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Herein, we study the effect of thermal annealing on the structural and optical properties of Al doped ZnO
(AZO) thin film and its application for the label-free detection of glucose based on fluorescence quenching.
AZO thin films grown by radio frequency magnetron sputtering are annealed at different temperatures
(250-650°C) in air environment. The post-growth annealing improves the structural quality of the AZO
films, as confirmed from the X-ray diffraction, X-ray photoelectron spectroscopy and micro-Raman anal-
yses. The as-grown and annealed samples show strong photoluminescence (PL) in the UV (~3.33 eV) and
visible-NIR (1.6-2.2 eV). The UV PL peak is originated from the near band edge emission of crystalline ZnO,
while the broad visible-NIR PL is associated with the radiative transition related to oxygen interstitial (O;)
defects in the ZnO structure. The PL peak intensity is strongly enhanced after annealing due to the partial
removal of non-radiative defects. The high intensity visible-NIR PL of the annealed samples is used for the
label-free enzyme-based detection of glucose with the help of glucose oxidase based on PL quenching via
electron transfer mechanism. Our AZO thin films can efficiently detect ~20 M concentration of glucose
in presence of glucose oxidase (GOx). We have attempted to quantify the nature of PL quenching based
on the Stern-Volmer plot and explained the quenching mechanism as collisional quenching due to charge
transfer in presence of a quencher. The Stern-Volmer plot of PL quenching of AZO thin film reveals the
linear relationship between the quenching effect and the glucose concentration. Higher sensitivity of the
sensor can be achieved by tuning the structure and doping density of the AZO films. This report opens up
avenues for the non-destructive, label-free detection of biomolecules with high sensitivity using a low
cost ZnO thin film.
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1. Introduction cells [2], LEDs [3], photodetectors [4,5], FET [ 6], artificial photosyn-
thesis, photocatalysis[7] etc [8]. ZnO and AZO thin films have been

In last few decades, metal oxide thin films and nanostructures extensively used in different type of sensing applications, such as

have drawn enormous attention due to their unique physical and
chemical properties, and wide range of applications in different
areas of nanotechnology. Among others, ZnO nanostructure has
emerged as key player due to its high abundance, cheap fabri-
cation process, chemical/thermal stability, non-toxicity, excellent
radiation hardness, low electrical resistivity (p) of ~10~% Q-cm, a
wide band gap (Eg) of 3.36eV, a large exciton binding energy of
60 meV and high transparency at room temperature (RT) [1]. ZnO
thin films are extensively studied due to its ease of synthesis, fas-
cinating properties and a wide range of applications, such as solar
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gas sensing [9-12], bio sensing [13-15] and UV detection [16]. In
order to improve the electrical and the photophysical properties
of ZnO, a variety of group II or Ill elements, such as Mg, B, Ga, In,
and Al are used as appropriate dopants [17-19]. Besides inorganic
materials, polymer and organic molecules can be doped in ZnO
to tune its optical properties for various applications [20-22]. Al
doped ZnO has better thermal, chemical and mechanical stability,
non-toxicity, enhanced electrical conductivity due to the increase
in free carrier concentration. Its good optical transparency make
it a promising candidate as an alternative of costly Indium Tin
oxide (ITO) in thin-film photovoltaic applications [ 11]. The physical
properties of thin films mainly depend on the preparation method
and the process parameters. A lot of methodologies have been
developed for the growth of high quality AZO thin films, such as
spray pyrolysis, hydrothermal, thermal evaporation and sputtering
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methods [23-25]. Among these, the magnetron sputtering method
is widely used, since it provides film with high surface uniformity,
high packing density and strong adherence to the substrate at a
high deposition rate to prevent interfacial degradation in devices
[26,27]. AZO thin film shows excellent transparency in the visible
range and high intensity photoluminescence (PL), which is usu-
ally composed of a visible green-red band, related to a deep level
defect emission, and an ultraviolet (UV) emission band originated
from the ZnO excitonic emission [28,29]. Earlier studies suggest
that the annealing of ZnO/AZO film improves the structure and light
emission properties of the thin film.

With the increase of diabetic patients, glucose sensing is of
paramount importance for the detection of glucose accurately and
efficiently. Optical based techniques for glucose sensing are attrac-
tive due to its nondestructive and noninvasive nature [30-33].
Recently, ZnO nanostructures have been used for the sensitive
detection of glucose by a non-destructive PL based quenching tech-
nique [30,34-36]. However, the nature of quenching has not been
studied systematically. Further, there is no report on the use of AZO
thin film for the sensitive detection of glucose using PL based optical
technique.

In case of enzyme-conjugated sensor, the sensitive detection of
biological molecules is associated with the PL quenching of a radia-
tive material due to the charge transfer from the radiative material
to a quencher (e.g., H0;). Stern-Volmer plot of PL quenching of
a fluorescent system can provide important information on the
nature of the interaction between the fluorophore and the quencher
(e.g., biological molecules), the selectivity and sensitivity of the
sensor based on the fluorescence spectroscopy. Since efficient PL
quenching of AZO thin film is highly desirable for a biomolecular
sensor, it is imperative to understand the quenching mechanism.

In this article, we report on the growth of AZO thin films on Si
substrate by a RF magnetron sputtering method using a high quality
AZO target. As-grown films were annealed at different tempera-
tures in a muffle furnace. The AZO thin film shows highly efficient
visible PL before and after annealing, due to the intrinsic defects
in ZnO. The post-growth annealing not only improves the struc-
tural quality of the AZO films, but also enhances the intensity of UV
(~3.3eV)and broad visible-NIR PL (1.6-2.2 eV) emission. The UV PL
peak is originated from the near band edge emission of crystalline
ZnO, while the broad visible-NIR peak is usually associated with
the radiative transition related to oxygen interstitial (O;) defects in
the ZnO structure. The high intensity PL of the annealed samples
was utilized for the label-free detection of glucose based on the PL
quenching process. Our results show that AZO films can efficiently
detect ~20 wM concentration of glucose in presence of glucose oxi-
dase and the sensing follows a linear behaviour over a wide range
of glucose concentrations (20 uM — 10 mM). We attempt to quan-
tify, for the first time, the nature of PL quenching of AZO thin film
in glucose-GOx medium using the standard Stern-Volmer plot. This
enables us to quantify the sensing efficiency of AZO thin film and
to explore the nature of interaction between the fluorophore and
the quencher.

2. Experimental details
2.1. Deposition of AZO thin film

AZO thin films were grown on Si(100) and quartz substrates by
RF magnetron sputtering at room temperature. At first, Si wafers
and quartz substrates were cleaned by standard protocol and dried
under Ar gas flow. Commercial AZO target (purity = 99.99%, Kurt ]
Lesker, USA) with ZnO:Al, 03 =98:2 (wt%) was used for the growth
of AZO thin films. We optimized the growth of AZO film by RF sput-
tering and found that a RF power of 100 W gives rise to reasonable

deposition rate and good quality (polycrystalline) film. As-grown
AZO thin films (Sample code, AZO) were thermally annealed in a
muffle furnace at temperatures 250°C, 450°C and 650°C for 1 h in
air environment and the annealed samples are named as AZ0250,
AZ0450 and AZO650, respectively.

2.2. Characterization techniques

The thickness of the AZO films was measured by a profilometer
(Vecco, Dektak 150) and the thickness was found to be ~415 nm.
The morphology and topography of AZO samples before and after
annealing were characterized using a field emission scanning elec-
tron microcopy (FESEM, Sigma, Zeiss) and atomic force microscopy
(AFM, Bruker). For structural characterizations, X-ray diffractome-
ter (XRD) (Rigaku RINT 2500 TRAX-III, Cu Ka radiation) and an
energy-dispersive X-ray spectrometer (EDX) were used. X-Ray pho-
toelectron spectroscopy (XPS) measurements were carried out with
a PHI X-Tool automated photoelectron spectrometer (PHI X-tool,
ULVAC-PHI Inc.) using Al K, X-ray beam (1486.6 eV) with a beam
current of 5mA. Carbon 1s spectrum (284.8 eV) was used for the
calibration of the XPS spectra recorded for various samples [38].
XPS measurement was performed with a step size of 0.2 eV. The
steady state PL spectrum of different samples was recorded using
355nm and 405 nm diode lasers (CNI Laser) excitation with the
help of a commercial fluorimeter (Horiba Jobin Yvon, Fluoromax-
4). Raman scattering measurement was carried out with a 532 nm
Ar laser excitation using a micro-Raman spectrometer (LabRAM
HR-800, Jobin Yvon). UV-vis absorption spectra were recorded
in a Shimadzu 2450 UV-vis spectrophotometer. Time resolved PL
(TRPL) measurements were performed using a 405 nm pulsed laser
excitation, with an instrument time response of <50 ps (LifeSpecll,
Edinburgh Instruments).

2.3. Glucose sensing measurement

For the glucose sensing measurement, Glucose oxidase (GOx)
from Aspergillus Niger (Sigma-Aldrich) in 0.01 M phosphate buffer
solution (PBS, pH7) stock solution was prepared with concentra-
tion 2 mg/ml. Simultaneously, D-glucose (Merck) solutions with
concentration 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 4, 5, 7, 10 and 20 mM
were prepared in PBS. 1 mL D-glucose solutions were mixed with
1 mL GOx solution in a 5 mL centrifuge tube and AZO samples (size
~8 x 8 mm?) were dipped for 40 min in dark at room temperature.
The samples were taken out and the sensing measurements were
performed using a commercial fluorimeter (Horiba Jobin Yvon,
Fluoromax-4) along with external laser excitation source (405 nm,
10 mW). PL intensity for each sample was measured at room tem-
perature under identical conditions.

3. Results and discussion
3.1. Morphology and structural analysis

3.1.1. Atomic force microscopy (AFM)

AFM micrographs of AZO thin films on Si wafer before and after
annealing (at450 °C) are shownin Fig. 1(a)and (b), respectively. The
corresponding line profiles are shown in Fig. 1(c) and (d), respec-
tively. AFM confirms that the roughness of the sample is marginally
increased and the average grain size is also increased after anneal-
ing. The RMS roughness of the as grown AZO sample is found to be
3.00 nm for a2 x 2 um? AFM image, while it is 3.05 nm for AZ0450.
Note that the shape of the grains is arbitrary and looks like “disc”,
which is also confirmed from the FESEM analysis, as shown in Fig.
S1(a) (as-grown sample) and S1(b) (annealed sample) (Supporting
information).
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Fig. 1. AFM micrograph of sample AZO (a) before, and (b) after annealing at 450°C. (c, d) The AFM height profile of the respective samples along the line shown in (a) and

(b), respectively.
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Fig. 2. XRD pattern of AZO samples before and after annealing at different temper-
atures: (a) AZO, (b) AZ0250 (c) AZ0450 (d) AZ0650.

3.1.2. XRD analysis

A comparison of the XRD patterns of as-grown and annealed
AZO samples processed at different temperatures are shown in
Fig. 2(a-d). The different XRD peaks from different samples are dis-
tinguished and well matched with JCPDS database (Reference No.
80-0075). The XRD patterns of the samples indicate the hexago-
nal wurtzite ZnO phase with the space group of P63mc (186). The
EDX analysis of the sample AZO and AZ0450 confirms the compo-
sition of crystalline AZO before and after annealing (Fig. S1(c) and

(d), Supporting information). The peak positions are marked with
dashed vertical lines in the figure. XRD pattern confirms that the
films are polycrystalline in nature with preferred C-axis (002) ori-
entation. The diffraction peak intensities increased systematically
with increasing annealing temperature, indicating the improved
crystallinity after annealing [39]. A careful analysis indicates that
the XRD peaks of the annealed samples shifted slightly towards
higher angle as compared to that of the as-grown AZO sample, and
this shift towards the higher angle is systematic with the increase
in annealing temperature. This is possibly due to the activation of
some point defects and rearrangement of crystal grains [40]. The
XRD pattern (Fig. 2(c) and (d)) of the sample annealed at temper-
atures 450°C and 650 °C show additional peak at 26 = 53° (marked
*).Based on the JCPDS data, this peak is tentatively assigned to ZnO,
phase (JCPDS reference no. 77-2414, 76-1364) [ 28]. This implies the
enrichment of Oxygen species in the annealed samples. Note that
the intensity of the Oxygen enriched peak is higher for the sample
annealed at 450°C as compared to that annealed at 650°C. A clear
view of the shift of (002) peak and enhancement of peak intensi-
ties are depicted in Fig. S2 (Supporting information). Corresponding
full width at half maximum (FWHM) of the (002) peak for differ-
ent samples are calculated after fitting considering the correction
due to the instrumental broadening [41]. The crystallite sizes of
different samples were calculated from (002) peak using Scherrer’s
formula:

_ ka

= Beosh’
where k is the Scherrer constant, \ is the wavelength of X-ray of Cu
ke-line (1.54 A), B is the calculated FWHM and @ is the Bragg’s angle.
The calculated crystallite sizes of different samples are shown in

Table 1. The average crystallite size is increased with the increase in
annealing temperature, which is consistent with the AFM analysis.

(1)

3.1.3. XPS analysis
To investigate the chemical state and elemental composition,
XPS analysis was performed on the as-grown and annealed AZO
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Table 1
The FWHM and crystallite sizes of different AZO samples calculated from the XRD
pattern corresponding to the (002) plane.

Samples FWHM (degree) Crystallite size (nm)
AZO 1.31 6.6

AZ0250 0.73 11.9

AZ0450 0.60 14.5

AZ0650 0.50 17.4

thin films. All the peaks are calibrated by C1s peak centered
at~284.8 eV [38]. Fig. 3(a) shows a comparison of the Zn 2p core
level XPS spectra from sample AZO and AZO450. The peak at
~1021.7 eV corresponds to Zn 2p3, and the peak at ~1044.7 eV cor-
responds to Zn 2p,,. The separation between Zn 2p3; (1021.7 eV)
and Zn 2py, (1044.7 eV) peak is shown by a blue arrow. An energy
separation of 23.0eV between two core level Zn 2p components
makes out a good agreement with earlier published literature for
crystalline ZnO [42]. Fig. 3(b) and (c) shows the XPS core level spec-
tra of O1s from sample AZO and AZ0O450, respectively. The presence
of Alin AZO samples is confirmed by Al 2p core level XPS spectra, as
shown in Fig. S3 (Supporting information). However, the broad O1s
spectra in each case of Fig. 3(a) and (b) confirm the presence of dif-
ferent oxidation states of ZnO. In order to understand the presence
of Oxygen related defects and its nature, we have deconvoluted the
O 1s spectrum in Fig. 3(b) and (c) by two Gaussian peaks. The 1st
peak (Peak 1) centered at ~530.4¢€V is attributed to the 02~ ions
in wurtzite structure of a hexagonal Zn2* ion array [40,43]. The
2nd peak (Peak 2) centered at ~531.8 eV corresponds to Oxygen-
deficient regions within ZnO matrix, which is a signature of Oxygen
vacancy (Vg) [44]. We have observed that the intensity of Peak 1
is unaltered after annealing, but that of Peak 2 is decreased. This
strongly suggests that the concentration of Vg defect is decreased
after annealing. Note that for sample AZO, the ratio of intensity of
Peak 2 to Peak 1is ~0.88, while itis ~0.75 in case of sample AZ0450.
This decrease in intensity ratio is the signature of reduced Vg after
annealing [45]. This indirectly implies the oxygen enrichment in
the annealed samples. From the XPS compositional analysis, we
found that the O:Zn weight ratio is increased from 0.82 to 1.01
after annealing. This supports our assumption of the enrichment of
oxygen content in the annealed samples. The Oxygen rich sites in
annealed AZO samples have strong influence on the PL properties
of the respective samples, as discussed later.

3.1.4. Micro-Raman analysis

Raman scattering is sensitive to the crystal lattice microstruc-
ture of AZO via its vibrational properties. In order to gather
information concerning the crystallinity and phase of the AZO film,
we have performed the micro-Raman measurement of the sam-
ples (on quartz substrates) before and after annealing. Fig. 4 shows
a comparison of the Raman spectra of sample AZO and AZ0450.
The curves are vertically shifted for clarity of presentation. The
Raman spectra of the AZO samples consist of peaks at wavenum-
bers (w) ~101, 275, 450, 509 and 579 cm~!, and the peak positions
are marked by green dashed lines. Based on the literature, the
observed Raman modes are assigned to standard modes of ZnO
and depicted in Fig. 4. The modes at ®=101cm~! and 450 cm™!
are doubly degenerate modes corresponding to E, (low) and E;
(high), respectively [11]. The peak at w=579cm~! corresponds to
A1 (high) mode. The peak at ~580 cm~! is believed to be associated
with the intrinsic lattice defects and often it arises due to the doping
[42]. The B, mode at w=275cm™! is observed for AZO films due to
the built in electric dipole [46]. The presence of enhanced B, mode
for the AZO samples also confirms the substitution of Zn by Al in
ZnO structure. The mode at w=509cm~! is surface phonon mode
(SPM), which is highly localized near the grain boundaries. The SPM
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Fig. 3. (a) Comparison of Zn 2p core level XPS spectra of sample AZO and AZ0450.
The energy separation between the Zn 2ps3; and Zn 2p;), peaks is shown by a blue
arrow. (b, ¢) O1s XPS spectra of as-grown AZO film and AZO450, respectively. The
symbols are the experimental data and the solid lines correspond to the fitted peaks.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

peak is generally associated with the nanocrystalline particles [11].
The intensity of each Raman peak in AZO thin film is increased after
annealing and it confirms the high crystalline structure in AZ0O450,
which is consistent with the XRD analysis.

3.2. Optical properties

3.2.1. UV-visible absorbance study

We have investigated the UV-visible absorption characteris-
tics of the samples and Fig. 5(a) shows the comparison of the
absorbance spectra of the samples AZO and AZO450 in the range
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Fig. 4. Comparison of Raman spectra of as-grown AZO and annealed AZO450. The
curves are vertically shifted to enable comparison. Peak centers are shown by the
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200-800 nm. Itis evident that the absorbance of the sample AZO450
is enhanced both in the UV as well as the visible region as compared
to that of AZO. The enhancement of absorbance in the visible region
is mainly due to the increase in defect concentration that create
deep levels in the band gap of ZnO and these are responsible for the
enhancement of deep level emission (DLE) of the annealed samples
(discussed later). The optical absorption can be used to determine
the band gap of the material. The optical absorption coefficient, «,
is determined using the following equation: a = 2.303%, where, d
is the thickness of the thin film and A is absorbance. Now, the band
gap energy is calculated using the Tauc’s eqn.

ahv=C(hv-Eg)", (2)

where C is constant, hv is the photon energy, Eg is the band gap
energy and n is a number, which characterizes the transition pro-
cess. Considering direct band gap nature of ZnO, we have plotted
(ahv)? vs. hv shown in Fig. 5(b) using the data shown in Fig. 5(a).
The inset shows the enlarged view of the selected region. The opti-
cal band gaps of AZO and AZO450 have been estimated as 3.21eV
and 3.22 eV, respectively. Thus, no substantial change in bandgap
is observed after annealing of the AZO films.

3.2.2. Photoluminescence study

Interestingly, the AZO thin films show highly efficient visible
PL before and after thermal annealing. Fig. 6(a) shows a compari-
son of the visible PL spectra of the AZO before and after annealing.
We have used a 405nm diode pumped solid state (DPSS) laser
for the excitation of the samples. The spectrum for each sample
is broad and this broad PL is extended in the range 1.6-2.9eV.
This broad visible band is associated with deep level emissions
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(DLEs) due to intrinsic point defects and defect complexes in the
AZO structure [8,17,28,29,47,48]. We observed that PL intensity
of each sample is strongly enhanced after thermal annealing. In
order to understand the origin of the broadband PL emission from
the AZO samples and its enhancement after annealing, we have
deconvoluted each spectrum by three Gaussian bands. Fig. 6(b)
and (c¢) shows the deconvoluted PL spectra of the samples AZO and
AZ0450, respectively. The fitting shows that the spectrum in each
case consists of three peaks: peak 1 at ~1.9eV, peak 2 at ~2.2eV
and peak 3 at~2.6eV. According to the literature, the orange-red
emission i.e. peak 1 (at~1.9eV) is attributed to the deep inter-
stitial oxygen (O;) states inside the AZO structures [8,17,48]; the
yellowish-green emission, i.e. the peak 2 (at~2.2 eV) is attributed
to transition from the bottom of the conduction of AZO to the O;
states [28,29,49]; and the green emissioni.e. peak 3 (~2.6 eV)isrec-
ognized as the Vg defects in the AZO structures [29,45,49]. Fig. 6(b)
and (c) shows that the intensity of the orange-red emission, i.e.,
peak 1is enhanced after annealing. This indicates that the density of
O; states is increased in AZO after annealing. This is fully consistent
with the XRD and XPS analysis where we have observed an increase
in oxygen content in the annealed samples as compared to that of
the as-grown AZO sample. The ratio of the integrated intensity of
peak 1 to peak 2 plus peak 3 is 1.2 for sample AZO, whereas it is
5.8 for the sample AZ0450. According to Costas et al., the enhance-
ment of the orange-red emissions in ZnO thin films after annealing
is possibly due to the removal of non-radiative defects via thermal
annealing, facilitating the radiative transfer associated with excess
oxygen defects [8]. Interestingly, the PL results of AZO are similar to
that of undoped ZnO. Note that we observed an enhanced PL after
annealing for all the AZO samples. Fig. S4 (Supporting information)
shows the UV PL spectra of the samples using 355 nm laser excita-
tion. Each samples show a PL peak at ~3.33 eV (~376 nm) which is
associated with the near band edge (NBE) emission of ZnO and it
confirm the high crystalline quality of the AZO films. The increase
in PL intensity of the NBE emission peak after annealing is possibly
due to the improved crystallinity of ZnO, which is also confirmed
from the XRD analysis. The high intensity visible-NIR PL of the sam-
ple AZO450 is utilized for the enzyme based glucose detection via
fluorescence quenching process.

3.3. Glucose sensing

Asimple approach to sensitive glucose detection has been devel-
oped based upon the variation in the fluorescence of semiconductor
nanomaterials, such as CdSe/ZnS quantum dots (QDs) [50], Si QDs
[51], CdTe QDs [32,52], ZnO NPs [34,35], ZnO NRs [30] etc. with
glucose concentration in presence of a conjugate enzyme. Glu-
cose oxidase (GOx) is stable, well-studied and widely used enzyme
for glucose immobilization determination [30,32,34,35,50-52]. The

18 24 24 27 30
hv (V)

Fig. 5. (a) Comparison of the UV-vis absorbance spectra of samples AZO and AZ0450. (b) The Corresponding Tauc plot, considering the direct bandgap nature of AZO. Inset

shows the enlarged view of the selective portion to compare the band gap.
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excellent specificity and high sensitivity of the ZnO nanostructures
based fluorescence sensor suggest that the same technique might
be directly applied for detecting glucose in the present case. There-
fore, we investigated the label-free detection of D-glucose by the
AZO samples based on the fluorescence quenching process. Fig. 7
shows the PL spectra of the sample AZO450 in presence of glucose at
different concentrations and immobilized with GOx (as described
in Section 2.3). The figure shows a systematic decrease in the PL
intensity of AZO450 as the glucose concentration increases from
20 M to 20 mM. The PL intensity as a function of glucose concen-
tration is plotted in Fig. S5 (Supporting information) and at high
glucose concentration it shows no substantial change in intensity.
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Fig. 7. PL spectra of sample AZO450 before and after glucose exposure at different
concentrations in presence of GOx.

Note that we used the sample AZO450 for the fluorescence based
glucose detection, since it shows best crystallinity among all the
AZO samples annealed at different temperatures.

Several mechanisms have been proposed for the fluorescence
quenching in presence of a quencher [30,32,34,35,50-53]. The sur-
face reaction with a quencher may introduce nonradiative surface
defects [30,32]. The charge transfer from a radiative material to
a quencher was also proposed to be one of the possible mecha-
nisms of the PL quenching in some studies [30,32]. Baratto et al.
explained the PL quenching of ZnO NWs by the suppression of the
radiative states [53]. In case of enzyme-conjugated sensor, H,O,
acts as a PL quencher based on the collisional quenching mecha-
nism [30,32,34,35,50-52]. In the present case, the decrease in PL
intensity is probably due to the presence of H;0, which acts as a
quencher. Note that the H, 05 is produced during the oxidation of
the glucose molecules in presence of GOx.

For the confirmation of role of H,O, in the PL quenching of
AZO samples, we investigated the PL emission of the AZO sam-
ples before and after direct H,O, treatment. Fig. 8(a) shows the
PL quenching of the sample AZO450 in presence of H,0, at dif-
ferent concentrations. As expected, the PL intensity of the sample
AZ0450 decreases systematically with the increase in H,0, con-
centration. Collisional quenching may occur in this case when the
excited-state fluorophore, AZO, is deactivated due to the contact
with the quencher molecules in the solution, which is H,O5 in this
case. During the photo-excitation process, the carriers in AZO are
excited from the of deep level defects with energies ~1.6-2.2 eV
and recombine radiatively by emitting photons, which is the cause
of DLE PL. Due to the oxidation of glucose with GOx, H,0, is pro-
duced and it decomposes catalytically on the AZO surface into H,O
and O,. Since H,0, can act as an electron acceptor, this reaction
is accelerated by acceptance of electrons from the defect states of
AZO, thus preventing its radiative recombination, and resulting in
partial quenching of the PL emission intensity. The details of the
carrier transfer mechanism from defect states of AZO to H,0, are
schematically illustrated in Fig. 8(b). In absence of the H,0,, radia-
tive recombination of photoinduced e-h pairs in the defect sites of
AZO is highly favourable, which results in high intensity visible PL
form the AZO samples. On the other hand, in presence of the H,0-,
recombination of photoinduced e-h pairs is less likely due to the
transfer of electrons from defect state of AZO to H,0, and hence
the PL intensity of the AZO is reduced. For higher concentration
of Hy0,, the probability of recombination is lower; hence the PL
intensity is lower.



J. Ghosh et al. / Sensors and Actuators B 254 (2018) 681-689

(a)

Intensity (a.u.)

10-/\
0

16 1.7 1.8
Energy (eV)

19 20 21 22

687

(b) CB

Defect states

-

Fig. 8. (a) PL spectra of sample AZO450 before and after H, O, exposure at different concentrations. (b) The schematic of the AZO-H, 0, interface, describing the photoinduced
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Fig. 9. Stern-Volmer plot for the sample AZ0450 as function of glucose concentra-
tion. The inset shows the corresponding linear fit in the range 20 uM-10 mM.

The enzymatic oxidation of glucose produces p-gluconic acid
and H,0, where GOx acts as an oxidant in aqueous medium. The
cyclic enzymatic reaction is as follows:

Glucose + 0, + H,0%2*D-gluconic acid + H,0,

The reaction between GOx and glucose is very specific. Wang
et al. have shown that different sugars, such as fructose, sucrose and
lactose hardly interfere on the detection of glucose, since GOx oxi-
dizes glucose very specifically [54]. Note that H,O, formation rate
is directly proportional to the concentration of glucose. We have
observed that the PL intensity of the sample AZ0450 is decreased
with increasing glucose concentration (Fig. 7).

In order to understand the nature of quenching, i.e. the relation-
ship between the quenching effect (Iy/I) and glucose concentration,
we have formulated the Stern-Volmer plot of the PL quenching for
the sample AZ0450. The quenching of PL intensity is quantitatively
determined by the Stern-Volmer equation [55]:
o1kl 3)
where Iy is the PL intensity in absence of the quencher; I is the
PL intensity in presence of the quencher, Ksy is the Stern-Volmer
quenching constant and [Q] is the concentration of the quencher.
Fig. 9 shows the Stern-Volmer plot for the sample AZO450 as a
function of glucose concentration. Our data fits closely to a lin-
ear equation (Eq. (3)) with Kgy=0.46 mM~! and the intercept of
1.00, which shows the physical validity of the plot and the fitting.
The inset of Fig. 9 shows the linear fit for the Stern-Volmer plot in
the range 20 wM-10 mM concentration of glucose. The deviation

1.0+ s 0mM omM: t_. ~0.94 ns
] Fitted 5mM: . ~0.28 ns
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Fig. 10. Comparison of TRPL spectra of sample AZ0450 before and after glucose
exposure at different concentrations. The symbols are the experimental data and
the solid lines are the corresponding bi-exponential fits. The effective time constants
(Tefr) are shown in the top-right corner.

of the data at higher concentration (>10 mM) arises possibly due
to presence of both dynamic (electron transfer in this case) and
static (ground state complex) quenching processes, while at low
concentration of quencher, it follows solely a dynamic quenching
(electron transfer) process [56]. In order to provide a direct evi-
dence for the charge transfer mechanism, we have performed time
resolved PL (TRPL) analysis of the sample AZO450 before and after
glucose exposure at two different concentrations. The TRPL analy-
sis shown in Fig. 10 clearly reveals that the effective time constant
(Tofr) decreases with increasing concentration of the quencher (glu-
cose).Such behaviouris expected in case of dynamic quenching [55]
and this is fully consistent with the charge transfer mechanism that
causes the PL quenching.

Note that in the present case, we performed the experiment
down to 20 M concentration of glucose and the PL quenching was
discernible to detect glucose efficiently in GOx medium by AZO.
Thus, the sensitivity of our measurement is ~20 wM, which is com-
parable/better than the earlier reported data on the optical based
glucose sensing by ZnO and other semiconductor nanostructures
[37]. Table 2 shows a comparison of the performance of the AZO
sensor with respect to other semiconductor nanostructures, which
clearly displays the superiority of the AZO thin film as excellent
glucose sensor [37]. In principle, the detection sensitivity can be
much higher, depending on the sample and measurement condi-
tions, and it can detect a concentration down to the nano-molar
level, depending on the sensitivity of the spectrometer. Thus, it
shows potential for the design of an optical biosensors for specific
applications, e.g., glucose level in blood, food glucose control and
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Table 2
Comparison of the glucose sensing performance of AZO thin film with other semiconducting materials/systems reported in the literature.
Sensing Additive Sensing platform Performance (detection limit/range) Ref.
GOx MUA capped ZnO nanoparticles 1.6-33.3mM [35]
GOx ZnO nanoparticles 10-130mM [34]
GOx CdTe quantum dots 0.5-16 mM [32]
Non-enzymatic ZnO nanorods 0.5-30mM [30]
GOx Mn-doped ZnS quantum dots 10-100 uM [33]
GOx Al doped ZnO thin film 20 uM-20 mM This study
environmental monitoring. Therefore, the further improvement of References

the sensing properties of the studied system may be investigated.
The improvement in sensing efficiency of the AZO samples depends
on several factors. These are: (i) improvement of the PL intensity of
AZO films via defects incorporation; (b) optimization of different
parameters, such as the concentration of GOx, reaction time and
reaction temperature of the enzymatic reaction; (¢) GOx immo-
bilization procedure. We believe, our result will stimulate more
detailed investigation for the further improvement of AZO thin film
based biosensors.

4. Conclusions

We reported on the AZO thin film for the label-free detection of
glucose based on the fluorescence quenching. We fabricated AZO
thin films on Si and quartz substrates by the RF magnetron sput-
tering at room temperature. As compared to the as-grown AZO
film, thermally annealed film showed improved structural and opti-
cal quality, which was confirmed from the XRD, XPS and Raman
analyses. Besides the intrinsic UV PL, the as-grown and annealed
samples exhibited broad visible-NIR PL, which was ascribed to the
radiative transitions related to O; defects in the AZO film. The PL
peak intensity increased after annealing due to the removal of non-
radiative defects and this high intensity PL of the annealed samples
was utilized for the label-free enzyme-based detection of glucose.
We achieved a very high sensitivity (20 wM) for the glucose detec-
tion in presence of GOx and the sensing mechanism was explained
with the help of H,0, based PL quenching of radiative fluorophore
(AZO0) via electron transfer mechanism from AZO to the quencher
H,0,. A quantitative analysis of the PL quenching of AZO thin film
in glucose-GOx medium has been made by the linear Stern-Volmer
plot that provides the nature of the interaction between the flu-
orophore (AZO) and the glucose-GOx. This report may stimulate
further investigation of AZO thin film and nanostructure for the
non-destructive, label-free detection of glucose, cholesterol, ascor-
bic acid, lipids and other small molecules with high sensitivity and
selectivity.
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