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1. Introduction

The negatively charged nitrogen-vacancy (NV) centers in nano-
diamonds (NDs) are a promising quantum sensor for various
physical parameters such as magnetic field" ™), electrical
field™®, and temperature!”®. Requiring free space optical com-
ponents, conventional NV-based sensing is complex and
bulky®~'"). In recent years, the method of combining optical
fiber with an NV center shows great potential in simplifying
the NV sensing system. In order to effectively utilize NV centers
in these applications, fluorescence (FL) excitation and collection
of color centers need to be enhanced. For example, Schroder
et al.'"? reported a method by placing a pre-selected ND directly
on the fiber facet. The photon collection efficiency is equivalent
to a far-field collection via an objective with a numerical aper-
ture of 0.82. However, the positioning of a single ND particle is
complicated, and precise instruments such as an atomic force
microscope (AFM) are needed. Fedotov et al.!"* proposed a
guidance mode coupling mechanism for ND using hollow core
photonic crystal fibers. The embedding process of ND particles
in an optical fiber needs precise alignment, which is relatively
complex. Liu et al™ proposed an integration method

© 2021 Chinese Optics Letters

Keywords: fiber optics sensors; fiber optics; quantum optics.

120601-1

In this Letter, we developed a robust method for integrating nanodiamonds (NDs) to optical fiber. The NDs, containing
nitrogen-vacancy (NV) centers, were uniformly mixed with UV adhesive before coating the end surface of a multimode
fiber as a hemispherical film. The excitation and collection efficiency of NV fluorescence can be enhanced by increasing
the thickness of UV adhesive film and additional aluminum film deposition. The fiber-based quantum sensor was also exper-
imentally demonstrated for all-optical thermometry application. The variation of the refractive index of UV adhesive under
different temperatures will also affect the NV collection efficiency by changing the light confinement. The demonstrated
facile integration approach paves the way for developing fiber-based quantum thermometry and magnetometry.

depositing NDs on a tapered fiber, and an effective coupling
has been achieved. The constructed system features excellent
portability, convenient fabrication, and potential for further
integration. Nevertheless, tapered optical fibers cannot meet
the structural requirements of probes in complex environments.
Besides NDs, the microdiamond has been also integrated on the
optical fiber for temperature measurement. A microdiamond
contains more NV centers than an ND, but the NV centers in
a microdiamond have poor optical and spin properties. The
FL in NDs will easily leak out, which enables us to further
improve the collection efficiency!”.

In this Letter, a facile integration method for an ND with a
large number of NV centers has been developed. Specifically,
NDs were mixed with UV adhesive in a proper ratio and then
coated onto the fiber end surface. The UV adhesive had a very
high adhesion to quartz material after curing!"®'”), which guar-
anteed a robust conjugation of NDs to fiber end surface.
Compared with the temperature sensing based on the opti-
cally detected magnetic resonance technique!®'®), the current
configuration facilitating all-optical thermometry has the
advantages of being simple, straightforward”), and readily
implementable in any spectrometer. We demonstrated that
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the excitation/collection efficiency was directly related to the
thickness of the coated NDs film on the fiber end surface.
This fiber-based NV sensor has a particularly promising pros-
pect in real applications owing to its good portability, manufac-
turing, stability, and low cost.

2. Fabrication of Probe

The available NDs are produced by the high pressure and high
temperature (HPHT) method, and the negatively charged NV
centers are formed upon annealing of the irradiated nanocrys-
tallites at 800°C for 2 h. On average, the N concentration is
on the order of 100 ppm (parts per million), and the number
of NVs is ~1000 per particle. The NDs in the adhesive were pre-
pared by first mixing 0.1 mg diamond powder of 100 nm diam-
eter and 5 pL optical adhesive (Norland optical adhesive 68,
n=1.58). The mixed solution was then dispersed for 30 min
using ultrasound to form a uniform material with a concentra-
tion of 20 mg/mL prior to film deposition. Second, the uniform
material was coated on a multimode fiber’s (MMF) end surface
(GI2017-A, YOFC, core diameter: 105 pm, cladding diameter:
125 pm, NA: 0.30 + 0.02).

As shown in Fig. 1(a), the manufacturing process of the probe
is mainly divided into three steps. Step 1 is to dip the ND mixed
UV adhesive on the end face of MMF2 (medium of optical fiber).
Step 2 is to aim MMF1 (probe) at MMF2 and make the two end
faces contact slowly. In step 3, MMF2 is moved in the opposite
direction, and part of the UV adhesive remains on the end face of
MMFI1 due to adsorption, by controlling the contact area
between the UV adhesive and the MMF1 end face, where hemi-
spherical films of different thicknesses can be obtained.

All of the above operations were carried out on a 3D displace-
ment platform under a microscope. The film was finally cured
after half an hour with a UV lamp, and the NDs were firmly fixed

(a) Step 1

MMF1 .

«
UV adhesive

—

MMF2

Fig. 1. (a) Fabrication steps of the sensing probe; (b) microscopic images of
the sensor probes with different thickness film.
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Fig. 2. Schematic diagram of the experimental setup.

in the optical fiber end surface. Figure 1(b) shows three sensing
probes with thickness (d) of (I) 9.20 pm, (II) 12.65 pm, and
(IIT) 17.52 pm, respectively. The volume ratio of NDs in the film
is only 1:175, and the NDs only account for a relatively small
part. The number of NDs in the film can be easily tuned by
changing the ratio of the NDs in the UV adhesive.

Figure 2 schematically depicts the experimental setup for
optical measurement. A 532 nm laser was focused on the coated
NDs on the end face of the MMF through a dichromatic mirror
and lens, and the generated FL signal was then directed to the
spectrometer through the original channel. A long pass filter
(600 nm) was placed in front of the spectrometer (exposure
time: 0.1 s) to filter out the pump laser.

3. Results and Discussion

In order to enhance the excitation and collection efficiency of
FL signals, we coated an aluminum film with a thickness of
30-50 nm on the surface of the NDs film using the magnetron
sputtering method. Figures 3(a)-3(c) show the microscopic
images of the cross-section view of the uncoated fiber facet with
only UV adhesive and aluminum film on the UV adhesive,
respectively. As shown in Fig. 3(a), we can clearly see that the
light reflected on the optical fiber facet is very uniform and
bright when no material is coated, and, in Fig. 3(b), we can
see the rough texture of the surface after curing of the UV adhe-
sive. The spot in the center of the film was irregular because the
reflected light was scattered by the rough surface. The brighter
light spot in the center, as shown in Fig. 3(c), indicated the effec-
tive coating of the aluminum film as a reflective layer, which
could also be seen by the SEM image shown in Fig. 3(d).

We compared the FL energy of the probe before and after
coating in water. As shown in Fig. 4 under different excitation
laser power, the FL energy collected by the aluminum film
increased by 12.0%, 16.3%, and 22.4%, respectively. The FL sig-
nal enhancement might be caused by the following two reasons.
First, the green light was reflected by the aluminum film,
improving the excitation efficiency. Second, part of the excited
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Fig. 3. Microscopic images of the cross-section view of (a) uncoated fiber
facet, (b) facet only coated with UV adhesive, and (c) facet with aluminum
film coated on UV adhesive; (d) SEM image of the probe after aluminum film
coating.

FL is reflected by the aluminum film and then re-coupled into
the optical fiber, further improving the collection efficiency. We
believe that the collection efficiency can be further enhanced by
optimizing the coating quality.

The impact of film thickness on the FL collection efficiency
was investigated by simulation and experiment. The simulated
results of FL collection using geometrical optics method are
shown in Fig. 5. In the numerical investigation, we considered
that the FL signal excited by NDs containing an NV center
would be reflected back to the optical fiber after interacting with
the aluminum film. The refractive indices of the diamond, opti-
cal fiber core, and cladding are set to be 2.4, 1.45, and 1.44,
respectively. For the simulated FL collection shown in Fig. 5,
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Fig.4. FL energy of probe | before and after coating with aluminum under the
different excitation laser powers.
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Fig. 5. Ray tracing simulations are shown in (a)-(d). The simulations are con-
ducted using Optgeo.

we assumed five NDs evenly distributed in the UV adhesive.
By changing the thickness of the film, it can be seen that the
FL signal collected by the optical fiber core increases with the
decrease of the radius of the hemispherical NDs coating.
With the decrease of the radius of curvature, the convergence
effect of aluminum film becomes more and more obvious,
and therefore more FL signals are reflected back into the optical
fiber core. Besides the curvature of the NDs coating, the number
of the NDs also affects the FL signal enhancement with the varia-
tion of the film thickness. For example, the radius of curvature is
the same as that of the Fig. 5(c), while the number of positioned
NDs was increased to nine [Fig. 5(d)]. The simulated results
showed that the increased number of NDs would enhance the
FL signal collection. In experiment, we set the laser power to
20 mW and verified the FL collection of the three sensing probes
in water. In Fig. 6, it can be seen that the probes with the 9.20 pm,
12.65 pm, and 17.52 pm UV adhesive film coating correspond to
the collected FL energy of 11,745 counts, 20,287 counts, and
42,549 counts, respectively. With the increase of UV adhesive
thickness, the FL signal energy is significantly enhanced, which
is consistent with the simulation results.

Finally, the fabricated fiber-based quantum probe was dem-
onstrated for temperature sensing with an input laser power

—— 9.20 pm thickness
400000 H — 12.65 pm thickness
——17.52 pm thickness
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Fig. 6. Collected FL energy of three probes with different thickness.
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of 20 mW. The three sensors were placed into a water bath, and
the FL signals at the initial temperature of 17°C were recorded.
The FL spectra were recorded at intervals of 5°C from 20°C
to 75°C. Figure 7(a) shows the temperature response spectral
lines of probe III. It can be seen that the zero-phonon line
(ZPL) has a significant broadening effect and shifts with tem-
perature variation. The temperature response is 0.034 nm/°C,
and it is consistent with the experimental phenomenon in
Refs. [7,19]. Nonetheless, it is not enough to obtain the tem-
perature sensitivity of the sensor only by reading the drift in-
formation of ZPL, because the too little sensitivity cannot meet
600 650 700 750 the temperature measurement requirements in some specific
Wawelengthirm) environments.

(b) 440000 F ® ) li:missemoorabi® However, we found that as the temperature increased the
A Decrease temperature energy of the main excitation peak, ZPL also decreased. This
was attributed to the fact that the thermal expansion induced
{;;})7333847“465613-865 refractive index decrease of the UV adhesive film caused the

’ leakage of excitation light and FL signals. The FL decreasing
due to an increase of non-radiative pathways in the high tem-
perature also contributed to the energy decrease of ZPL™").
However, according to the results shown in Ref. [7], we can
judge that the thermal expansion of UV adhesive is still the
main reason for the decrease of FL energy'”.. As shown in
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29 o 20 = s 79 Fig. 7(b), we plot the FL intensity as a function of temperature,
Temperature(°C) including temperature increase and decrease. It can be seen that
(©) ’_mmase temperature at the same temperature the FL intensity obtained in the process

— - Decrease temperature of increasing and decreasing temperature is almost the same,

and the slope difference between the two fitting curves is only
0.565. Figure 7(c) shows the spectra of increasing and decreasing
the temperature, and the good coincidence proves the probe’s
high reproducibility. In Fig. 7(d), the trend of FL energy attenu-
ation can be intuitively seen by comparing the FL spectra of the
three sensors at 17°C, 45°C, and 75°C. The thicker the UV adhe-
sive, the more obvious the thermal expansion effect. We calcu-
lated the ratio of the energy attenuation of these three probes
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0 poes poms p— p— with the increase of temperature. When the film thickness is
Wavelength(nm) 9.20 pm, 12.65 pm, and 17.52 pm, respectively, for every 1°C
(d) increase in temperature, the corresponding energy decreases
p— 920 1“7"10 by 32,296 counts, 106,195 counts, and 174,840 counts.
jz —45°C According to the method in Refs. [21,22], the sensitivity of probe
5 1268 ym I was calculated to be 1.97 KHz~1/2(2122]
s 12.65 ym was calculated to be 1.97 kHz .
¢© 300000 | ——17°C
o —a5°C
< —75°C
= 17.52 pm .
S 200000[1—7-c 4. Conclusion
8 —45 :C
£ 1 In summary, a simple integration method for NDs to fiber has
2 100000 / A been proposed. The simulated and experimental results showed
// ; : that the excitation and collection efficiency of the FL signal can
0 i L 1 L be enhanced by increasing the thickness of NDs adhesive coat-
o0 \7\7aov elen gth(:::n) 750 ing. In. addition,.coating the NDs. adhesive surface with a metal
film will further increase the FL signal of the sensor. In the tem-
Fig. 7. (a) Temperature dependent FL signal spectra of probe IlIl; (b) temper- perature measurement, for every 1°C increase, the energy of FL
ature increase and decrease calibration curve of probe Ill; (c) comparison of ~ of the sensing probe decreases by 174,840 counts. The proposed
temperature increase and decrease of probe IlI; (d) trend of FL energy attenu- NDs integration approach paves the way for developing fiber-
ation of the three sensors compared at 17°C, 45°C, and 75°C. based NV thermometry and magnetometry.
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