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Abstract: In this study, we experimentally demonstrate a miniature fiber thermometer based on
tip-integrated ZnO-nanowire-nanograting. The sensor has a diameter less than 1 pum and the length of
the Bragg grating is sub-10pum. The ZnO-nanowire-nanograting is sensitive to the environmental
temperature change. Thus, the intensity of the light whose wavelength is in the rising or falling
region of the nanograting spectrum will vary with the shift in wavelength due to change in
temperature. Taking one wavelength (655nm) in the rise linear region of the nanograting spectrum, a
sensitivity of 0.066nW/°C in the air is achieved experimentally. The proposed temperature sensor
has the superiorities of compactness, stableness, and easy fabrication compared to regular fiber
grating sensors, offering great potential for detecting inside minimal volume environments.
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performance. Conventional fiber gratings are

1. Introduction , _ .
fabricated by phase-mask-assisted ultraviolet (UV)

Optical fiber-based sensors are widely studied.
Their advantages of compact size, easy fabrication,
low cost, compatibility to fiber system, and
immunity to the electromagnetic environment are
favored. Many fiber-based sensors have been made
in past decades to sense physical and chemical
parameters like temperature [1-3], refractive index
[4, 5], humidity [6-8], pressure [9, 10], magnetic
fields [11, 12], bio/chemical compounds [13, 14] or
multi-parameters [15-17]. Standard silica fiber
[18-20], photonic crystal fiber [21, 22], and fibers
with well-designed structures [23-25] based systems
are widely invented. Among them,
fiber-grating-based sensors [3, 11, 16, 18, 26-29] are
popularly used in

engineering  applications

benefiting from their high sensitivity and stable
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light writing to modulate periodical change of
refractive index. However, the weak evanescent
field, small index modulation, and large size restrict
applications in micro- and nano-environment. With
the development of the micro-machining techniques,
optical fiber-based micro-devices, for example, taper
[26, 27, 30] and nanowire-based [29] sensors
ion beam (FIB) or
femtosecond laser methods show a new way. Kou
[26-28, 30]
Fabry-Perot cavity and nanogratings on optical fiber

fabricated by focused

et al developed miniaturized
taper tip for sensing applications. However, due to
the limitation of the relatively small refractive index
of SiO,, the length of the grating is longer than
important

30 ym. As an representative  of

one-dimensional wide bandgap semiconductors,
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ZnO nanowire has been used widely in novel
optoelectronic and nanophotonic devices. It is an
ideal waveguide due to its high refractive index and
compatible coupling with other waveguides. ZnO
nanowire shows superiority of much smaller profile
compared to optical fiber counterparts. Furthermore,
the thermo-optics coefficient of ZnO is one order
higher than that of Si0,[26, 31], and the variation of
higher with the
With
ZnO-nanowire-based  gratings

refractive of ZnO is same

temperature  change. these advantages,

have extensive

potential applications in micro- and
nano-environments.

In this work, a miniaturized ZnO-nanowire-
nanograting-based fiber-taper temperature sensor
(ZnO-Nanograting sensor) by FIB drilling is
proposed and demonstrated experimentally. A less
than 10-um-long grating is milled on a ZnO
nanowire with a diameter of about 800 nm. It has
periods in 230nm of 40 periods with a notch in the
depth of 100 nm for the first-order resonance.
Temperature sensing of the ZnO-Nanograting sensor
in the air is demonstrated. Theoretical analysis is
conducted as well. The results show that the ZnO-
nanograting sensor will have an ideal performance
with a precise design and fabrication. The sensor has
excellent potential in submicron-size object
detection and robust response due to the intriguing

properties of flexible design and ultrasmall size.

2. Design and theoretical analysis

In this section, we simulate the reflection
spectrums of the ZnO-nanograting sensor with a
variation in nanowire diameters, grating length,
grove depth, duty cycle, and temperature by analytic
schematic

calculation. The diagram of the

nanograting is shown in Fig. 1. Parameters,
d, h, A, and 6, represent diameter, grove height,
period, and duty cycle of grating, respectively. The
basic parameter setting here are: diameter = 0.6 um,
grove depth = 100nm, period = 190nm, duty cycle =

50%, and grating length = 9 pm.

Photonic Sensors

Fig. 1 Schematic of ZnO-nanowire-based

nanograting.

diagram

The reflection R can be estimated using the
expression in [28]:

R sinh’*(\Jx* —y° L)

(D
2
cosh®(\Jx* =y L) - %
where I(:ﬂ, yzz—ﬂa—z, and L are the
A A A

coupling coefficient, self-coupling coefficient, and
grating length, respectively. The reflection is related

to the average effective refractive index E , Bragg

period A4, and length L. Among them, 4 and L are
grating processing parameters, and the effective

refractive index a is accurately calculated by the

finite element method considering diameter, duty
cycle, and effective grove height of grating.
Effective grove height is calculated by (1) [26]. For
example, when d = 0.6 um, 6 = 0.5, and 4 = 100nm,
we get the effective grove height 4, =62.13nm by
solving (1) [26]. Then a=1.797 is calculated at

wavelength 600 nm by utilizing the finite element
method (FEM) with ZnO refractive index of
nanowire as 1.98. Each wavelength corresponds to a

specific effective refractive index n, in the

calculation of (1). The parameters used in the
calculation are listed in Table 1.

Table 1 Parameters used in the calculation.

Parameter Expression and unit Value
Diameter d (pm) 0.6-1.0
Grating length L (pm) 5-9
Groove depth h (nm) 100 — 500
Duty cycle (%) 10-90
Period A (nm) 190
Effective According to FEM
refractive index e calculation
Temperature 7(°C) 0-280

According to the Bragg equation
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A=2n,A )
the Bragg wavelength is related to the effective
refractive index ﬂ of ZnO nanowire and Bragg
period A. In our calculation, we take the period as
190nm. The results are shown in Fig.2. It can be
found that the thicker diameter, shallower groove
depth, and higher duty cycle all conduce higher
effective refractive index, inducing a redshift in the
Bragg wavelength, which are shown in Figs. 2(a),
2(c), 2(d), and 2(e). Relatively, the variation of the
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duty cycle has a minor influence on wavelength shift.
From Fig. 2(d), the deviation is about 4 nm from
10% to 90% in duty cycle variations, while other
parameters change several tens of micrometers.
More considerable grating length means longer
interaction distance, which impacts the reflection
and linewidth of the spectrum rather than resonance
wavelength, as shown in Fig.2(b). The result shows
nanograting

a guideline for designing the

parameters.
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Fig.2 Bragg wavelength shift of reflection spectrum with variation of (a) diameter, (b) grating length, (c) grove depth, (d) duty
cycle, (e) temperature and (f) optical power variation of 661 nm and Bragg wavelength variation of Fig. 1 (e). The basic parameter
setting here is diameter = 0.6 pm, grove depth = 100 nm, duty cycle = 50%, and grating length = 9 pm.
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The wvariation of surrounding temperature
changes the value of n, . From (2), wavelength

change can be written as
AA =2An A+ 2n AAT

on on
=2| —LAT +(An +—T Ag (A +
|: 6T ( eff)ep aa i|

oA
2n . —AT 3
Aoge oT 3)

neff

where represents the thermo-optics

coefficient (TOC) of the refractive index, (An),,
represents the elasto-optical effect by thermal

neff

expansion, represents the change of a by

diameter change, and 2—? is the thermal expansion

coefficient (TEC).
Then, (3) transforms to

Ay —L|:§+ (Aneff)ep n On £:|+l5_/1
fr

= -4
A,AT AT da AT | AoT

Since the elasto-optical effect by thermal
expansion and coefficient of thermal expansion of
ZnO are invariable and about ppm level [32],
respectively, and the value of the thermo-optics
coefficient —2.97x10*/°C [31] is much larger, then
the dominant impact of wavelength shift is due

on
t — eff .
° 5( or j

Since & is negative [31], according to (4), the
wavelength gets a blue shift when the temperature
rises, which is shown in Fig. 2(e). Taking one
wavelength in the linear region of the spectrum as a
work point, e.g., the dashed line at 661 nm in rising
edge, the spectrum shift can be measured by a single
The blue shift of
wavelength corresponds to a rise in optical power.

wavelength laser source.
The two slopes in Fig. 2(f) show reflection and
wavelength variation when the temperature changes.
The temperature sensitivity of about —100 pm/‘C

near the resonant wavelength of 660nm is derived.
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Thus, we can simply demarcate the sensitivity by
power change in the measurement. For further
accuracy, a fiber grating demodulation method could
be used to detect the variation of wavelength and
corresponding optical power change. It should be
noted that to accommodate the desired measurement
range, the wavelength shift should be considered
precisely to ensure a linear slope.

3. Fabrication and experiments

The experimental section demonstrates a ZnO-
nanograting sensor as a tiny sensor. The fabrication
process of tapered optical fiber tip integrated
ZnO-Nanograting sensor has three steps [29]
[Fig. 3(a)]. Firstly, the tapered optical fiber tip is
drawn by a commercial pipette puller (Sutter
Instrument Co., MODEL P2000) (Step 1). An
adiabatic, smooth profile of fiber taper with a tip
diameter of hundreds of nanometers is expected. An
optimized profile is beneficial to increase light
coupled to ZnO nanowire, achieved by setting CO,
laser power and pulling velocity. Then, the
chemical-vapor-deposition-method-synthesized
(CVD) ZnO nanowire is transferred to the tip of a
tapered optical fiber tip and bonded with UV glue
with the help of two multi-axis translation stages
under microscopy (Step 2). Finally, nano gratings
are fabricated by FIB (FEI, Helios 600i) milling
(Step 3). As mentioned in the theoretical analysis
section, the reflected wavelengths of the grating are
determined by diameters of ZnO nanowire and
grating periods. To get a desired spectrum of
nanograting, the effective refractive index is
calculated by nanowire diameter, and then the grove
period is determined. The finished product’s
scanning electron microscope (SEM) image is
shown in Fig.3(b). The nanograting has groves of
the period A=230nm with 40 periods. The diameter
of ZnO in Fig.3(b) is about 900nm, which is small.

The experimental setup is shown in Fig. 3(c).
The optical characterization of the ZnO-nanograting
sensor is performed using an optical spectrum
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analyzer (OSA, Ocean Optics) accompanied by a
supercontinuum source (YSL SC-5, 500 nm -
700nm) and a 3dB (50:50) optical fiber coupler. The
supercontinuum source and OSA are connected to
the 3dB ports, while the ZnO-nanograting sensor is
connected to the single port. The sensor is stuck on a
heat plate and covered with a petri dish to prevent
environmental airflow disturbance.

(a) | - - - el
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e P —
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STEP 1: Optical fiber tapering STEP 2: ZnO nanowire transferring STEP 3: FIB milling

(©

Supercontinuum source

Optical fiber coupler‘ AR -
Heat plate and Petri dish

wiis [P :
Thermo-electric couple

Optical spectrum

Fig.3 Schematic diagrams of fabrication process and test of
ZnO-nanograting sensor: (a) fabrication process, (b) SEM image
(scale bar: 3 pm), (c¢) schematic for the experiment of
ZnO-nanograting sensor, and (d) the microscope image of
ZnO-nanograting sensor.

Reflective spectrum in air
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Fig.4 Multiplex sharp reflection peaks in ZnO-nanograting
sensor.

The birefringence of the grating is ignored since
it is tiny. From Fig.4, it can be found that the grating
has a multiplex sharp reflection peak; some of them
are the higher mode in nanowire while the other
miner peaks are interference of reflected light in
optical taper and ZnO nanowire. Due to the limited
resolution and sensitivity of the visible-light optical
spectrum analyzer, the spectrum shown here is not
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ideal. The wavelength peak around 658 nm fits a
Gauss line shape. The wavelength shift could be
utilized in temperature sensing with a more precise
instrument. A 655-nm-single wavelength laser diode
source is used to measure the temperature-optical
power relationship.

A thermoelectric couple is used for temperature
calibration. Optical power and temperature are
recorded synchronously during the hot plate cooling
process in Figs. 5(a) and 5(b), respectively. The
temperature is set as 80 C at the beginning. It can
be seen clearly in Fig. 5 that all the optical
power-temperature  points get an  accurate
correspondence, which shows the reliability of the
ZnO-nanograting sensor for temperature sensing.
The sensitivity is 0.066nW/°C and the R* parameter

is 0.996 83.
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Fig. 5 Optical power variation of ZnO-nanograting sensor
(a) with temperature change in the air and (b) over time change.

There are several considerations in this work that
should be discussed. Firstly, the device has a
deviation of performance with different nanowire
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diameters and grating periods, which influences the
reflected wavelength and optical spectrum profile.
The ideal device could be designed by optimizing
these parameters with convenient calculations before
microfabrication. Secondly, UV glue’s temperature
tolerance limitation is —40 C — 140 C so the
temperature range we measure in this work is
limited. This issue could be solved by using high
temperature-resistant glue or direct bonding
technology between fiber taper and ZnO nanowire.
Thirdly, we only demonstrate a tiny nanograting for
temperature sensing application. Application fields
could be expanded in other conditions. Last but not
least, by precision machining of the FIB milling
technology, it is easy to fabricate different kinds of
nanograting like tilted gratings, chirped gratings,
phase shift gratings. Many other parameters can be
measured with this tiny and exquisite platform.

4. Conclusions

In conclusion, we demonstrate an optical fiber
tip integrated ZnO-nanowire-nanograting temperature
sensor in this work. The sensor has a diameter of
less than 1 um with the first-order Bragg grating
with sub-10 um length. The operating mechanism of
the sensor is studied experimentally. The sensitivity
of 0.066 nW/C
experiment. Numerical simulation shows that sensor

in the air is achieved in the

performance can be optimized by choosing the
proper diameter, grating periods, grove depth, and
length of the nanograting. The presented miniature
sensor has a potential for detecting physical or
chemical volume

parameters  inside  tiny

environments such as sub-wavelength bubbles,

droplets, or bio cells.
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