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Abstract—Hollow-core photonic crystal fibers (HC-PCF) were
employed for enhancing the Raman signal obtained from ZnO
nanoparticles (NPs) in solution. By selectively filling the core of HC-
PCF, substantial enhancement in the Raman signal was obtained.
By employing this technique, four different stages in the synthesis
ZnO NPs were studied with record low pump power levels. The
concentration of ZnO NPs in the system was <1% by weight of the
total mass. Yet, the different synthesis stages could be differentiated
and identified through the Raman modes obtained. It was also
demonstrated that the concentration of NPs in solution could be
obtained with sensitivity in the millimolar range. This could be
achieved by examining the amplitude ratios of the relevant Raman
modes.

Index Terms—Colloidal nanoparticles (NPs), photonic crystal
fibers (PCFs), Raman enhancement, Raman spectroscopy, ZnO
nanoparticles.

I. INTRODUCTION

COLLOIDAL nanoparticles (NPs) have emerged over the
last decade as promising candidates for novel optical elec-

tronic, and magnetic materials [1]. NPs are aggregates of a few
hundred to tens of thousands of atoms. They are commonly
manufactured through wet chemistry processes in which the
solvent accounts for more than 99% of the weight of the en-
tire system [2]. Usually NPs are stabilized using surfactants or
polymer stabilizers to prevent their agglomeration during use
and synthesis. With a diameter in the nanometer range, NPs are
larger than individual atoms but smaller than bulk solids. There-
fore, they exhibit physical and chemical properties that fall in
between their bulk and atomic counterparts [1]. NPs offer ma-
terial developers the ability to tune the novel properties which
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NPs can provide by changing their size, composition, or cap-
ping layer. This renders their optical, electronic, and magnetic
properties sufficiently flexible to be adapted to a wide range of
applications.
The potential of NPs as promising optoelectronic materials is

progressively being demonstrated in the literature [1], [3], [4].
There has also been an increasing interest in their use for
biomedical applications including medical drug targeting, con-
trast agents for in vivo imaging, and targeted fluorescent la-
bels [5], [6]. In addition, NPs have been shown to serve as
excellent candidates for chemical catalysts [7], [8]. For this
wide range of applications to be attainable using NPs, stringent
optimization is required to tailor their properties to suit each
application. In situ monitoring of their synthesis is challeng-
ing because of the solution-based environment in which NPs
are produced. Also, the solution-based environment entails that
techniques developed for in situ characterization of other nanos-
tructures, such as epitaxially grown quantum wells, wires, and
dots are often not suitable.
Molecular beam epitaxy (MBE), for example, provides

atomic-level control over epitaxial layer growth. Perfecting the
growth of quantum wells, wires, and dots using MBE was
achieved owing to in situmonitoring techniques, such as reflec-
tion high-energy electron diffraction (RHEED), which played a
pivotal role in developing the precision of the epitaxial growth
technologies available today [9]. Similar techniques are required
tomonitor solution-basedNPs syntheses to improve control over
NPs size, composition, and construction of complex structures.
Several techniques have been employed to characterize NPs

after their fabrication [10], [11]. The most common techniques
include: photoluminescence (PL) and absorption spectroscopy,
Mie scattering, transmission electron microscopy (TEM), SEM,
and X-ray diffraction. The complementary use of these tech-
niques has provided valuable information about the behavior
and characteristics of NPs, after fabrication. However, unlike
other nanostructures, there has been little effort in studying NPs
growth dynamics in situ. This can be ascribed to two factors.
First, the low NPs concentration during fabrication imposes dif-
ficulties in retrieving strong spectroscopic signals. In addition,
commonly used characterization techniques, with PL being an
excellent example, are insensitive to many NPs precursors [12].
Raman spectroscopy is an optical, noninvasive technique

that probes vibrational modes of matter [13]. It has been ex-
ploited to study a wide range of nanostructures including epi-
taxial quantum wells, wires and dots, superlattice structures,
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and nanotubes [14], [15]. Nevertheless, characterization of NPs
in their native and dilute aqueous environment using Raman
scattering has not received significant attention. This is chiefly
due to the weak Raman signals obtained from such aqueous
systems.
This paper proposes and demonstrates the use of Raman spec-

troscopy as a probe for monitoring NPs growth. A hollow-core
photonic crystal fiber (HC-PCF) is used as ameans of enhancing
the Raman signal from the NPs constituents. The system stud-
ied consists of ZnO NPs capped with polyacrylic acid (PAA)
dispersed in distilled water. This paper is organized as follows.
Section II discusses enhancement techniques used to improve
Raman signal to noise ratio. Section III discusses HC-PCF as an
alternative enhancement technique for Raman spectroscopy. It is
then shown howHC-PCF can serve as an optimum candidate for
in situ monitoring of NPs growth. Section IV presents a Raman
study of different synthesis stages of ZnO NPs. Conclusions are
discussed in Section V.

II. RAMAN SPECTROSCOPY ENHANCEMENT TECHNIQUES

Raman spectroscopy probes lattice vibrations, which are sen-
sitive to the local environment in which the probed atoms are
located [13]. Therefore, changes in the Ramanmodeswavenum-
bers, peak widths, or relative strengths with respect to other
modes can indicate variations in lattice order, stress distribution,
temperature, or chemical composition. Furthermore, quantum-
confined heterostructures, such as NPs have unique phonon
modes, which arise due to the quantum confinement [15].
Spontaneous Raman spectroscopy, the most widely used type

of Raman analysis, has been used since 1928 for the study of liq-
uids [16]. Substantial pump power densities are often required
to retrieve useful Raman spectra from solutions, where suffi-
cient signal to noise ratio for mode analysis is obtained [17]. In
practice, Raman signals cannot be retrieved using conventional
far-field optics for solutions featuring solute to solvent mass
ratios comparable to those used in NPs synthesis processes.
There exists a range of techniques that can be used to enhance

Raman signals in comparison to those obtained using spon-
taneous Raman spectroscopy. These include surface-enhanced
Raman spectroscopy (SERS) [18], [19], resonant Raman spec-
troscopy (RR) [20], coherent anti-Stokes Raman scattering
(CARS) [21] andRaman spectroscopywithin liquid corewaveg-
uides (LCW) [22], [23].
Signal enhancement in SERS is induced by silver or other

metal particles. These NPs are often mixed with the sample
under investigation. Raman signal enhancement is achieved
thanks, mainly to the strong electric fields created by the excita-
tion of localized and delocalized surface plasmons between the
silver metallic particles and the surrounding dielectric medium.
Distinct advantages of SERS include detection limits at the parts
per billion level, and unparalleled specificity [19].
In RR, the energy of the incoming laser is adjusted such

that either itself or the resulting scattered light coincide with
an electronic transition of the molecule or sample under test.
This ensures that the sample is excited near one of its electronic
resonances, where the Raman cross section is at a maximum.

RR provides excellent selectivity since different molecules or
materials posses a unique set of electronic resonances [20].
CARS is based on a third-order nonlinear optical process. It

involves two ultrafast pulsed laser beams, the pump and Stokes
beams. When the difference in the frequency of both beams is
in resonance with the frequency of a Raman-active molecular
vibration in the sample, a strong CARS signal is produced [21].
It has recently been demonstrated as a powerful tool for nonin-
vasive, chemical imaging of biological systems.
Raman spectroscopywithinLCWhas been studied since 1972

as another platform for Raman enhancement. It relies on an
increase in the interaction length between the light and the liquid
sample. This is achieved using total internal reflection (TIR) of
the pump beam in a waveguide filled with the liquid under
test in its core. Capillary tubes of several meters in length and
diameters of the order of 100 μm have been used to enhance the
Raman signal from different biological and inorganic solutions
alike [22], [23].
The enhancement in the Raman signal provided by the afore-

mentioned techniques range between 2 and 6 orders of magni-
tude. These techniques, however, do not provide an optimum
platform for in situ monitoring of NPs synthesis. The addition
of metallic NPs to the sample in SERS could influence NPs
synthesis, either due to chemical incompatibility between the
metal NPs and their precursors, or by altering the reaction dy-
namics due to the presence of additional nucleation centers. RR
is restrictive as it requires the samples tested to possess elec-
tronic resonances within the wavelength range of conventional
lasers. CARS involves a more elaborate setup that requires two
synchronized ultrafast lasers with at least one of them tunable.
Raman spectroscopy within LCW poses constraints on the re-
fractive index of the solution under study. Given their radius, the
capillary tubes used for LCW often exhibit multimode waveg-
uiding. This provides nonuniform intensity within the LCW
core, which reduces the obtained Raman signal to noise ratio.
The next section demonstrates how HC-PCFs serve as an

alternative platform for enhancing Raman signals from aqueous
samples.

III. RAMAN SPECTROSOCOPY WITH HC-PCFS

In contrast to conventional optical fibers that rely on TIR, HC-
PCF is a class of fibers that relies on photonic bandgap (PBGs)
effects in the cladding to achieve waveguiding [24]. An HC-
PCF features an air core surrounded by a nanostructured silica
cladding. The latter induces a spatial modulation in the index of
refraction around the core that produces PBGs in the cladding
to support low-loss guided modes within the core [25], [26].
A key feature of theHC-PCF is that single-modewaveguiding

over a wide range of wavelengths can be achieved with appro-
priate cladding design [26]. Another feature, which is pertinent
to this paper is that the PBG-based waveguiding is attainable for
a wide range of core refractive indices. This means that single-
mode waveguiding is achievable in HC-PCF for NPs dispersed
in a wide range of solvents [27], [28]. These characteristics
provide key advantages for Raman spectroscopy.
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Fig. 1. (a) SEM image of the cross section of a HC-PCF. (b) SEM image of a
HC-PCF with the cladding sealed using a fusion splicer.

If the core of anHC-PCF is filledwith a dilute solution ofNPs,
Raman scattering will be induced along the fiber’s entire length.
In addition, the wavelengths of the induced Raman modes will
also be guided by the fiber. As a result the intensity of the Raman
signal collected at a fiber’s output is significantly enhanced for
these Raman modes.
The use of an HC-PCF for Raman enhancement has unique

advantages compared to the other enhancement techniques
discussed in Section II. It does not require the addition of metal-
lic NPs; it uses continuous wave (CW) lasers similar to those
utilized for conventional spontaneous Raman spectroscopy and
it may be extended to study NPs dispersed in solvents with any
index of refraction.
In the rest of this section, the experimental details used in the

Raman measurements using HC-PCF are described.

A. Hollow-Core Photonic Crystal Fiber

The HC-PCFs used in these experiments were obtained from
Thorlabs, HC19-532. They feature an air core of 9.5 μm in di-
ameter, surrounded by a silica microstructured cladding with
an air fill fraction >90% and a diameter of 30 μm. The mi-
crostructured cladding is composed of hexagons in a triangular
lattice with a pitch of 1.5 μm. The core is formed by removing
19 cells from the center of the microstructured cladding. The
total diameter of the silica cladding is 90 μm, and the fiber outer
diameter, including the polymer jacket, is 220 μm. The fiber
has a bandgap bandwidth of 30 nm, centered at a wavelength of
535 nm. The mode field diameter is ∼7 μm [29].
The HC-PCF was divided into segments that were then

stripped and cleaved using a conventional single-mode-fiber
cleaver. An SEM of a cleaved fiber is shown in Fig. 1(a). Af-
ter stripping and cleaving, the length of the fibers used for the
Raman measurements was 5 cm.

B. Selective Filling of the Core

In order to selectively fill the 9.5 μm core with solution, the
microstructured cladding was sealed at one of the fiber facets.
Capillary effects were then used to selectively fill the core. This
sealing of themicrostructured cladding at one facetwas achieved
by treatment with a high-temperature arc fusion splicer (Fitel-
S182 A). When tuned to the appropriate parameters, the arc
discharge will sufficiently melt the microstructured cladding to
seal it, while preserving the core. Fig. 1(b) shows an SEM image
of a representative fiber facet after cladding collapse fiber. The

Fig. 2. (a) SEM shows an HC-PCF with the core selectively filled by sub-
merging the end of a sealed fiber [like the one shown in Fig. 1(b)] in an optical
adhesive solution. (b) SEM in HC-PCF that has been nonselectively filled by
submerging an unsealed fiber [like the one shown in Fig. 1(a)] in an optical
adhesive.

cladding collapse extends in the longitudinal direction along the
length of the fiber for ∼1 mm.
The physical process by which the silica holes collapse is

complex, and is highly dependent on the heat transfer between
the cladding and the core, on the viscosity of the melted silica,
and on surface tension [30]. The temperature gradient between
the fiber core and the cladding is sufficiently large to induce a
faster collapse of the cladding holes compared to the collapse
of the core. This, in turn, enables the cladding collapse while
preserving the core.

C. Selective Core Filling Experiments

After sealing the cladding, fluid was loaded into the fiber’s
core by submerging the sealed end in a reservoir containing the
fluid. Given the small dimensions of the core, capillary forces
are strong enough to fill a 1.4 m column with water according
to standard capillary theory [31]. The SEM in Fig. 2(a) shows
the core of a selectively filled HC-PCF with the microstructured
cladding unfilled. The filling used was an optical adhesive (Type
J-91 from Summers Optical) that is curable using UV radiation.
The same optical adhesive was loaded into a conventional HC-
PCF without sealing the cladding. The SEM shown in Fig. 2(b)
demonstrates that, in this case, capillary action fills both the core
and microstructured cladding.

D. Raman System

The Raman system used is a JY Horriba LabRam, which
includes a 532-nm frequency-doubled diode-pumped Nd:YAG
laser. The beam is directed on to the sample by a holographic
notch filter used as a dichroic mirror with a drop-off Stokes edge
of<150 cm−1 . Light is coupled into the core of the fiber through
a 10× objective lens with a numerical aperture of 0.22. The Ra-
man signal scattered from the NPs is collected through the same
objective lens in a backscattered configuration. The signal is
then directed into the spectrometer through a confocal aperture.
The spectrometer is 300 mm in length and it incorpo-

rates a 1200 g/mm grating, which provides a resolution of
2.4 cm−1/pixel. The detection was carried out using a 16-bit
Peltier cooled 1024 × 256 pixel charge-coupled device (CCD).
Additionally, the system is equipped with a motorized XY stage
with a resolution of 0.1 μm.
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Fig. 3. Raman spectrum obtained by coupling the pump laser into an un-
sealed and air-filled HC-PCF. The features observed in the spectrum have been
previously reported and are attributed to silica fromwhich the fiber is made [32].

Fig. 4. Comparison of the Raman spectra obtained from a selectively filled
and a nonselectively filled HC-PCF. A solution containing 99%water by weight
and 1% PAA with Zn(NO3 )2 was used in both cases. The features pertinent to
water and Zn(NO3 )2 are only evident in the selectively filled case.

E. Raman With a Selectively and Nonselectively Filled Fiber

The pump power at the output of the objective lens was
22 mW. After maximizing light coupling from the Raman sys-
tem into the fiber, power out of the fiber was found to be 16 mW.
The major loss in the system was attributed to the mismatch be-
tween the numerical aperture of the fiber and that of the input
objective lens, which are 0.12 and 0.22, respectively. Losses
due to propagation through the fiber when filled with air should
account for less than 0.4 dB · m−1 [29].
The Raman spectrum obtained from the air-filled fiber is

shown in Fig. 3. The spectrum obtained corresponds well
to previous reports of the Raman signal produced in silica
fibers [32].
Raman spectra from a selectively filled and a nonselectively

filled fiber were first compared using dilute solution of PAA
and Zn(NO3)2 ions. Fig. 4 shows the Raman spectra collected
from both fibers. In the nonselectively filled case, the lack
of Raman enhancement is directly attributed to shifts in the
PBG away from the 532-nm laser line and the subsequent loss
of waveguiding of the pump [28]. The Raman modes, which
were clearly observed in the selectively filled case confirm the
importance of sealing the cladding prior to loading the core
with the solution under test.

Fig. 5. Comparison of the PAA Raman spectra using different setups. Three
setups used were: focusing light into an HC-PCF filled with 30 mg PAA in 1
mL of water, focusing light in a cuvette filled with 30 mg PAA in 1 mL water,
and focusing light on PAA that has been dried on a glass slide. The PAA modes
observed only in the case of HC-PCF are plotted in detail in Fig. 6, where the
various modes identified from curve fitting are shown.

F. Raman Enhancement Obtained Using HC-PCFs

The Raman enhancement obtained using HC-PCF was inves-
tigated by comparing the Raman spectra of ZnONPs acquired in
three different conditions. In the first instance, the NPs solution
was placed within a cuvette and Raman was obtained through
focusing the pump laser using a 100× objective lens within the
solution. The second setting tested the NPs after being dried on
a glass slide with the pump laser focused using a 100× objective
lens on to the dried particles. The third setting involved the NPs
in solution loaded in the core of a HC-PCF with a length of
5.0 cm, as described in Section III-D. Fig. 5 shows the normal-
ized Raman spectra for the three different cases. Thewatermode
at 1640 cm−1 is only visible with the HC-PCF setup. Similarly,
the modes between 500 and 1500 cm−1 correspond to different
carbon, hydrogen, and oxygen vibrations that are only visible
using the HC-PCF setup [17]. ZnO second-order Raman mode
at 318 cm−1 was consistently observed for the liquid sample in
the HC-PCF [33]. This mode was observed with a substantially
reduced signal to noise ratio for the sample where NPs were
dried on a glass slide.

G. Baseline Correction and Raman Mode Fitting

The Raman spectra obtained throughout this paper were ana-
lyzed in a two-step procedure. First, a baseline elimination pro-
cess was carried out. This involved removing the background
baseline signal using a polynomial fit. Subsequently, each Ra-
man mode was fitted using a Lorentzian/Gaussian function with
four degrees of freedom: peak amplitude, peak full-width at
half-maximum (FWHM), peak shift, and a parameter determin-
ing the contributions from a Gaussian and a Lorentzian. Fig. 6
shows the accuracy of the fits obtained. Table I in the Appendix
summarizes the Raman mode parameters for all the Raman
modes obtained in the figures presented.

IV. RAMAN INVESTIGATION OF ZnO NANOPARTICLES

Owing to their attractive properties in the UV region of the
spectrum, ZnO NPs have attracted substantial attention. Appli-
cations including lasers, absorbing coatings, and photocatalysis
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Fig. 6. Typical spectrum after the background subtraction and curve-fit analy-
sis. The spectrum used here is that of 30 mg PAA in 1 mL of water. The curve-fit
line has been offset vertically for clarity. The following modes were identified
with references detailed in the Appendix. 1) Unassigned. 2) CH2 stretch. 3)
C–CH2 stretch. 4) C–O stretch. 5) C–O stretch. 6) CH2 twisting. 7) CH2 twist-
ing. 8) CH2 deformation. 9) CH2 deformation. 10) water. 11) water. 12) C=O
stretching.

Fig. 7. UV absorption spectrum and a TEM image of purified ZnO nanopar-
ticles.

have utilized ZnO [33]. The water-soluble ZnO NPs used in
this study were prepared by the base hydrolysis of Zn(NO3)2
in the presence of PAA in water. NPs were prepared as follows.
A 2 millimolar (mM) solution of Zn(NO3)2 was prepared in
1 mg/mL of 1.2× 106 molecular weight (MW) PAA solution.
The solution was then exposed to 256-nm UV light for approx-
imately 2 h. The solution pH was then adjusted to pH 10.5 with
1 M NaOH and then was heated to 80 ◦C for 1 h. The solution
remained clear throughout the process, which indicates that no
aggregate particles of bulk ZnO was formed during the process.
Formation of ZnO NPs was confirmed by the appearance of a
300-nm absorption peak and through TEM images as shown in
Fig. 7. Aliquots from the reaction vessel were withdrawn at four
different stages of formation of ZnO: 1) after zinc ion (Zn2+ )
coordination with PAA; 2) after exposure to 256-nm UV light;
3) after addition of base and induction of crystallinity; and 4)
after purification.
In the remainder of this section, these four stages of ZnO NPs

synthesis were studied using Raman spectroscopy after being
selectively filled in the core of HC-PCF.

Fig. 8. Raman spectrum from HC-PCF selectively filled with a solution of
8.1×10−5g of ZnO powder per milliliter of water. The mode labeled as 1)
corresponds to the second-order Raman mode of ZnO. This mode is used as a
reference in this study to corroborate the presence of ZnO in the nanoparticles.
The modes labeled 2)–4) correspond to Raman modes from the HC-PCFs silica.
A list of modes is given in the Appendix.

A. Bulk ZnO in Solution and Water

Distilled water and ZnO powder dissolved in distilled water
were both studied separately using Raman spectroscopy in HC-
PCF to serve as reference signals. Knowledge of the Raman
spectra of ZnO powder in solution will aid in verifying that NPs
have active ZnO. Additionally, water is the solvent for all the
NPs growth stages studied in this paper and it is therefore a
common background signal.
The ZnO powder was prepared by adding 0.5 mL of 2 mM

Zn(NO3)2 to 0.5 mL of 13.5 mM of NaOH. The resulting solu-
tion was vortexed and then heated to 80 ◦C for 30 min in a water
bath. White powder, corresponding to ZnO precipitated after
heating. The powder was then redissolved in distilled water re-
sulting in a solution that had approximately 8.1× 10−5 g of ZnO
per mL of water. This suspension was used in the measurements
without further purification. Fig. 8 shows the Raman spectrum
of this solution. The fast drop of the spectrum at ∼200 cm−1

is due to the Raman notch filter cutoff. The Raman mode at
318 cm−1 is attributed to a second-order ZnO Raman mode in
which two-photon absorption is responsible for the production
of a phonon [33]. The significant background signal from the
HC-PCF between 300 and 500 cm−1 poses a serious drawback
in the study of ZnO since it overlaps with its LO and transverse
(TO) optical Raman modes [33].
Fig. 9 shows the spectrum of water up to 5000 cm−1 . Three

features are observed: a bending O–H mode (υ2 mode) cen-
tered at 1640 cm−1 , and two O–H stretching modes at 3234 and
3419 cm−1 , respectively, (υ1 and υ3) [34]. In addition, features
centered at 2094 and 3963 cm−1 were observed. These have
been attributed to OH vibrations and an associated overtone,
respectively, in previous studies [34].

B. Step 1: Zinc Ion (Zn2+ ) Coordination With PAA

The first step in the synthesis of ZnO NPs is the addition
of Zn(NO3)2 to PAA. The addition of Zn(NO3)2 brings a
noticeable change in the Raman spectra, where a Ramanmode at
1047 cm−1 appears as shown in Fig. 10. This mode arises from
the NO3 species, as observed and reported previously [35]. To
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Fig. 9. Raman spectrum of distilled water obtained using an HC-PCF. The
modes identified from the spectrum. 1) OH bending. 2) OH vibrations. 3) OH
stretching. 4) OH overtone. A list of modes is given in the Appendix.

Fig. 10. Raman spectrum obtained using an HC-PCF of 99% water by weight
with PAA after the addition of Zn(NO3 )2 in a key step in the manufacturing
process. The inset shows a detail of theRamanmode 1). The twomodes observed
correspond to 1) complex of Zn with NO3 at 173 cm−1 , 2) symmetric stretching
of NO3 at 1049 cm−1 . A list of modes is given in the Appendix.

confirm the relation of this mode to the NO3 species, an exper-
iment was carried out on a solution of NaNO3 in PAA. Raman
spectroscopy of a solution containing NaNO3 and PAA resulted
in the appearance of the same Raman mode implying that this
mode is uniquely dependent on the NO3 species. The NO3 in
solution are merely spectator ions in the manufacturing process
and they can be considered an impurity to the system.
Shifts in the C=O modes of the polymer that are located

at ∼1700 cm−1 often serve as a sensitive probe to detect
changes in the polymer’s surrounding environment. A reduc-
tion in wavenumber of the C=O modes is usually observed as
the C=O coordinates with metal ions and/or when bonds to sur-
faces are created [36]. This cannot be seen in the spectra shown
in Fig. 10, however. This is because OH bending modes of wa-
ter are much stronger than the weaker polymeric C=O modes,
preventing their observation.

C. Step 2: Exposure to 256-nm UV Light

After the addition of the metal cation Zn2+ , the solution is
then exposed to 254-nmUV light to facilitate the stabilization of
the ZnONPs. The effects of UV-irradiation cannot be easily dis-
cerned at the low concentrations used. By further concentrating
the solution ten times, it was possible to observe changes in the

Fig. 11. Raman spectra obtained using an HC-PCF before and after UV ex-
posure. The concentration of both solutions is approximately 10 mg of PAA per
milliliter of water. The keymodes. 1) 1092 cm−1 . 2) 1110 cm−1 . 3) 1279 cm−1 .
The changes in the Raman spectra imply there are conformational and chemical
changes that tend to enhance the final stability of the nanoparticle. A list of
modes is given in the Appendix.

Fig. 12. Raman spectra comparing the changes before and after the addition
of NaOH. The concentration of both solutions used was approximately 1 mg
of solutes per milliliter of water. The appearance of the narrow mode 1) at
318 cm−1 is attributed to the creation of ZnO in the NP. This mode is observed
from ZnO powder dissolved in water, as seen in Fig. 8.

Raman modes as compared to equivalent solution not exposed
to UV radiation. Fig. 11 shows the Raman spectra of the UV
irradiated and the nonirradiated solution.
An important change is the disappearance of the Ramanmode

centered at 1279 cm−1 after irradiation. This mode has been
identified as C–O stretching and O–H bending modes [17]. In
addition, after UV radiation, there is a shift to smaller wavenum-
bers accompanied by broadening for the modes centered around
1110 and 1092 cm−1 . These observed changes for the Raman
modes suggest that exposure of the solution toUV-irradiation in-
duces conformational and chemical changes in the polymer that
enhances stability of the final NPs. Comparable spectra were ob-
tained previously, where pump power∼500 mWwas used [17].

D. Step 3: Addition of Base and Induction of Crystallinity

The next step in the formation of ZnO is the addition of NaOH
to form Zn(OH)2 followed by hydrolysis to form ZnO. A new
mode appears at 318 cm−1 with an FWHM of 13.91 cm−1 , as
shown in Fig. 12. This mode is attributed to a second-order
Raman mode of ZnO [33]. It should be noted that this is the
same mode observed previously for ZnO powder in solution in
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Fig. 13. Raman spectra of the ZnO NPs before and after purification. The
solutions are 99%water byweight in both cases. The Ramanmode 1) is centered
at 1047 cm−1 and corresponds to symmetric stretching of the NO3 species. The
NO3 species is eliminated by the purification process. This is corroborated in
the lower spectrum with the disappearance of the relevant mode. A list of modes
is given in the Appendix.

Fig. 8. This confirms the formation of ZnO in the NPs growth
process. Other LO and TO modes of ZnO overlap with the
dominant Raman signal generated from the silica fiber in the
region between 300 and 500 cm−1 , and hence are not observed
[33].

E. Step 4: Nanoparticle Purification

The last step in the synthesis process is to precipitate the
ZnO NPs in order to eliminate any contamination from the
remaining ions or polymer chains that did not aggregate. NPs
are purified by precipitation with ethanol. The precipitate is then
washed several times with 75% ethanol to remove any excess
ions and polymer. After drying, the precipitate is then redis-
persed in deionized water. Comparison of the Raman spectra
before and after the purification is shown in Fig. 13. The mode
at 1047 cm−1 is a signature of the NO3 species [35] that was
introduced earlier in the synthesis process. This demonstrates
that Raman spectroscopy in HC-PCF can effectively monitor
the elimination of contaminants during synthesis.

F. Measuring the Concentration of PAA/Water Solutions

Measuring the concentration of PAA in water using Raman
spectroscopy has also been explored. Three different solutions
were prepared including 30, 20, and 10 mg of PAA per milliliter
of water. By taking the ratio of the intensity of the water mode at
1640 cm−1 [34] to the intensity of the CH2 deformation mode
at 1450 cm−1 [17], a clear trend in this ratio with the PAA con-
centration is obtained, as shown in Fig. 14. This demonstrates
the capability of the technique presented to also monitor the
concentration of the solutions examined with sensitivity in the
millimolar range.

G. Discussion

The Raman spectra plotted in Fig. 15 summarize the changes
observed in the Raman spectra as the ZnO synthesis process
progresses. These measurements were carried out using only
5.0 cm segments of HC-PCF. Moving to longer samples can ac-

Fig. 14. Plot of the relative intensity of the water mode at 1650 cm−1 and that
of the PAA mode at 1450 cm−1 versus the PAA concentration in solution. The
correlation between both demonstrates how the ratio of the Raman modes can
be used to obtain the PAA concentration in solution.

cordingly increase the signal to noise ratio. The Raman modes
obtained can also be used to examine the size distribution of
the NPs, as has been demonstrated recently using Raman spec-
troscopy in a different material system [37]. As demonstrated
here, information on impurity concentration as well as the con-
centration of theNPs can also be retrieved via amplitude ratios of
Raman modes. The distinct advantages offered by the technique
described here suggest that it can serve as an optimal candidate
for in situ monitoring of NPs synthesis. Additionally, it is not
limited by the index of refraction of the solution in which the
NPs are fabricated. Other degrees of freedom such as the use
of different pump powers and pump wavelengths may elucidate
further on the properties of the NPs studied [37]. It must be
emphasized that all these advantages do not limit themselves to
the study of NPs, but can be equally valuable for biological sam-
ples, where the maximum allowable pump powers are naturally
limited by the tolerance of the biological samples studied.

V. CONCLUSION

HC-PCFs were employed for enhancing the Raman signals
obtained from dilute ZnO NPs in solution. By selectively fill-
ing the core of HC-PCF, substantial enhancement in the Raman
signal was obtained. Raman modes pertinent to PAA, ZnO NPs,
and its precursors were observed using record low pump power
levels using this technique. Four different stages of ZnO NPs
synthesis were studied. The concentration of ZnO was <1% by
weight of the total mass of the system studied. Yet, the different
synthesis stages could be differentiated, and the differences in
the solution could be identified through the Raman modes ob-
tained. This suggests that the technique presented could serve
as an optimum means of in situ monitoring of NPs synthesis.
It was also demonstrated that the NPs concentration in solution
could be obtained with sensitivity in the millimolar range. This
could be achieved by examining the ratios of the amplitudes of
the Raman modes pertinent to water with respect to those of
the polymer modes. The paper also demonstrated how Raman
spectroscopy can be employed as an effective tool to monitor
impurity concentration within the system.
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Fig. 15. Summary of Raman spectra obtained for different stages of ZnO NP synthesis. The vertical lines indicate the regions with important Raman modes,
some of which change drastically during the different growth stages and some other that are static throughout fabrication. The modes shown here are as follows: 1)
Zn(NO3 )2 impurity mode at 173 cm−1 . 2) ZnO crystallinity mode at 318 cm−1 . 3) HC-PCF silica mode. 4) NO3 impurity mode at 1046 cm−1 . 5) UV-sensitive
polymeric mode at 1124 cm−1 . 6) UV-sensitive PAAmode at 1279 cm−1 . 7)–9) Standard PAAmodes. 10)Water OH bendingmodes. 11) C=Omode at 1685 cm−1

(see the Appendix).

APPENDIX

TABLE I
RAMAN MODE DETAILS
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