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a b s t r a c t

In this paper, CuO/TiO2 p-n heterojunction was developed as a new surface enhanced Raman scat-

tering (SERS) substrate to magnify Raman signal of 4-mercaptobenzoic acid (4-MBA) molecule. In the

heterojunction-molecule system, CuO as an “electron capsule” can not only offer more electrons to inject

into the surface state energy level of TiO2 and consequently bring additional charge transfer, but also im-

prove photogenerated carrier separation efficiency itself due to strong interfacial coupling in the interface

of heterojunction, which together boost SERS performance of the heterojunction substrate. As expected,

owing to the enhanced charge collection capacity and the improvement of photogenerated carrier separa-

tion efficiency derived from internal electric field and strong interface coupling provided in the interface

of heterojunction, this substrate exhibits excellent SERS detection sensitivity towards 4-MBA, with a de-

tection limit as low as 1×10−10 mol/L and an enhancement factor of 8.87×106.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Surface enhanced Raman scattering (SERS) technology, charac-

terized by nondestructive detection and ultrahigh single-molecular

sensitivity etc., has attracted great attention in the fields of biosen-

sor, photocatalysis, trace detection, chemical analysis and virus

detection [1–6]. Development of SERS as a surface enhancement

technology depends on the exploitation of substrate materials. The

noble metal materials (such as Au, Ag) as the traditional substrates

can provide highly SERS enhancement factors (EFs) of 106–1010

due to its localized surface plasmon resonance (LSPR) effect [7].

However, there are still inevitable disadvantages, such as high cost,

limited types, poor uniformity and stability [8,9]. By comparison,

semiconductor substrates have some inherent advantages of lower

cost, richer types, higher stability, better biocompatibility, tunable

properties and selective enhancement of molecular Raman sig-

nals [10,11]. Regrettably, one bottleneck problem of semiconductor-

based SERS substrate is that the EFs are lower compare to noble

metal substrate, which hinders its practical application [12].

The enhancement mechanism of semiconductors can be at-

tributed to the photo-induced charge transfer (PICT) between the
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substrate and the target molecule. When the probe molecule is ad-

sorbed on the semiconductor substrate, the strong PICT will ef-

fectively increase the scattering volume and the polarizability of

the probe molecule, so as to obtain larger Raman scattering cross-

sectional area and stronger Raman signal of molecule [13]. Thus,

how to enhance and promote PICT efficiency of semiconductor

nanomaterials by means of effective tuning strategies is a key is-

sue for the development of high-performance semiconductor SERS

substrate.

Some strategies have been developed in semiconductor-

molecule systems. Zhao’s group effectively promoted the PICT res-

onance by tuning the oxygen element content or surface de-

fect in the semiconductor substrate (oxygen-doped MoS2, oxygen-

deficient W18O49 or WO3 nanosheet) [9,14,15]. Guo et al. indicated

that introducing the amorphous structure into two-dimensional

TiO2 nanosheet could greatly narrowed the band gap of TiO2 sub-

strate, which effectively promoted the PICT resonance [16]. Re-

cently, our group finds that some metal-doped semiconductors can

promote the PICT resonance in the substrate-molecule system by

doping energy levels between conduction band (CB) and the va-

lence band (VB) of semiconductors, which play a role similar to

surface state energy level (Ess) [17–20]. The above researches in-

dicated that adjusting the energy band structure or electron con-
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Fig. 1. TEM images of (a) TiO2, (b) CuO, (c) CuO/TiO2 heterojunction. Insets of (a) and (c) are the corresponding size distribution histograms of TiO2 and CuO/TiO2 hetero-

junction. (d) HRTEM of CuO/TiO2 heterojunction. (e) XRD patterns of TiO2, CuO and CuO/TiO2 heterojunction. (f) High-resolution XPS spectra of Ti 2p of TiO2 and CuO/TiO2

heterojunction. (g) UV–vis DRS of TiO2 and CuO/TiO2 heterojunction.

figuration of single semiconductor can be regarded as an effec-

tive strategy to promote PICT resonance. However, the tuning for

the semiconductor itself or intrinsic electronic structure (defects)

is also limited, which often ignores the important effects of con-

centration and recombination of photogenerated carriers on PICT

and SERS. Based on PICT enhancement mechanism, increasing the

concentration and separation efficiency of photogenerated carriers

should be other effective strategies for the development of new

semiconductor SERS substrates with high EF.

Semiconductor heterojunction is a kind of semiconducting

structure, which is formed by the combination of two different

semiconductor materials. The heterojunction composed of wide-

band gap semiconductor and narrow-band gap semiconductor, es-

pecially p-n type heterojunction, can extend the light response

range and consequently result in generation of large-scale sep-

arable electron hole pairs [21–23], which increases the possibil-

ity of electronic transition. In addition, the heterojunction is also

an available structure for significantly enhancing the separation

and transfer of photogenerated carriers due to the formation of

band bending and internal electric field (IEF) at the interface of

heterojunction. Thus, the interface engineering should be an idea

and effective method for the design and construction of high-

performance semiconductor SERS substrate.

Here, we take CuO/TiO2 heterojunction as an example to ex-

plore the feasibility of p-n heterojunction as a high-performance

SERS substrate based on the interface engineering strategy. As ex-

pected, CuO/TiO2 heterojunction exhibits excellent SERS perfor-

mance for probe molecule (4-mercaptobenzoic acid, 4-MBA) with

a low limit of detection (LOD) of 1×10−10 mol/L and a high EF

of 8.87×106. The excellent SERS performance can be attributed to

the enhanced charge collection capacity and the improvement of

photogenerated carrier separation efficiency derived from the in-

ternal structure of heterojunction, which effectively enhances and

promotes PICT.

In this work, CuO was synthesized by chemical precipitation

method and then served as a precursor to add into the sol-

hydrothermal synthesis system of TiO2 for further preparation of

CuO/TiO2 heterojunction. For comparison, pure CuO and TiO2 were

synthesized at the same time. In order to confirm the type of semi-

conductor (CuO, TiO2) and the construction of p-n junction, the

Mott-Schottky (MS) measurements of samples were carried out. As

shown in Fig. S1 (Supporting information), CuO shows a negative

slope (Fig. S1a), while TiO2 shows a positive slope (Fig. S1b), indi-

cating that CuO is a p-type semiconductor and TiO2 is an n-type

semiconductor. Differently, in CuO/TiO2 heterojunction, the slope

of MS plots below −0.3V vs. Ag/AgCl is negative while that above

−0.3V is positive (Fig. S1c), which is in accordance with the re-

ported typical “V-shaped” MS plots of p-n junctions [24] and thus

provides a solid foundation for the presence of p-n junction. Mor-

phology of the samples is characterized by transmission electron

microscope (TEM). Pure TiO2 shows a spherical structure with a

diameter of 8.3±2.3 nm (Fig. 1a). Pure CuO has ultra-fine struc-

ture, which looks like a structure similar to “Chinese ink painting”

composed of ultra-fine particles (Fig. 1b). For CuO/TiO2 heterojunc-

tion, it can be clearly observed that CuO nanoparticles (NPs) are

dispersed on the surface of TiO2 NPs, and the average grain size

of TiO2 NPs (7.7±2.0 nm) decreases compared with that of pure

TiO2 (Fig. 1c), which is attributed to the inhibition of CuO on the

growth of TiO2 grains. In the high resolution transmission electron

microscope (HRTEM) of the heterojunction (Fig. 1d), a closely inter-

face heterostructure is observed between CuO and TiO2. The lattice

spacing values are 0.35 and 0.27nm, which are corresponded to

the (101) plane of anatase TiO2 and the (111) plane of monoclinic

CuO nanocrystals, respectively.

Fig. 1e shows the X-ray diffraction (XRD) patterns of TiO2, CuO

and CuO/TiO2 heterojunction. The diffraction peaks of the pure

TiO2 NPs are highly matched within anatase TiO2 (JCPDS No. 21–

1272) [25,26]. The peaks of CuO NPs at 25.16°, 38.8°, 48.7°and
66.2° are assigned to (002), (111), (202) and (022) crystal planes of

monoclinic CuO structure (JCPDS No. 00–002–1040) [27]. CuO/TiO2

sample shows all characteristic peaks of anatase TiO2 and mono-

clinic CuO structure, indicating the successful formation of hetero-

junction composite. It should be noted that the position of anatase

(101) peak in the CuO/TiO2 heterojunction shifts to higher 2θ value

(25.4°) compared with that (25.3°) of pure TiO2 (inset Fig. 1e),

which indicates that Cu was incorporated into the TiO2 lattice [28].

Furthermore, the (101) diffraction peak is broadened compared to

that of pure TiO2. It means that the degree of crystallinity of TiO2

component in the heterojunction as well as crystallite size de-

creases, which is consistent with TEM result.

X-ray photoelectron spectrum (XPS) measurements were car-

ried out to confirm the element composition and chemical state

of CuO/TiO2 heterojunction. The XPS survey spectrum clearly sug-

gested that there are Ti, Cu and O elements coexisting in the
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CuO/TiO2 heterojunction (Fig. S2a in Supporting information). The

high resolution Cu 2p peak of heterojunction can be fitted into

two peaks arising from Cu 2p1/2 and Cu 2p3/2 orbitals located at

954.6 and 934.5 eV (Fig. S2b in Supporting information), suggest-

ing that Cu exists in the sample in the form of +2 oxidation state

[29,30]. The Ti 2p XPS spectra of TiO2 and CuO/TiO2 heterojunc-

tion are displayed in Fig. 1f. For the TiO2 sample, the peaks posi-

tioned at 458.54 and 464.26 eV are corresponding to the Ti 2p3/2
and Ti 2p1/2 of Ti4+. Compared with pure TiO2, the Ti 2p3/2 and Ti

2p1/2 peaks of CuO/TiO2 heterojunction shift 0.08 and 0.13 eV to-

ward lower binding energy, respectively. The similar case can also

be seen in the O 1s XPS spectra, in which the O 1s peak (531.54 eV)

of CuO/TiO2 shifts to a lower binding energy compared with that

(531.45 eV) of pure TiO2 (Fig. S2c in Supporting information). These

indicate a higher electron density of the Ti and O atoms in the

CuO/TiO2 heterojunction. This can be attributed to the formation

of Ti-O-Cu bonds due to the introduction of CuO.

The UV–vis diffuse reflectance spectra (DRS) of TiO2 and

CuO/TiO2 heterojunction samples were shown in Fig. 1g. The pho-

toabsorption of pure TiO2 NPs was observed at 330–410nm, which

can be attributed to the band-band electron transition according

to its band gap energy. The tailing in the region of 410–490nm

corresponds to the photoabsorption related to Ess of the TiO2 NPs

(i.e., blue region). Compared with pure TiO2 NPs, the heterojunc-

tion sample exhibits a wider range of photoabsorption in the range

of 410–650nm, which is ascribed to the band-band electron tran-

sition of CuO in the heterojunction.

The SERS performances of the substrates were assessed using

the 4-MBA molecule as Raman reporter. Fig. 2a shows the SERS

spectra of 4-MBA (10−3 mol/L) adsorbed on the surface of pure

TiO2, pure CuO, mixture of TiO2 and CuO and CuO/TiO2 heterojunc-

tion. As expected, CuO/TiO2 heterojunction shows superior SERS

enhancement compared with other substrates (the specific assign-

ments of SERS peak for 4-MBA on substrate are listed in Table S1

in Supporting information). Take the peak at 1594 cm−1 as an ex-

ample, the SERS enhancement intensity on the heterojunction is

about 8.61 and 4.09 times larger than those on the pure TiO2 NPs

and mixture of TiO2 and CuO NPs, respectively (Fig. 2b). However,

the SERS signal of 4-MBA molecule on CuO NPs was not even ob-

served. Obviously, the excellent SERS performance of CuO/TiO2 p-n

heterostructure must be derived from the strong interface coupling

in heterojunction. It is further verified by the fact that SERS en-

hancement of the mixture is significantly weaker than that of the

heterojunction, while slightly higher than that of the pure TiO2,

which can be attributed to the weak interaction between CuO and

TiO2 in the mixture.

For further understanding the SERS enhancement mechanism

and revealing the role of heterojunction in the PICT process, the

energy level position of CuO/TiO2-molecule system was given in

Fig. 2c according to the VB and CB positions of semiconductors

(CuO and TiO2), the lowest unoccupied molecular orbital (LUMO)

and the highest occupied molecular orbital (HOMO) positions of

4-MBA from literature reports [31–35].

For TiO2–4-MBA system, the charge transfer process follows the

previously reported CT mechanism of semiconductor-to-molecule

[36]. In short, the electrons in the VB of TiO2 (−6.49 eV) are ex-

cited to the Ess of TiO2 (−4.53 eV to −4.57 eV) by excitation en-

ergy (1.96 eV), and then injected into LUMO of 4-MBA molecules

(−2.82 eV). For the CuO-4-MBA system, the excitation energy

(1.96 eV) neither meets the energy requirement for CT from HOMO

of 4-MBA (−7.41 eV) to CB of CuO (−4.96 eV), nor meets the en-

ergy requirement for CT from VB of CuO (−6.66 eV) to LUMO of 4-

MBA (−2.82 eV). And photoexcited electrons in CB of CuO also can-

not be further transferred to LUMO of 4-MBA due to the mismatch

in energy. According to the expression of polarizability tensor for

Raman enhancement in semiconductor-molecule system proposed

Fig. 2. (a) SERS spectra of 4-MBA (10−3 mol/L) adsorbed on the surface of pure TiO2,

pure CuO, mixture of TiO2 and CuO, CuO/TiO2 heterojunction. (b) SERS intensity of

the band at 1594 cm−1 for the different substrate. (c) Proposed SERS enhancement

mechanism for the PICT process in CuO/TiO2–4-MBA system. (d) PL spectra of CuO

and CuO/TiO2 heterojunction. (e) EIS Nyquist plots of TiO2 and CuO/TiO2 hetero-

junction.

by Lombardi: α =A+B+C, term A only allows the existence of to-

tally symmetric Raman lines, which can rarely be observed in SERS

spectra. The items B and C are the contributions from molecule-

to-semiconductor and semiconductor-to-molecule charge transfer

transitions, respectively [37]. Obviously, items B and C cannot be

implemented for CuO-4-MBA system. Therefore, the Raman signal

of 4-MBA on CuO is not enhanced.

However, when p-type semiconductor and n-type semiconduc-

tor are combined to form the heterojunction, the electrons will be

transferred from the n-type semiconductor to the p-type semicon-

ductor due to the offset of Fermi levels. Consequently, the side of

n-type semiconductor is positively charged, while the side of p-

type semiconductor is negatively charged. This means that an IEF

will be formed at the interface of the heterojunction [38–42]. Just

due to drive of the IEF, photoexcited electrons of CuO in the het-

erojunction can be transferred to Ess of TiO2. In this process, CuO

plays a role similar to “electron capsule” to provide additional elec-

trons to LUMO of 4-MBA by “bridge” (Ess of TiO2). Thus, the ad-

ditional charge transfer provided by CuO effectively enhances the

PICT efficiency in CuO/TiO2–4-MBA system. Obviously, the addi-

tional PICT in this system depends on the strong interfacial cou-

pling in the heterojunction. As shown in Fig. 2a, the SERS perfor-

mance of the mixture of TiO2 and CuO NPs is much less than that

of CuO/TiO2 heterojunction, which strongly demonstrates that the

strong interfacial coupling in the p-n junction is crucial for the en-

hanced SERS performance of the substrate.

And also, it is particularly worth mentioning that strong interfa-

cial coupling in heterojunction can not only enhance PICT but also
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Fig. 3. SERS spectra of 4-MBA adsorbed on CuO/TiO2 heterojunctions with (a) different Cu/Ti molar ratios and (b) different calcined temperatures. (c) SERS spectra of 4-MBA

with different concentrations adsorbed on CuO/TiO2 heterojunction. (d) SERS spectra of 4-MBA adsorbed on CuO/TiO2 heterojunctions from 10 random measurement sites.

improve the photogenerated carrier separation. It can be confirmed

by photoluminescence (PL) measurements (Fig. 2d). The PL peak

of CuO at 570–652nm (i.e., green region) can be ascribed to band

edge emissions that result from the recombination of electrons and

holes. Compared with the luminescence intensity of CuO at 570–

652nm, the luminescence intensity of CuO/TiO2 heterojunction is

significantly reduced, which should be derived from improvement

of the photogenerated carrier separation efficiency of CuO in het-

erojunction due to the strong interfacial coupling effect.

To better reveal the electron-transfer property in the CuO/TiO2

heterojunction, the electrochemical impedance spectroscopy (EIS)

measurements were carried out. Fig. 2e shows the typical EIS

Nyquist plots of TiO2 and CuO/TiO2 heterojunction. The heterojunc-

tion composite has the smaller Nyquist plot diameter compared to

pure TiO2, which confirms that the formation of the heterojunc-

tion results in better charge separation and efficient electron trans-

fer. Therefore, the enhanced charge collection and improved carrier

separation in this system are jointly responsible for the boosted

SERS performance of the heterojunction.

In order to explore the contribution of CT to SERS enhancement

in CuO/TiO2 heterojunction, the concept of the “degree of CT (ρCT)”

proposed by Lombardi et al. [37] was used in this work (see Sup-

porting information for specific calculation details). The calculated

ρCT (0.58) of CuO/TiO2 heterojunction is 1.34 times higher than

that (0.43) of TiO2. This further confirms that the enhanced charge

collection and improved carrier separation derived from the het-

erojunction interface can effectively enhance and promote PICT.

Since the strong SERS performance depends on effective inter-

facial coupling, the molar ratio of Cu/Ti in heterojunction should

have an important effect on the SERS performance of the sub-

strate. The Cu/Ti molar ratio-dependent SERS measurement was

carried out in this study. As shown in Fig. 3a, when the molar ratio

of Cu/Ti is 2:1, the heterojunction substrate exhibits the strongest

SERS enhancement for 4-MBA probe. When the Cu/Ti molar ratio

exceeds 2:1, the SERS signals of 4-MBA start to attenuate. This can

be explained by the fact that the adsorption sites on the TiO2 sur-

face would be overly covered due to the excess intruoduction of

CuO. Moreover, the calcination temperature of heterojunction sub-

strate also has an effect on the SERS performance of the substrate.

It can be seen from Fig. 3b that the SERS signal intensity of 4-MBA

increase firstly and then decrease evidently with the increasing

of calcination temperature. When the calcination temperature is

450 °C, the heterojunction substrate exhibits the greatest enhance-

ment effect for 4-MBA probe molecule.

Next, the substrate prepared under the optimal conditions is

chosen for estimating the SERS performance. As shown in Fig. 3c,

the Raman signals are still discernible even when the concentra-

tion of 4-MBA reach to 10−10 mol/L. The EF of heterojunction sub-

strate is 8.87×106, which is 8.61 times that of pure TiO2 (see

Supporting information for specific calculation details and Fig. S2

in Supporting information). As far as we know, this is the high-

est SERS performance among the present reported semiconductor

substrate with 4-MBA (a typical non-resonant molecule) as probe

(Table S2 in Supporting information), which is even comparable

to precious metal substrates and those with resonant molecule as

probe. In addition, CuO/TiO2 heterostructure substrate also shows

excellent the reproducibility. As shown in Fig. 3d, the SERS spectra

intensities of 4-MBA on the heterostructure that collected from 10

random measurement sites are almost identical.

To sum up, we have successfully developed a new p-n

semiconductor heterojunction (CuO/TiO2) SERS substrate by sol-

hydrothermal method, which can effectively boost the Raman sig-

nal of 4-MBA. The enhanced charge collection capacity and the im-

proved carrier separation efficiency in p-n heterojunction can ef-

fectively enhance and promote PICT. The LOD of 4-MBA probe is

as low as 1×10−10 mol/L and the EF can reach to 8.87×106. This

work will provide a new idea based on the interface engineering

strategy for design and construction of high-performance semicon-

ductor SERS substrate.
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