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Abstract: We present a novel micro-fabrication technique for creating concave surfaces on the

endfacets of photonic crystal Ąbers. A Ąber fusion splicer is used to generate arc discharges to

melt and reshape the Ąber endfacet. This technique can produce large spherical concave surfaces

with roughness as low as 0.12 nm in various types of photonic crystal Ąbers. The deviation of

fabricated surface and a spherical proĄle in the region of 70 µm in diameter is less than 50 nm.

The center of the concave surface and the Ąber mode Ąeld are highly coincident with a deviation

less than 500 nm. Finesse measurements have shown that a Fabry-Pérot cavity composed of the

Ąber fabricated using this method and a plane mirror maintains Ąnesse of 20000. This method is

easy to replicate, making it a practical and efficient approach to fabricate concave surface on

Ąbers for open-access Ąber Fabry-Pérot cavities.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

An open-access Ąber Fabry-Pérot cavity (FFPC) consists of two concave surfaces coated with

high reĆection coating on the endfacets of optical Ąbers. It has a small mode volume that greatly

enhances the interaction between light and matter making it suitable for present a high-Ądelity

light-matter quantum interface [1]. Additionally, its short cavity length allows for full tunability

of spatial and spectral degrees of freedom. Owing to the above advantages, FFPCs have been

applied in various Ąelds such as cavity quantum electrodynamics [2], optomechanics [3], sensing

[4Ű6], nonlinear optics and more [7]. Different materials such as atoms [8Ű10], ions [11Ű14],

NV-centers [15], SiV-centers [16], semiconductor quantum dots [17], carbon nanotubes [18] and

others have been coupled to open-access FFPCs to build quantum network nodes or single photon

sources. Moreover, FFPCs have also been used to construct wide-band tuning single-mode

microlasers [19], scanning cavity microscopy [20] and optical Ąber Ąlters [21].

Various techniques have been employed to fabricate the concave surfaces for open-access

FFPCs, including chemical etching [22], single-pulse CO2 laser ablation [23Ű29], ion-beam

milling [7,15] and laser written method [30]. These methods usually produce concave surfaces

with small radius of curvature (ROC) or size, limiting the cavity length of high-Ąnesse FFPCs

due to the stability condition and clipping loss of the cavity. In some applications, it requires

FFPCs with relatively long cavity lengths, for instance, the length of the FFPCs integrated in ion

trap systems to couple ions with cavity modes are usually above 150 µm [13,14]. For atomic
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systems, cavity length with several hundred micrometers allows elongated atomic ensembles to

be placed in the cavity [31,32].

Using longer focal length lens to acquire larger beam waist when applying CO2 laser ablation

method can help enlarge the concave surface, but the boundary effect in the heat conduction

process imposes a limit [24]. In order to further increase the concave size and ROC on the Ąber

endfacet, several multi-pulse laser ablation methods have been proposed [31,33,34]. Multi-pulse

method have been able to process concave surfaces large enough to spread over the entire Ąber

endfacet by combining dozens of pulses, which allows the cavity length of open-access FFPCs

to exceed 1.5 mm [31]. In addition, multi-pulse methods can also generate elliptical concave

surfaces to construct FFPCs with engineered birefringence [35,36].

Although the multi-pulse method is capable of producing highly spherical concave surfaces

covering the entire endfacet of the Ąber, it imposes stringent requirements on the equipment as

well as on the process parameters. The ablation process is highly nonlinear: a 1.2 percent power

Ćuctuation can cause 10% to 15% change in depth of the concave surface for one single shot [24],

which imposes stringent requirements on the power control of the pulses. The doping proĄle of

the Ąber, the angle between the Ąber and the beam, the pulse duration, sequence and position all

affect the ablation process, which makes adjusting experimental system and Ąnding the optimal

parameters challenging.

In this study, we propose a simpler approach to fabricating large concave surface on photonic

crystal Ąber (PCF) endfacets using a Ąber fusion splicer. Fiber fusion splicer has been utilized to

create in-Ąber Fabry-Pérot cavity sensors [37,38] or combine different types of Ąbers together to

match cavity mode with the mode Ąeld in the Ąber [39]. Here we use a Ąber fusion splicer to

apply arc discharges on the Ąber endfacet to reshape it into a concave surface. Compared to the

multi-pulse ablation method, this method is simpler, more efficient, and easier to replicate. The

concave surfaces fabricated are highly spherical and can reach 115 µm in diameter. The center

of the concave surface and the Ąber mode Ąeld are highly coincident, and the deviation between

them is less than 500 nm. The roughness of concave surface is as low as 0.12 nm measured

by AFM scanning. By adjusting the discharge duration and times, the ROC of the concave

surface can be well controlled in a range. We had the fabricated LMA-8 Ąbers coated with an

ion-beam sputtered (IBS) high-reĆectivity coating for 650 nm. To evaluate the performance

of the fabricated mirrors, we constructed a Fabry-Pŕot cavity consisting of a Ćat mirror and a

fabricated Ąber. The Ąnesse of this cavity was measured to be as high as 20,000.

2. Arc discharge method

PCF is a special type of Ąber characterized by a periodic array of air holes in the center, which

can affect the propagation characteristics of light. The size of the air holes is comparable to the

wavelength of light. PCFs can be classiĄed into solid core and hollow core types, depending on

whether the core is Ąlled with air or not [40]. We employed a Ąber fusion splicer (AI-7, Zhuoshi,

China) to create large spherical structures on the endfacets of solid-core PCFs that can guide

a single transverse mode over a wide range of wavelengths. Figure 1(a) shows the endfacet of

the Ąber. Different Ąbers have different photonic crystal sizes and cladding diameters, which

result in different sizes and ROCs of concave surfaces after fabrication. We use three types of

optical Ąbers: NKT LMA-5, LMA-8, and LMA-15, where the numbers represent their mode

Ąeld diameters in microns. The cladding diameters for these Ąbers are 125 µm, 240 µm, and

230 µm respectively. To create the concave surface on the optical Ąber endfacet using the arc

discharge method, we followed these steps: The Ąbers with the coating layer removed are cut

using a Ąber cleaver (CT-106, Fujikura, Japan) to obtain a complete endfacet with an angle of

less than 0.5 degrees. Then, we put the cut Ąber into a Ąber fusion splicer as Fig. 1(b) shows

and set the discharge voltage and duration. Subsequently, the arc discharges generated by the

splicer melted the silica and made the holes of the photonic crystal collapse. Multiple discharges
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were conducted while observing surface deformation. The concave surface gradually formed

over time due to surface tension as the discharge duration increased. The same effect can also be

achieved with a single discharge of adequate discharge duration. Longer discharge duration, more

discharges and higher discharge voltage all lead to an increase in the ROC of the concave surface.

(b)(a)

Fig. 1. (a) Photograph of the endfact of a LMA-8 Ąber taken using a white light interference

microscope. The black and white stripes in the Ągure reĆect the undulations and slopes of

the surface. (b) The optical Ąber is attached to the stepper motor in the fusion splicer. After

closing the cover of the fusion splicer, the stepper motor will advance the optical Ąber into

the work area and discharge it.

3. Large spherical structures

In a Fabry-Pérot cavity with Ąnite size of the mirrors, some photons in the cavity are clipped

at the edges of the mirrors and lost, which is called clipping loss. For a cavity consisting of

two deĄned mirrors, the longer the length of the cavity, the larger the spot on the cavity mirror,

corresponding to larger clipping loss. A rough estimation of clipping loss in open-access Ąber

Fabry-Pérot cavities has been proposed earlier [23]. Increasing the diameter of the concave

mirrors is an effective way to reduce clipping loss. Our method allows large spherical concave

surfaces to be fabricated on the endfacets of PCFs.

To observe changes in the surface shape with increasing discharge time, we applied 14

discharges to the endfacet of a LMA-8 Ąber and scanned the surface with an optical proĄlometer

after each discharge. Figure 2(a-c) illustrates the formation of concave surface during the

discharge process and the discharge parameters are shown in Table 1. Since LMA series Ąbers

are solid-type PCFs with a solid core, a small protrusion is created in the center as the hole area

of the Ąber begins to collapse. As the number or duration of discharges increases, the protrusion

in the center disappears under surface tension and eventually forms a highly spherical concave

surface.

Table 1. Discharge parameters used in the test

Fiber-type Duration/ms Voltage/mV
Number of
discharges

ROC of the
concave

surface/µm

Diameter of the
concave

surface/µm

LMA-8 1400 600 14 289 90

LMA-15 1400 1100 1 557 115

We fabricated a concave surface on the endfacet of a LMA-15 Ąber using a single discharge

with longer duration. To obtain the ROC and eccentricity of the concave surface, a set of

cross-sectional proĄles was captured across the center of the concave surface, perpendicular
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(a) (b) (c)

(d)

(e)

Fig. 2. Concave surface analysis. (a) Shape of the concave mirror on a LMA-8 Ąber after

seven, (b) eleven, (c) and fourteen discharges. (d) Cross-sectional proĄles of the concave

surface on the endfacet of a LMA-15 Ąber and corresponding circle-curve Ąts on a circular

region with a diameter of 70 µm. (e) Fitting residuals.

to each other. Circle-curve Ątting was employed to determine the proĄlesŠ ROCs. In order

to Ąnd the minor and major axes of the concave surface, we rotated the direction to capture

cross-sectional proĄles six times and found the set with the largest difference in ROCs between

the two proĄles. Figure 2(d,e) displays the cross-sectional proĄles, exhibiting ROCs measuring

557 µm along the major axis and 504 µm along the minor axis. Eccentricity can be calculated by

ε =
√︁

1 − Rmin/Rmax, where Rmin and Rmax are the estimated ROCs along the minor and major

axes. With this method, we Ąnd an averaged eccentricity of 0.29 ± 0.02 among 5 samples.

The entire concave surface can reach 115 µm in diameter and maintains an highly spherical

shape within its center diameter of 70 µm, a region where the residuals of the circle-curve Ąt do

not exceed 70 nm. Compared with the Gaussian proĄle of the depression generated by single

pulse laser ablation method, a spherical concave surface has a relatively larger effective mirror

diameter [31], and there is less Ąnesse decrease at speciĄed cavity length caused by resonant

mode mixing that originates from the non-spherical overall shape of the concave structure [41].

4. Controllable ROC over a wide range

The ROC of the concave surface can be Ćexibly adjusted by manipulating the discharge parameters

and number of discharges. In order to study the variation of the surface ROC during the discharge

process, we discharged a Ąber multiple times with short discharge duration and measured the

surface ROC after each discharge.
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Figure 3(a) shows how the ROC of the concave surface changes during the fabrication of

LMA-15 Ąbers with different numbers of discharges. We Ątted the proĄles within 60 µm diameter

regions at the center using the method mentioned earlier and plotted the standard deviation as

error bars. We performed the same test for LMA-5 Ąber, a 24 µm diameter region is used for

Ątting because the concave surface is smaller and the result is shown in Fig. 3(b). The two PCFs

have air hole arrays with similar shape but different sizes. The diameter of the air hole array at

the center of LMA-5 Ąber is approximately 40 µm, while that of LMA-15 Ąber is 120 µm. The

ROCs of the concave surfaces on both Ąbers increase consistently with cumulative discharge

duration. The main difference between the concave surfaces fabricated with the two Ąbers is

their size and lower limit of ROC. The larger the photonic crystal of the Ąber, the larger the ROC

and size of the concave surface.

(a)

(b)

(c)

Fig. 3. The ROC of the concave surface increases with the cumulative discharge duration.

(a) When fabricating the LMA-15 Ąber, the discharge voltage was set to 1200 mV, and each

discharge lasted 700 ms. The error bars represent the standard deviations of the ROCs given

by Ątting on four different cross-sectional proĄles. (b) When fabricating the LMA-15 Ąber,

the discharge voltage is set to 700 mV and the duration of each discharge is set to 700 ms.

(c) The ROCs of concave surfaces obtained from the repeated fabrication of Ąve LMA-15

Ąbers. The discharge voltage used for fabricating was 1400 mV and the discharge duration

was 800 ms.

To verify the controllability of the ROCs of the fabricated concave surfaces, we repeated the

experiment with Ąve LMA-15 Ąbers using the same discharge parameters and showed the ROCs

of the concave surfaces in Fig. 3(c). The results show that our method has good reproducibility,

the deviation of the ROCs obtained from Ąve repetitions is less than 5%. It should be noted that

the remaining battery charge of the fusion splicer may affect the discharge voltage. Therefore, it

is crucial to keep the power supply connected during fabrication to obtain controlled ROCs of the

concave surfaces.

5. Surface roughness

The roughness of the concave surface is an important indicator for quality of the cavity mirror,

and the loss due to scattering on the cavity mirror can be estimated by Eq. (1) [23].

Ls ≈ (4πσ/λ)2, (1)

where σ refers to the surface roughness and λ is the light wavelength.

We measured the roughness of the fabricated concave surface on a LMA-8 Ąber using atomic

force microscopy (AFM). We scanned areas of 1×1 µm2 and 5×5 µm2 in the center of the
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concave surface, as shown in Fig. 4(a). To eliminate the effect of large-scale shapes, we used

the deviation from a polynomial Ąt for roughness calculation. Figure 4(b) shows the 2D Power

Spectral Density (PSD) of the AFM scan result. The PSD provides a representation of the

amplitude of a surfaceŠs roughness as a function of the spatial frequency. It also contains

statistical information that is unbiased by the particular scan size and pixel resolution chosen by

the researcher. The tapered PSD as shown in the Ągure indicates a Ćat, isotropic surface [42].

The root-mean-square roughness (Rq) and average roughness (Ra) for the 1 µm area were 0.16

nm and 0.13 nm, respectively. For the 5 µm area, Rq and Ra were 0.19 nm and 0.15 nm.

(a) (b)

Fig. 4. (a) An AFM measurement of a 1×1 µm2 area of the mirror surface with a 6-order

polynomial Ąt subtracted from the original data. (b) 2D power spectral density of the

remaining height elevation obtained from the AFM scan.

Surface roughness obtained from height scan of AFM contains scan noise. To estimate

scan noise, we scanned a 1 µm region of V-1 mica sheet (Ted Pella), which is often used as

a substrate for AFM measurements due to its low roughness. The scan result showed a mean

square roughness of 0.11 nm and an average roughness of 0.08 nm for the mica sheet. Correcting

for this according to the error propagation function yields Rq=0.12 nm, Ra=0.10 nm for 1 µm

area, and Rq=0.15 nm, Ra=0.13 nm for 5 µm area. The roughness values for the concave surface

are lower than those reported in previous studies (Rq=0.2 nm) [24,28,31]. Using Eq. (1), we

estimated the scattering loss Ls to be approximately 8 ppm for a light wavelength of 650 nm.

6. Deviation between concave surface and fiber mode field

In a Ąber cavity consisting of two Ąbers, the misalignment of the two Ąbers and the deviation of

the concave surface from the center of the Ąber both affect the angle and position of the cavity

mode, leading to a decrease in the coupling efficiency between the cavity mode and the Ąber

mode. For a speciĄc Ąber cavity, the degradation of coupling efficiency due to angular and

positional deviations can be estimated [20].

Due to the good symmetry of the photonic crystal structure, the concave surface fabricated

by the arc discharge method and the mode Ąeld at the center of the Ąber are highly coincident.

To evaluate the deviation between them, we used an interference objective to observe the Ąber

endfacet and identify the center of the concave surface. First, we altered the objective lens and

ĄberŠs distance to make the interference at the concave center destructive. Then we coupled a

laser to the other end of the Ąber. Figure 5(a) shows the photo taken through the interference

objective, where the highlighted area in the center is the outgoing laser indicating the mode Ąeld,

and the surrounding interference circles reĆect the position of the concave surface.

To calculate the deviation between the concave center and the mode Ąeld of the Ąber, we chose

a pair of perpendicular axes that crossed at the concave center. Then we plotted the light intensity

distribution curves along the two axes, as shown in Fig. 5(b). We use Gaussian functions to Ąt
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10 m

(a) (b)

Fig. 5. (a) Interference pattern of the concave mirror (color map with blue-yellow) and the

outgoing laser indicated mode Ąeld of the Ąber (color map with red). (b) Light intensity

distribution along two perpendicular axes passing through the center. The blue dots show the

measured light intensity, the green curve is a Gaussian Ąt for the central bright spot, the red

dots denote Ątting points, and the purple curves represent Gaussian Ąts for the surrounding

bright rings.

the peaks in the Ągure and obtain their position coordinates. The central peak corresponds to

the outgoing laser, and the side peaks corresponds to the bright rings in the interference pattern.

The coordinates of the mode Ąeld are speciĄed as x0 = 0, then the deviation between the mode

Ąeld of the Ąber and concave mirror center can be expressed as δx = (x+ + x−)/2, where x+
and x− are coordinates of side peaks. Similarly, the deviation perpendicular to this direction is

deĄned as δy. Then the total deviation between the concave surface center and the Ąber mode

Ąeld is ∆ =
√︁

δx2
+ δy2. The interference pattern within 35 µm around the central bright spot

are selected as valid data. We rotated the axes six times and repeated the calculations to obtain

the mean values and standard deviations of the deviations. The deviation between the concave

center and the mode Ąeld of the Ąber was estimated to be 0.44 ± 0.19 µm.

7. Cavity characterization via finesse measurements

After fabrication, the Ąber surfaces were coated with a high reĆectivity coating at 650 nm by

LaserOptics. A plane mirror and a LMA-8 Ąber with same coating are used to build a Fabry-Pérot

cavity. The quality of an optical cavity is characterizes by its Ąnesse, given by

F =
2π

LA + Ls + Lcl + T
, (2)

where LA is the total absorption loss on the two mirrors in the coatings. It is about 75 ppm

on each mirror according to LaserOptics. Ls is the total scattering loss and T is the total

transmission. The nominal transmission for one mirror at 650 nm is 50±30 ppm. Lcl represents

the clipping loss. Each term representing the sum of the contributions of the two mirrors. The

coating typically determines the absorption loss and transmission, whereas the clipping loss is

primarily dependent on the cavity length and the mirror size, and scattering loss is related to the

roughness of the reĆective surfaces.

The mirror surface on the Ąber endfacet was scanned using a proĄlometer, and 2D spherical Ąt

gave a ROC of 303 µm. The variation of Ąnesse with cavity length was measured by mounting the

plane mirror on a one-dimensional piezoelectric translation stage (PI P-628). Ten measurements

were taken at different locations of the plane mirror to prevent local variations of the mirror

coating from inĆuencing the result. The average of the ten measurements was then plotted in

Fig. 6. The blue line shows the variation of Ąnesse with cavity length, and the red area represents
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the error band coming from the standard deviation of the Ąnesse in ten measurements. The

variation of Ąnesse was measured over a range of cavity lengths from 0 to 250 µm. For cavity

lengths below 100 µm, the Ąnesse remained stable at approximately 20000. However, at 110 µm,

a small decrease in Ąnesse was observed. This is caused by the fact that the entire Ąber endfacet

is not perfectly spherical, which results in the coupling of the fundamental mode and higher order

modes at certain cavity length.

Fig. 6. Variation of Ąnesse with cavity length in a Fabry-Pérot cavity composed of a plane

mirror and fabricated LMA-8 Ąber, the ROC of the concave surface on the Ąber endfacet is

303 µm.

8. Conclusions

In this paper, we describe arc discharge method to fabricate concave mirrors on the endfacets

of PCFs. Compared with the CO2 laser ablation method, which requires complicated design

and precise control of the pulse duration, laser power, beam position and pulse sequence, our

approach greatly improves production efficiency, simpliĄes the steps, and reduces processing

time and equipment requirements. Using a Ąber fusion splicer, we fabricate a large spherical

concave surface with controllable ROC and low roughness on the Ąber endfacet. The center of the

concave surface is highly coincident with the Ąber mode Ąeld. The Fabry-Pérot cavity consisting

of a coated Ąber and a plane mirror shows satisfactory optical transmission characteristics. The

Ąnesse of the cavity can reach 20000 and hardly decreases when the cavity length is extended up

to one-third of the concave surfaceŠs ROC. Our method offers a new perspective on fabricated

concave surface on optical Ąbers utilized in open-access Ąber cavities. In addition, this method

can be used not only for fabricating concave surfaces on Ćat PCF endfacet, but also for extending

the ROC of existing concave surface. It may be possible to make this method also applicable to

single-mode and multi-mode Ąbers by Ąrst processing some microstructure or fuse a section of

PCF to the Ąber tip.
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