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Abstract: In this work, we modeled a novel approach to enhance surface-enhanced Raman
scattering (SERS) signals using principal component analysis (PCA) as a machine learn-
ing approach. Zinc oxide nanoarrays (ZnO-NAs) were synthesized using a hydrothermal
method followed by zinc oxide nucleation on ITO glass substrates via an oxidation furnace
at 500 °C. The surface morphology was improved by short rapid thermal annealing (S-RTA)
after deposition of a gold layer via a thermal evaporator to avoid chemical contamination
of the sensing surface, which is a suitable plasmonic platform for the generation of “hot
spots” for SERS enhancement with fewer defects. The proposed Au/ZnO-NA SERS sensor
exhibited an enhancement factor (EF) of 1.15 × 107 via the R6G Raman probe and excellent
uniformity over the entire surface. The PCA algorithm was used to extract useful features
and information from the SERS signal. The algorithm was implemented with MATLAB
software (R2019a) by the multivariable analytical tool to find an enhanced signal (∼3 times
higher) with high uniformity, which has great potential and is applicable to a wide range of
probe molecules suitable in medical, safety, and environmental applications.

Index Terms: Plasmonic model, SERS, signal enhancement, PCA analysis, machine learn-
ing approach.

1. Introduction
In sensing applications, signal amplification and the signal-to-noise ratio play a critical role. Strong
electric field confinement and scattering phenomena due to contact of a metallic object with a
nanoscale object lead to plasmonic effects that result in an electric field called surface-enhanced
Raman scattering (SERS) [1]. Although the SERS technique has been extensively studied over
the past ten years due to a drastic advancement in nanotechnology, the implementation of
highly sensitive and stable SERS as simple analytical tools remains a major challenge [2], [3].
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The enhancement factor (EF) is known to be a SERS criterion for the ability to differentiate
between low energy levels and the sensitivity of the SERS surface. A high EF value of 108

is known to be adequate to detect a single molecule [4]. The electromagnetic (EM) effect is
based on the enhancement of the EM field due to localized conduction electron and oscillation
resonance excitations at the surface of metal nanostructures. The EM enhancement depends
on metal characteristics and molecular distance from the surface. Researchers have tried to
improve SERS as well as the plasmonic behavior by testing the shape and size of plasmonic
nanoparticles such as silver (AgNPs) and gold nanoparticles (AuNPs) [5], [6]. In comparison
to other thicker structures of AuNPs, our group has researched different sizes of NPs and the
tunable plasmonic behavior of ZnO-NR [7]. Moreover, weak SERS signals may not provide enough
information to clearly identify specific diseases. Numerous methods, including principal component
analysis (PCA) and independent component analysis (ICA), can be used [8]. These methods are
well-established methods for reducing the dimensionality, and are commonly used for avoiding
redundancy due to high-dimensional data [9]. Thus, PCA as a machine learning approach was
used to compute multivariate statistics to identify specific diseases with a strong enhanced signal.
Additionally, researchers have published a label-free biological classification system based on an
Au/ZnO-NR/G sensor that was implemented using a PCA projected SVM-classified calculation
algorithm. The group used aqueous human tumor samples from patients with cataracts and two
oxidative stress-induced eye diseases, which were analyzed using the proposed sensor [10].
Researchers have demonstrated a SERS platform to help ensure normal delivery without infection
and premature delivery of maternal diseases. Their SERS platform could detect the presence and
identification of prenatal diseases with the assistance of a machine learning approach using the
PCA-SVM for amniotic fluids with high sensitivity [11]. In addition, studies have examined
the application of Raman spectroscopy to oral cryopreserved tissues with fresh excisions and
the potential to increase the efficiency of oral cancer screening procedures to recognize a tumor-
free margin of resection during surgery by PCA-QDA [12].

Zinc oxide (ZnO) is a well-known working material with suitable morphologies that can be opti-
mized by a simple and cost-efficient manufacturing process. ZnO, as a semiconductor, is promising
and biocompatible with a small direct bandgap (∼3.4 eV) [13]. Moreover, ZnO is synthesized
naturally with defects due to the impurity of the crystal structure. Therefore, the synthesized ZnO
needs to be engineered to minimize the defects to increase the charge separation process upon
light absorption [14]. Vacancies of interstitial oxygen and zinc are two commonly intrinsic defects
reported to be beneficial for potential photocatalysis. The defects were noted to contribute to the
formation of O2

−2 on the ZnO-NR surface by trapping electrons and holes with adsorbed oxygen
and hydroxyl groups [15]. Furthermore, the interaction of strong SERS operation when ZnO is
combined with plasmonic metals can be assured not only by the surface plasmons but also by the
interactions of charge-transfer (CT) between semiconductors and metals in several applications
[16].

In this work, gold was deposited via a thermal evaporator after the synthesis of ZnO-NAs using
a hydrothermal process. After the production of Au/ZnO-NA substrates, a short rapid thermal
annealing (S-RTA) process on the substrate was conducted at 650 °C to increase the surface
roughness, which contributes to the SERS activity. Later, we modeled the PCA algorithm as a
machine learning approach for an enhanced signal with high intensity. These methods are expected
to expand to different research areas in the future, as they apply to other types of spectroscopies
and the spectroscopic field of deep learning and artificial intelligence data processing, and can be
used for the extraction of sufficient information to identify specific diseases.

2. Experimental Details
Fabrication of the Au/ZnO-NA platform and explanation of SERS activity are shown in Fig. 1. ZnO-
NAs were grown on ITO with a glass substrate size of 2 × 2 cm2. The ITO/glass substrates were
washed with deionized water, acetone, and alcohol and dried with N2 flow. The precursor solution
was prepared by dissolving 5 mM zinc acetate Zn(CH3COO)2•2H2O in pure ethanol. The ZnO
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Fig. 1. Schematic diagram of the proposed plasmonic SERS model and enhancement process.

precursor solution was deposited onto the ITO-coated glass substrate by the dip-coating process.
To create a ZnO seed layer on ITO, the as-deposited film substrates were annealed in air at 500 °C
for 30 min. The step-by-step process started from seeding layers and growth of ZnO-NAs using the
hydrothermal method [7].

2.1 Plasmonic Substrate

After ZnO-NA growth on ITO as described above, a gold layer thickness of 3 nm was deposited
on top of the ZnO-NA layer via a thermal evaporator. The evaporation method was performed to
avoid chemical contamination and reactions with the sensing surface. To generate hot spots due
to the plasmonic nature of the substrate, S-RTA (650 °C) was used after the deposition of gold
(3 nm) on ZnO-NAs for the detection of R6G (10−4 M). S-RTA (650 °C) treatment of the noble
metal on ZnO-NAs is one of the most frequently used methods to narrow the gap within coalesced
nanoparticles to generate hot spots due to plasmon coupling [17]. Moreover, S-RTA treatment
substantially changed the curve shape, absorption intensity, and position of λmax of the LSPR
signal due to the thickness and interstitial distance of aggregated gold nanoparticles created by
S-RTA treatment [18].

2.2 Surface Morphology, Roughness, and SERS Analysis

Surface images were obtained by transmission electron microscopy (TEM, JEOL, JEM-
ARM200FTH, Japan), while the roughness of the surface was analyzed by AFM performed in
tapping mode with a scanning region of 1 × 1 μm2 (Innova B067, Bruker Corp. USA). For SERS
analysis, 10−4 M R6G molecules were dropped onto the substrate, and SERS detection was
performed by a Raman System using a 532 nm excitation wavelength. The excitation and light
processing were achieved using a 100 x objective lens (NA 0.5) with a laser power of 50 mW
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Fig. 2. TEM images of (A) ZnO nanoarrays after S-RTA treatment and (B) the interface of ZnO
nanoarray and Au nanoparticles; (inset) AuNPs with nanogaps and calculated specific surface area.

and an exposure time of 2 seconds with 3 accumulations. The SERS signals were collected and
assessed by baseline extraction of ten different spots. To analyze the TEM sample, ZnO-NAs and
Au/ZnO-NAs were dispersed in ethanol by ultrasonic agitation and the suspension was dropped on
lacey carbon-coated grids.

2.3 Multivariate Analysis (PCA) as Machine Learning

Principal component analysis (PCA) is the most popular multifunction statistical method as a
machine learning approach and is used in almost every scientific discipline [19]. The objectives
of PCA are collecting the most important data from a big data set. It compresses the data to collect
only useful information, simplify the data set, and evaluate the observation structure and variables
[20].

For a data matrix with p variables and n samples, the data are based on each variable and mean
first. This approach ensures that the data cloud concentrates on the origin and the spatial reference
of the data or the variances of the variables. A linear combination of the variables X1, X2 … XP is
used to describe the first principal components (Y1).

Y1 = a11x1 + a12x2 + · · · · · · · · + a1pxp (1)

In calculating the first principal variable, the maximum variability from the data set is considered.
The other principal component is measured in the same way but is not associated with the next
maximum variance with the first principal component.

Y2 = a21x1 + a22x2 + · · · · · · · · + a2pxp (2)

The calculations are carried out until a total of p major components equal to the original number
of variables are determined. The sum of the variances from all principal components is now equal
to the sum of the variables, i.e., the original information has been clarified [21].

3. Results
TEM and AFM were conducted to investigate the structure and morphology of the ZnO nanoarrays
and the gold-coated ZnO-NAs. The formation of ZnO-NAs and Au nanoparticles (NPs) on the
surface of the ZnO nanoarrays is depicted from the micrographs in Fig. 2. The length of ZnO-NAs
was 1 μm, the diameter of nanoarrays was 100∼120 nm and the diameter of the AuNPs coated
onto ZnO-NA was approximately 10 nm. Fig. 2 (B) revealed the formation of AuNPs supported by
long ZnO nanoarrays due to the S-RTA effect [22]. The detailed morphology and surface roughness
of the Au-deposited ZnO were examined by AFM. Fig. 3 shows the AFM 3D images, which
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Fig. 3. The surface roughness of the ZnO-NA substrate and ZnO-NA substrate coated with 3 nm
thick Au.

indicate the vertical c-axis-oriented growth of the nanoarrays and confirm the typical observations
for wurtzite ZnO with Rq and Ra values of 159 and 124 nm, respectively. An increase in the
RMS surface roughness values of 175 and 137 were observed upon Au (3 nm) deposition due
to the increase in the grain size. The increase in the surface roughness of the substrate was
associated with a large volume-to-size ratio. Compared with Au/ZnO-NAs, Au substrates showed
higher surface roughness than ZnO grown on bare ITO [23]. Fig. 1 defines the underlying localized
surface plasmon resonance (LSPR) improvement mechanism for SERS on the Au/ZnO substrate.
The gold nanoparticle surface coverage should be high to maximize the immobilization of R6G
molecules onto the gold nanoisland areas of the Au/ZnO-NA substrate. To generate hot spots due
to the plasmonic nature of the substrate, S-RTA (650 °C) was used after the deposition of gold
(3 nm) on ZnO-NAs for the detection of R6G. S-RTA treatment of the noble metal on ZnO-NAs
is one of the most frequently used methods to narrow the nanoparticle band gap and generate
hot spots. Hot spots are generated by isolated groups of gold nanoparticles that self-assemble on
the ZnO surface. From Fig. 2, TEM (inset) shows ∼10 nm AuNPs with ∼5 nm nanogaps between
two NPs, a hot gap from which we can expect a great value of Raman intensity. The values of EF
are very sensitive to the morphology of the deposited AuNPs on ZnO due to the contribution of
active hot spot regions and the absence of ineffective large-sized nanoparticle regions. The shape
of nanoparticles is related to EF, and EF can be increased by increasing the nanoparticle specific
surface area [24]. Increasing the nanoparticle surface area could significantly boost the Raman
signal. The boost is achieved because nanoparticles are highly exposed and energy transfers
within the hot spot regions are effective. The specific surface area is given as [25],

Specific surface area = 6000/Dxρ = 31.08 m2/gm

Where D is the size of the AuNPs and ρ is the density of gold (19.3 g/cm3). Here, we used 6000
as form factor values for isothermal particles. In general, the known SERS effect caused by the
charge transfer (CT) effect can be explained by the fact that an incident photon excites an electron
from the metal surface into an adsorbed molecule, creating a negatively charged excited molecule.
CT induces nuclear relaxation of the excited molecule, leading to the return of the electron to the
metal surface and the formation of an exciting neutral molecule with the emission of a shifted
wavelength. This results in a similar “donor–bridge–acceptor” CT mode, which occurs more easily
in the AuNPs/ZnO/molecule system due to the principle of energy level. The transfer of the direct
charge between Au and R6G is not possible because of the large energy difference. We used an
excitation laser of 532 nm (2.33 EV) with work functions of gold (5.1), ZnO (5.3), and R6G (2.3).
Metal and semiconductor junctions, as Schottky barriers between Au and ZnO-NAs, are related to
the (charge transfer) CT mechanism via the SERS model shown in Fig. 4(A) [26], [27]. Furthermore,
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Fig. 4. (A) R6G/AuNPs/ZnO-NAs assisted charge transfer (CT) SERS model; (B) Mechanism of the
enhanced signal via LSPR energy levels.

Fig. 5. (A) Spots of 10 SERS spectra of R6G over AuNPs/ZnO-NA; (B) detection of the R6G analyte
with a control sample.

R6G peaks were verified by SERS spectra, and detection of the chemical band of the molecule is
shown in Fig. 5(A and B) [28].

The localized surface plasmon resonance (LSPR) energy level is enhanced due to the strong
electron transition to a higher level. The defect in ZnO is strongly linked to the vacancy of oxygen
(VO) and the resulting narrow bandgap via the engineered structure [29]. Thus, the VO forms
an energy level slightly above the valence band of ZnO. Due to the seeding temperature and
S-RTA treatment, the defects in the structure play an important role in the electron transition
between energy levels. The occurrence of defects in ZnO-NAs substantially affects the energy
transition of the AuNPs coated on ZnO-NAs due to differences in the amount of electron excitation
at the LSPR energy level of the AuNPs. During the electron transition from the ZnO conduction
band (CB) to the valence band (VB), electrons are trapped in the VO level, and some electrons
migrate directly to the Au region. Defects and the resulting narrow bandgap in ZnO result in a
high number of electrons in the VO level, which reduces the energy transfer to the AuNPs, while
a defectless surface reduces the number of trapped electrons in the VO level and allows a strong
energy transition to the AuNPs. However, the crucial role of the electron transition, in which fast
electrons transfer to higher energy levels is generally improved by the LSPR energy level details,
is shown in Fig. 4(B). Moreover, in the LSPR energy state, the amount of electron excitation also
affects R6G injection and increases the signal intensity. Increased electron injection in the LSPR
energy state results in an increase in the signal of R6G [7]. In addition, for a free-metal electron,
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TABLE 1

Comparison Table of the Existing SERS Method and Detection of Disease via a Machine Learning
Approach

according to the momentum of conservation, the direction of generated hot electrons should mainly
be along the oscillation direction of LSPR. However, the oscillation of LSPR along the interface
of the metal-semiconductor composite generates hot electrons that move to the semiconductor
and thus increase the hot electron generation efficiency (HEGE) [30]. SERS measurements were
conducted on R6G on AuNPs/ZnO-NAs, averaged from SERS spectra taken at 10 spots, as shown
in Fig. 5(A), and R6G (10−4 M) was detected and compared with a control sample, as shown in
Fig. 5(B).

The SERS enhancement factor (EF-SERS) is calculated based on the following equation [17],
[31]:

EFSERS = ISERS/NSERS

IR6G(bare)/NR6G(bare)
(3)

where ISERS and Ibare are the Raman intensities of the molecule on the SERS surface and on the
bare substrate, respectively, and NSERS and Nbare are the numbers of adsorbed molecules in the
scattering volume on the SERS and non-SERS substrates. NSERS can be calculated by using the
surface density of R6G and the area of the laser spot as 39.87 × 10−16 moles. For the Nbare sample,
the sampling volume is the product of the area of the laser spot and penetration of the laser beam.
Taking the density of bulk R6G into account, Nbare can be calculated to be 160 × 10−10 moles.
Finally, the SERS EF is determined to be 1.15 × 107 for the R6G peak at 1356 cm−1. To produce
an effective enhanced SERS signal, PCA is used as a machine learning approach that plays an
important role in collecting useful information from the data set and provides improved extraction
of the desired (3 times higher) signal.

3.1 PCA Techniques for the Analysis of Raman Spectra

The theories and methodologies for signal processing by the PCA technique are discussed in
this section. The signal processing techniques used in Raman spectra for disease detection
in our literature review are summarized in Table 1. PCA is a multivariate evaluation technique
to minimize dimension and/or classification without supervision. By decreasing redundancy and
noise, it transforms a massive amount of data into fewer new variants. The structure and vicinity
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Fig. 6. Flowchart for the principal component analysis model.

of the original spectrum change after the transition of the spectrum to another space. This makes
it useful for the analysis of Raman spectra obtained from biological samples, which contain a high
volume of data with complex characteristics. PCA reduces the usually high volume of spectral
data to a few principal components and a combination of new data sets given by equation (1 &
2). Here, Fig. 6 describes the steps flow chart towards the development of the PCA algorithm.
The SERS spectra were collected from 10 sequential spots on the same sample, with a 10-second
accumulation collected at each spot (438 observations and 10 variable data). First, PCA transforms
the input feature data into an orthogonal space using an orthogonal linear transformation, which
is illustrated in Fig. 7(A). The outcome is orthogonal components known as PCs, and second,
the PCs are arranged according to their variance. Variance is a sample distribution function of
variability, which is expressed as the average square deviation of each sample from its mean [19],
[20],

Variance = �(SampleSERS − mean)2

total_sample
(4)

While the percentage of variance is given as follows.

% of variance = 100 × Variance(nthPCS)
total_variance

(5)

The last step eliminates PCs with the least input to the data set variance. A selection of PCs is
adequate in practice for the overall variability of the observed variables. The more variant PCs are
counted first, while the less variant PCs are ranked last. However, in practice, the cost function is
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Fig. 7. (A) Standardized AuNPs/ZnO-NA SERS signal before PCA. (B) The scree plot shows the first
two (instead of the total 10) components that explain 95% of the total variance. (C) Enhanced SERS
signal after PCA. (D) Comparison of an enhanced signal before and after the PCA model.

used in addition to ranking the significance of PC components: (1) Eigenvalue: This criterion keeps
PCs with an eigenvalue equal to or greater than one, as shown in Fig. 7(B), because their variance
is higher, and (2) scree test: This is usually used in conjunction with the eigenvalue and plots the
graphic representation of the relationship between eigenvalues and PCs as illustrated in Fig. 7(B,
inset). The scree plot only shows the first three (instead of the total 10) components that explain
96.50% of the total variance. The only clear difference is the amount of variance shown between the
first, second, and third components; the remaining components with small variances are eliminated.
The intensity of the SERS signal before and after PCA from AuNPs/ZnO-NAs with R6G at the
Raman shift peak is plotted in Fig. 7(D). This indicates that at high seeding temperature [34], the
ZnO-NAs produced fewer defects on their surface and showed more effective enhancement of the
R6G SERS signal. Moreover, after PCA, the signal is much larger (∼3 times higher) than the signal
before PCA. Thus, the first 3 components explain 96.50% of the variation. For the subsequent
analysis, we can only keep those 3 dimensions (first 3 columns of PCs) and 438 observations
instead of 10 variables. From the above discussion and results, we conclude that PCA as a machine
learning tool can provide sufficient information on weak signals and can identify specific disease
information in future studies.
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4. Conclusion
We established a highly sensitive and practical method with an AuNP/ZnO-NA SERS sensor
platform merged with multivariate statistics as a machine learning tool for the detection of R6G
molecules with an enhanced (3 times higher) signal. The AuNP/ZnO-NA SERS platform was
designed via two different procedures: a low-cost solution-processed ZnO seed layer and the
hydrothermal growth of ZnO-NAs on an ITO glass plate for nanostructure fabrication after thermal
evaporator-induced gold NPs on the ZnO-NAs. Further S-RTA treatment was applied to the
gold-coated ZnO for synergetic enhancement of the plasmonic activity. In addition to the efficiency
of commercial SERS substrates, our AuNPs/ZnO-NA SERS sensors achieved an EF of 1.15 × 107

with excellent uniformity. To promote the practical applicability of our SERS platform, multivariate
statistics-derived machine learning tools were applied to the AuNP/ZnO-NA platform. This method
is expected to expand to other areas of research in the near future since it applies to other types
of spectroscopies as well as the spectroscopic field of deep learning and artificial intelligence
data processing, and it can be used for the extraction of sufficient information to identify specific
diseases.
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