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Abstract: Here, we present the thermal tuning capability of an alignment-free, fiber-integrated
Fabry-Pérot cavity. The two mirrors are made of fiber Bragg gratings that can be individually
temperature stabilized and tuned. We show the temperature tuning of the resonance wavelength
of the cavity without any degradation of the finesse and the tuning of the individual stop bands
of the fiber Bragg gratings. This not only permits for the cavity’s finesse to be optimized
post-fabrication but also makes this cavity applicable as a narrowband filter with a FWHM
spectral width of 0.07 +0.02 pm and a suppression of more than -15 dB that can be wavelength
tuned. Further, in the field of quantum optics, where strong light-matter interactions are desirable,
quantum emitters can be coupled to such a cavity and the cavity effect can be reversibly omitted
and re-established. This is particularly useful when working with solid-state quantum emitters
where such a reference measurement is often not possible once an emitter has been permanently
deposited inside a cavity.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Fiber Bragg gratings are used for a variety of technological applications due to their small size,
their compatibility with optical fibers which naturally comes with an ease in signal transmission
and their ability for multiplexing. They have been used as temperature [1], refractive index [2—4],
strain [5], magnetic fields [6] and pressure sensors [7,8] and for measurements of windspeed,
liquid levels, liquid density and specific gravity [9]. By using two gratings to form a Fabry-Pérot
cavity they have also shown the potential to function as narrowband filters [10,11]. Their
suitability for forming an alignment-free Fabry-Pérot type cavity [12] has also opened up their
application in the field of quantum optics, where the fiber connecting two such fiber Bragg
gratings can be readily tapered to guide the light between the gratings as an evanescent wave
[13—16]. This allows for efficient coupling of quantum emitters to the guided light field of such
nanofiber-based cavities. For all these applications, a tunability of the fiber Bragg gratings is
desirable especially when it is required to match the resonance of a specific quantum emitter or
transmit or reflect light in a narrow wavelength range [17]. For that purpose, complex designs
exist to electrically tune a fiber Bragg grating cavity [10]. Here, we demonstrate the thermal
tunability of a fiber Bragg grating Fabry-Pérot cavity, where each fiber Bragg grating can be
individually temperature stabilized and tuned. This simple design not only enables to find the
perfect overlap of the stop bands of the individual fiber Bragg gratings and thus highest finesse
of the cavity post-fabrication but also allows for tuning the stop band of the two fiber Bragg
gratings far enough such that the cavity effect can be reversibly suspended and re-established.
This is particularly useful for coupling solid-state quantum emitters to such cavities as it allows
for reference measurements with and without a cavity structure which is otherwise often not
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possible once an emitter is permanently deposited in a cavity. In addition it finds its applicability
in quantum optics to separate probe and control fields that are often narrowband and may be
only separated by a few GHz [17,18]. This in-fiber cavity therefore conveniently allows the
suppression of one beam compared to the other by more than -15dB which can be easily increased
by concatenating such in-fiber cavities without the need for alignment.

2. Experimental setup

The Fabry-Pérot cavity is written into a commercial single mode fiber (SM600) by a pulsed 248
nm KrF laser that generates the two fiber Bragg gratings at a distance of 25 mm from each other
[19]. 20 mm is about the minimum distance required if one wishes to taper the fiber between
the mirrors later on, as the hydrogen-oxygen flame used during the heat and pull process needs
to fit between the gratings without affecting their performance. If this cavity is used as a filter
there exists no such restriction [20]. To be able to stabilize and temperature tune the two gratings
individually, two PID controllers (Arroyo Instruments) are used in conjunction with two Peltier
elements and two thermistors that cool or heat and monitor the temperature, respectively.

There are other heating techniques that can in principle be used, such as internal laser heating
[7,11] or resistive heating via a thin metal coating around the fiber [21] but these methods do not
allow for cooling of the fiber grating. In addition, the fiber Bragg gratings can also be tuned by
strain but all these methods require more sophisticated set-ups [22]. In our case, the cavity holder
(Fig. 1) consists of a U-shaped ground plate, made from aluminium, and two copper plates on
top, that keep the Peltier elements and the fiber in place. The Peltier elements are fixed in the
mount by grooves, just deep enough for the elements to stay in place but not too deep, so that the
top and bottom parts of the Peltier elements are not thermally coupled via the aluminium holder.
The fiber is placed between the Peltier elements and copper plates. Copper in conjunction with
thermal silicon grease was used to ensure an even distribution of heat across the whole length of
the fiber beneath. The temperature sensors are then clamped on the top copper plates with two
additional thin copper plates. This cavity is characterized by a widely tunable laser (New Focus
TLB 6700) where the transmission is monitored by two photodiodes or single photon counting
modules. Before the light enters the cavity it is passing through three polarization paddles, which
can be tilted to adjust the polarization of the light. This is necessary to end up with only one
resonant mode inside the cavity [14]. Before the beam enters the cavity some light is picked
off to monitor the wavelength via a wavemeter which continuously monitors the laser frequency
with a relative precision better than 3 x 1077,

Fig. 1. Fiber mount with (1) the thermistor in the hole of the top plate, (2) the Peltier
element on the bottom and (3) the fiber itself.
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3. Results

3.1. Individually tuning the stop bands of the two fiber Bragg gratings

Although the Bragg gratings are manufactured for a particular Bragg wavelength Ag given by
Ap = 2neg A, where A is the grating period and neg the effective refractive index, there might still
be a slight mismatch between two gratings after manufacturing that results in a lower finesse than
could be achieved. To maximise the overlap between the two gratings, one is held at a constant
temperature of 22°C as the other grating is heated from 10°C to 60°C. Once there is an overlap
between the two stopbands and a cavity effect can be observed, the finesse F is obtained by fitting
an Airy function with constant offset d, free spectral range Arsr and transmission on resonance
T()Z
Ty

1 + 22 sin? (—”(’l_’l(’))’
T

T(A) =d+ (H

AFSR

to two spectral lines at a time. The highest finesse at a particular wavelength then indicates the
wavelength of best overlap of the two stop bands at a particular temperature of the second grating
[13]. The finesse is plotted as a function of grating temperature in Fig. 2. Each datapoint in
Fig. 2 corresponds to the mean of three measurements and the error bars represent its standard
deviation. It can be seen, that the highest finesse value and thus the best overlap of the two
stopbands is reached, when grating one is heated to 40°C, where the finesse reaches 124 + 15.
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Fig. 2. Maximum finesse values (a) in transmission when grating one is heated from 10 to
60°C and grating two is constantly held at 22°C.

We are also able to detune the two gratings far enough so that the individual stop bands can
be seen and the cavity effect is eliminated (Fig. 3(a)). Figure 3(b) shows the overlap with both
gratings at room temperature and Fig. 3(c) shows the transmission spectrum of the cavity with
an optimized overlap of the individual stopbands. In Fig. 3(d), a zoom in of the transmission
peaks at best overlap as in c) is displayed including a fit to Eq. (1) and an inset which shows the
transmission in dB to infer the possible suppression of unwanted light by this type of filter.
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Fig. 3. Transmission spectra (a) showing two separate stop bands (grating 1 at 22°, grating
2 at 60°), with grating 1 and 2 at room temperature (b) showing the finesse that is obtained
without any temperature tuning and (c) showing the best overlap (grating 1 at 37° and grating
2 at 22°). d) zoomed in region of transmission peaks at best overlap with an inset that shows
the transmission plotted with a db scale to show functionality as a narrowband filter

3.2. Tuning the center frequency of the cavity

Whether such a cavity is used as a narrowband filter or to enhance the light-matter interaction
between a light field and a quantum emitter, it may be necessary to tune the center frequency
of the cavity. The Bragg wavelength Ap of a Fiber-Bragg-Grating increases when the grating
is heated. This effect originates from two sources. Firstly, thermal expansion of the fiber itself
causes an increase of the distance between each grating and secondly the effective refractive
index of the material n changes with temperature. Both these effects on the Bragg wavelength
are described by the following equation,

A/lB = /IB(QT + an)AT, (2)

where a7 is the thermal expansion coefficient and «, the thermo optic coefficient accounting
for the change in effective refractive index. By tracking the position of narrow features in the
reflection spectra, it is possible to obtain the wavelength shift of the two gratings as a function of
temperature. It has been previously demonstrated that the temperature-dependent wavelength
shift for a temperature range between 10-60 degrees is linear with temperature [8,23-25] and
hence the resulting datapoints were fitted with a linear function [23] that showed a shift of
6.3 = 0.3 pm/K for grating one and 5.0 + 0.2 pm/K for grating two. These values are in agreement
with the temperature-dependent wavelength shift of the Bragg grating in silica [8,23,25,26]. In
principle this shift can be enhanced further by bonding the fiber to a substrate with a large thermal
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expansion coefficient such as copper, in which case we would expect the shift to increase to 13.41
pm/K [27]. In our current set-up by just fixing the fiber loosely with some Kapton tape on the
Peltier element, and then clamping it with the copper plate, as expected we see no influence of
the surrounding material on the wavelength shift.

The measurements of the wavelength shift (Fig. 4), together with the known point of maximum
overlap (Fig. 2) and hence largest finesse, makes it possible to temperature control both gratings
in such a way that the overlap is kept at the optimum with an average finesse of 129 + 11 across a

tuning range of about 160 pm as depicted in Fig. 5.
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Fig. 5. Maximum finesse values as the center frequency of the cavity is temperature-
tuned. The datapoints are the mean value of three measurements and the error bars are the
corresponding standard deviation

4. Conclusion

In summary, we have demonstrated a fiber-integrated cavity that can be temperature tuned over
hundreds of pm while keeping the good performance as other microcavites [28—34] show.This
tuning allows for finding the best overlap between the two fiber Bragg gratings to optimise the
finesse even after the gratings have been fabricated. The temperature control together with
the finite width of the stop bands of the individual fiber Bragg gratings that function as the
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mirrors of this Fabry-Pérot type cavity has further allowed us to reversibly and controllably omit
and re-establish the cavity effect. This can be especially important when coupling solid-state
quantum emitters to such cavities as can be readily done by placing an emitter on a tapered
fiber section between the gratings [13], thereby creating a cavity that is able to reach the strong
coupling regime. A Purcell factor of 15 has been shown to be achievable in this way with a
mode volume of 4.9 x 10* 2> and typical Q-factors of 107 [13]. These values were obtained for a
taper transmission of 93% which can be improved further, as values of better than 99.95% have
been demonstrated [35]. The tunability of such a cavity as demonstrated here then allows for
convenient reference measurements with and without the cavity, something which is otherwise
often not possible with permanently deposited solid-state quantum emitters. The tuning range of
the cavity’s center frequency without any degradation of the finesse allows coupling to solid-state
emitters such as colour centers in diamond [36], single molecules in solids [37—39], or novel
quantum emitters such as colour centers in 2D materials [40] or silicon carbide [41], that have
an inherent inhomogeneous broading due to their nanoenvironment. Quantum emitters in 2D
materials have recently shown Fourier-limited emission at room temperature [42,43] and colour
centers in nanodiamonds were coupled to a cavity at room-temperature to observe a funneling
effect of its initial broad emission [44]. If nevertheless cryogenic temperatures are required, the
nanofiber section can in principal be cooled via contact gas to cryogenic temperatures while the
fiber Bragg gratings can reside outside this cryogenic region. In the broader context of photonics,
the demonstrated tunability of the individual stop bands further allows this cavity to function
as a wavelength tunable narrowband filter that is alignment-free and can be easily incorporated
in any experiment. Our results therefore promise a wide applicability of these fiber-integrated
Bragg grating cavities not only in quantum optics [45,46] but also for new photonic technologies
[47-49]

Appendix: behaviour of finesse as one grating is detuned

The finesse of the cavity is determined by the overlap of the two stop bands [50] of grating 1 and
grating 2. As we can detune the gratings far enough to determine their individual stop bands
(Fig. 3) and measure their temperature dependent wavelength shift (Fig. 4), the behaviour of
finesse versus temperature can be estimated by inserting the reflectivities (R1, R2) of the stop
bands into the equation for the finesse of a Fabry-Pérot cavity:

4
AL, 3)
1-+vVRiR;

To obtain the best finesse for each temperature, the finesse values are averaged over the wavelength
range of one free-spectral range and the error displayed is the corresponding standard deviation.
In Fig. 6, we compare these results with those obtained by directly evaluating the maximum
finesse from the cavity fringes at different temperatures of the grating (Fig. 2) and show that they
are in good agreement.
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Fig. 6. Dependence of the finesse of the cavity as grating 1 is temperature-tuned and
grating 2 is held at 22°C. The blue curve and corresponding error show the expected finesse
evaluated from the individual stop bands of the two gratings that make up the cavity and the
red data points are the results of the finesse obtained from directly fitting the cavity fringes
at different temperatures of grating 1.
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