts can be written as
I=ax + b. Considering that only defect levels whose energy is in
the interval of [Eyymo — v — 7, E,]| will be involved in the CTy
process (Scheme S4at), where hw represents the photon energy
and y is about 0.42 eV, the Raman peak intensity can be written
as (see details in part 2 of the ESIt):

I=ap(x)x+Db (2)

where ag(x)x is the contribution from the CTy, and b is the
contribution from the CT;, a and b are constants, and b = 152.
The factor ¢(x) is the proportion of available defect levels in
the CT, process:

@(x) = —0.145 In(x + 3.12 x 107°) — 0.509
0 < x < 0.02631

3)
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Therefore the peak intensity can be written as

I=—a{0.145 In(x + 3.12 x 107°) + 0.509}x + 152
0 < x <0.02631

Eqn (4) can well fit the experimental data (see the red
dashed line in Fig. 4a).

From eqn (3), one can see that when x = 0.02631, ¢(x) = 0,
CT; disappears, and the PICT process enters stage II (0.02631
< x < 0.05387). In this stage, the PICT process contains only
CT, and CT;. From Scheme S4af and a very slight change in
the Ejumo value (from —4.52 to —4.51 eV, calculated using the
equation: Eyymo = Ecm — A(%) + (ELumo — Eromo) — 0.3 €V), one
can conclude that all the defect levels will be involved in the
CT, process, and in this case ¢(x) = 1. The Raman peak inten-
sity can be written as:

X+ ax+a,

152
bix 1 b, +15 (5)

where @; and b; (i = 1, 2) are constants, and the constant 152 is
the contribution from the CT;. Eqn (5) also fits the experi-
mental data perfectly, as shown by the olive dashed line in
Fig. 4a. At the third stage (x > 0.05387), the CT, process dis-
appears, and the PICT process contains only CTj, thus the
Raman peak intensity is a constant (I = 152), as shown by the
black dashed line in Fig. 4a. A similar fitting can be found in
part 2 of the ESIT for R6G with the other two lasers as well as
for MB and 4-MBA with the three lasers used; the fitting
results are shown in Fig. 4b-f.

It is worth noting that some data are beyond the fitting
line, revealing that other factors might affect the PICT process.
In our model, we suppose that the photo-induced electrons do
not affect the Fermi level Er of the substrate, and the original
Er of -M0O;_, nanobelts was used instead of that under laser
light, which could be the reason for the deviation. On the
other hand, our model is based on a very small M;, and a devi-
ation of experimental data from the model can be expected at
higher values of M,.

From the above results, one can see that the SERS intensity
of 4-MBA, MB and R6G can be greatly enhanced in the
a-MoO;_, nanobelts with an appropriate oxygen vacancy con-
centration. Fig. 5 shows the SERS spectra of 4-MBA, MB and

2.0k
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R6G with the lowest detecting concentration on the a-MoO;_,
nanobelts with the optimal oxygen vacancy concentration.
Table S4 in part 7 of the ESIT lists the enhancement factors,
detection limits and the optimal oxygen vacancy concen-
trations for 4-MBA, MB and R6G on the a-MoO;_, nanobelts.
Since a high concentration of the adsorbate usually leads to a
higher proportion of non-monolayer adsorption and thus a
lower EF, the enhancement factors of the same adsorbate in
different concentrations, is usually slightly different, which is
considered the reason for the reported concentration-depen-
dent EF in W,3040.%” Therefore the enhancement factors in
this study were calculated using the concentrations at the
detection limits. From Table S41 one can see that the enhance-
ment factor can reach as high as 295, 1.0 x 10° and 1.8 x 107
for 4-MBA, MB and R6G, respectively. The detection limit of
R6G is as low as 1078 M, which is the lowest detection limit in
the semiconductor SERS substrate reported in the literature,
and is comparable to noble metals. This huge enhancement
confirms the conclusion proposed by Lombardi that the most
intensive SERS enhancement occurs in transitions terminating
at the band edges (the PICT resonance between the highest
defect level and molecular LUMO here).*” Since the energy
difference between the highest defect level in a-MoO;_, and
the LUMO of R6G is just equal to the energy of photons (con-
sidering 7), the enhancement factor of 1.8 x 107 is achieved
with the assistance of the strongest PICT resonance and the
optimization of oxygen vacancy defects.

The above results clearly demonstrate that through defect
engineering, the SERS signals of molecules on a metal oxide
semiconductor substrate can be substantially enhanced, and a
non-SERS or weak SERS active substrate can be transformed
into a SERS-active substrate. In the ESI{ we provided further
evidence that V,05 nanoparticles, a weak SERS active substrate
with the 532 nm laser and a non-SERS substrate with 633 and
785 nm lasers for R6G, can be transformed into a SERS-active
substrate with all three lasers by defect engineering. Because
of the absence of CT; and CT;, the SERS enhancement of
4-MBA on the a-M0O;_, nanobelt substrate is relatively weak.
The CT; process cannot take place in wide energy gap mole-
cules like 4-MBA. Theoretically, defect levels can locate on any
position in the bandgap of a semiconductor, and thus the CT;
process can occur through defect engineering. For 4-MBA, the
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Fig. 5 SERS spectra on the optimal a-MoOs_, nanobelt substrate excited with the 532 nm laser. (a) 4-MBA: 107> M, x ~ 0, (b) MB: 1077 M,

x = 0.01851 and (c) R6G: 107 M, x = 0.01851.
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CT; process will appear if some of the energy levels in the con-
duction band of the a-MoO;_, nanobelts have been remark-
ably occupied, which can be realized either by increasing the
oxygen vacancy concentration to a very high level or by
element doping. However, high oxygen vacancy concentrations
will affect the crystal structure of the substrate, while element
doping will bring in other influential factors, which will not be
discussed here.

To reduce errors in recording the molecular Raman peak
intensity, excess molecules on the substrate (MoO; and V,0s)
have been rinsed off with deionized water and ethanol.
Therefore the Raman intensities are relatively weakened. In
practical applications, by dropping the molecular solution
directly onto the MoO;_, nanobelt substrate, an even stronger
SERS enhancement can be seen.

From the effective electric current model we can propose
some potential metal oxide candidates as SERS-active sub-
strates. Taking R6G excited with the 532 nm laser as an
example, we predict that the stoichiometric Cr,O;, CrOgs,
Co30,4, CoO, and Ta,0Os; are SERS-active substrates, and the
oxygen vacancy defects can obviously enhance the SERS-
activity of CrO; and Ta,Os, as shown in part 7 of the ESL.{

Conclusions

The realization of a semiconductor SERS-active substrate
depends on the thermodynamically allowed PICT process
between the substrate and the adsorbed molecules after con-
sidering the energy level realignment. The PICT process can
take place if the energy levels of the substrate and molecules
match the excited light. In most cases, this condition is not
fulfilled, and introducing energy levels like oxygen vacancy
levels into the bandgap of the semiconductor is essential to
realize or strengthen the PICT process by adding more sub-
PICT processes. The energy matching among the excitation
light, substrate and molecules levels determines the dominant
sub-PICT processes, and the sub-PICT processes involving the
defect levels are affected remarkably by the defect concen-
tration. By controlling the defect concentration, the SERS
enhancement factor can be optimized substantially. Through
defect engineering, the semiconductor SERS-active substrate
and the detectable molecules can be greatly extended.

We proposed an effective electric current model based on
the influence of oxygen vacancy defects on the current involved
in the PICT. Our model not only can be used to quantitatively
describe the PICT process and to anticipate the SERS activity
of metal oxide semiconductors, but also can well explain our
experimental data. Some metal oxide semiconductors that
have not been studied so far can be promising SERS-active sub-
strates based on our model.

By introducing oxygen vacancies, we have successfully
transformed the non-SERS active «-MoO; to a SERS-active sub-
strate, and optimized its SERS performance for 4-MBA, MB
and R6G. The detection limits of R6G and MB on a-MoO;_,
nanobelts excited with the 532 nm laser can be as low as 107%

334 | Analyst, 2017, 142, 326-335
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and 1077 M, respectively, demonstrating that the SERS per-
formance of the a-M0O;_, nanobelts is comparable with noble
metal nanomaterials without the “hot spot”. The semi-
conductor SERS-active substrate with high performance might
find potential applications in different fields because of their
high stability, high biocompatibility, high SERS uniformity
and low cost compared to the widely used noble metals.
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