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An All-Solid Athermal Multimode-Interference
Cascaded Device for Wavelength-Locking

V. I. Ruiz-Perez, D. A. May-Arrioja, and J. R. Guzman-Sepulveda

Abstract— We demonstrate a passive, material-based ather-
malization of all-fiber architectures consisting of cascaded
multimode-interference (MMI) devices. Specifically, the athermal
MMI filter used for in-line thermo-optic compensation consists of
a no-core multimode fiber, which is spliced between two single-
mode fibers, and is partly covered with a polymer coating. The
design of the temperature-compensation unit is straightforward
and its fabrication is simple. The applicability of our approach
is experimentally verified by fabricating wavelength-locked MMI
lasers with a temperature sensitivity lower than 1.0 pm/°C,
which is several times smaller than that achieved with other
fiber-optic devices and is comparable to that targeted in silicon
photonics.

Index Terms— Fiber optics and optical communications, Talbot
and self-imaging effects, fiber lasers, laser stabilization.

I. INTRODUCTION

TEMPERATURE-INSENSITIVE operation is crucial in
optical applications ranging from filtering, tuning, and

switching to wavelength-locking and stabilization of light
sources [1]–[3], as well as for sensing [4]. Cancellation of
thermal effects can be approached by active means e.g.,
heaters/coolers [5], however, passive means are preferred in
order to avoid additional power consumption, to eliminate
instrument footprints, and for integration feasibility. In this
context, passive athermalization has been widely exploited
in wavelength-locking [6], [7], especially for wavelength-
division multiplexing (WDM), and silicon photonics [8]–[13].
In the case of wavelength-locking, a common practice is
the thermal compensation by means of encapsulated fiber-
gratings in which the thermal effects are counterbalanced with
the mechanical stresses resulting from thermal expansion or
contraction. In silicon photonics, where the target sensitivity is
1 pm/°C or lower [3], the approaches typically involve the use
of polymer-coated waveguides in order to compensate for the
large thermo-optic coefficient (TOC) of silicon [8], [14], [15].
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By integrating waveguides with different TOCs and adjusting
their lengths, temperature independence can be achieved [16].

Other alternatives include interferometers with dedicated
geometrical designs in which the size variations due to thermal
effects are properly optimized [17].

Similar approaches can be also implemented on fiber-based
devices. For instance, the reduction of thermal effects in
fiber gratings has been demonstrated with both single- and
multi-material structures [6], [7] where the different TOCs are
effectively compensated. In some cases, additional enhancing
mechanisms are needed to induce the interaction with the
compensating medium e.g., etching the fiber cladding [18].
In any case, the minimum thermal sensitivity achieved in fiber
devices is >10 pm/°C [18], which makes them unsuitable for
tight spectral control.

Another possibility for fiber-based athermalization is the use
of devices based on multimode interference (MMI) effects.
From a practical standpoint, these devices are attractive due to
their simple fabrication e.g., a multimode fiber (MMF) spliced
between single-mode fibers (SMFs). The thermal response
of MMI-based devices is well known and has been studied
in great detail, especially in the context of temperature-
sensing [19]–[21]. In that case, the aim is maximizing the
thermal effects in order to enhance the sensitivity; here,
the goal is actually the opposite. The temperature depen-
dence of MMI devices has been reduced by following similar
approaches to those mentioned above. For instance, ther-
mal sensitivity down to 1 pm/°C has been demonstrated
by attaching the MMI device to expanding platforms such
that changes in the thermo-optic response are counterbal-
anced by the axial tensile strain produced by the thermal
expansion [22]. Thermal compensation can also be achieved
by controlling the dopant concentration in the core of the
MMF at the moment of fabricating the optical fiber [23]. The
inherent architecture of MMI devices suggests that thermal
compensation can also be achieved by cascading sections
of MMFs with different thermal response and appropriate
lengths [24]–[26].

In this letter we demonstrate a simple, all-solid thermo-
optically compensated MMI filter consisting of a multimode
no-core fiber (NCF) i.e., a standard-sized optical fiber, without
cores, exposed to interact with its surroundings, partly coated
with Polydimethylsiloxane (PDMS). The structure proposed
can be described as a two-section MMI cascade that is
passively athermalized by compensating for the TOCs of
the coated and uncoated sections. Our realization has no
moving parts and the inherent filter-like response of the MMI
device, which can be designed within the spectral window
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of interest, is preserved. The applicability of our approach is
experimentally verified by building wavelength-locked MMI
lasers with a sensitivity lower than 1.0 pm/°C.

II. PRINCIPLE OF OPERATION

The structure proposed for thermal compensation consists of
a standard NCF that is partly covered with a polymer coating,
as schematically depicted in Fig. 1. In general, the material
used for coating the NCF can be anything as long as the
TOCs can be compensated and the material is suitable for the
temperature range of interest. Polymer coatings are convenient
due to their large negative TOCs and their flexibility in terms
of the temperature range in which they can operate.

The structure in Fig. 1 can be described as a two-section
MMI composite where the cascaded coated and uncoated
multimode sections have TOCs of opposite signs. In general,
the thermal dependence of the peak wavelength of a MMI
cascade with N arbitrary sections is described by [26]:

λpeak + �λ = p
N∑

i=1

[(
nef f,i + �ni

) (
We f f,i + �Wi

)2

Li + �Li

]

×
(

Li + �Li

L + �L

)
(1)

Eq. (1) allows calculating the net spectral shift, �λ, with
respect to the design peak wavelength, λpeak, due to thermal
effects, when the p-th image of the input field is replicated
in a device of a total length L. The sum indicates the
contributions from N arbitrary multimode sections in cascade
e.g., N=2 for a two-section composite. The i-th multimode
component in the cascade has a length L i, an effective
refractive index (RI) nef f,i , and an effective optical diam-
eter We f f,i . �W and �L relate to the linear dimensions
change due to thermal expansion and the latter is subjected
to ��Li = �L; �n is the RI change of the material
due to the thermo-optic effects. It is important to notice
that for N=1 and at the baseline conditions i.e., zero-deltas,
Eq. (1) reduces to the traditional formula for MMI devices
i.e., λpeak = p

(
ne f f W 2

e f f

)
/L [27], [28]. The effective optical

diameter, We f f,i , can be estimated by correcting the physical
diameter, W , with the penetration depth of the evanescent tails
into the cladding as [27]:

We f f,i = Wi +
(

λ0

π

) (
ni

nc,i

)2σ (
n2

c,i − n2
i

)−1/2
(2)

where nc,i and ni are the RIs of the core and cladding
of the i-th multimode section, respectively, at the free-space
wavelength λ0. The estimation of We f f,i (Eq. (2)), which was
originally derived for planar waveguides where polarization
effects are to be considered i.e., σ = 0 for TE and σ = 1
for TM, can be reasonably extended to circularly symmetric
waveguides, by simply averaging the optical diameters corre-
sponding to the two polarizations [21], [25], [26].

From Eqs. (1)–(2), one can readily note that, by controlling
the optical and the geometrical parameters of each MMF
section, one can either maximize e.g., for sensing, or cancel
out e.g., for stabilization, the net spectral shift of the cascaded
MMI device. The contributions from thermal expansion in

Fig. 1. All-solid, thermo-optic compensation unit consisting of a NCF partly
covered with PDMS. Material-based passive athermalization is achieved by
effectively counterbalancing the TOC of the coated and uncoated section.

Eq. (1) i.e., �L and �W , are typically positive. However,
the RI change �n can be either positive or negative depending
only upon the sign of the TOC of the i-th MMF section. This
straightforward manipulation of the sign of the contribution
from each MMF section, together with the fact that in most
practical cases the thermo-optic effects dominate and therefore
thermal expansion can be neglected [22], permits achieving
full thermal compensation. This athermal condition has been
suggested before for similar structures [21], [25], and, recently,
it was proved that the filter-like response of the MMI device
can be maintained while operating athermally [26].

Fig. 2 shows the modeled spectral wavelength shift, evalu-
ated directly from Eq. (1), for the two-section MMI cascade
proposed, for pairs of temperature and length of the coated
section, and for a fixed total length of the NCF of 56 mm
(λpeak ≈ 1580 nm). The diameter and RI of the NCF were
taken as 125 μm and 1.443 (@1580 nm), respectively, and
the NCF was considered to be surrounded by air in the
uncoated section. For a silica NCF, the thermal expansion
effect (5×10−7 °C−1) is almost two orders of magnitude
lower than its TOC (≈1×10−5 °C−1). In the coated section
the RI of PDMS was taken as 1.4194 (@1580 nm) [29].
In this section the dominance of the thermo-optic effect is
more pronounced as the TOC of the coated section is on
the order of −10−4 °C−1. In the calculations, the TOC of
PDMS was taken as −1.35×10−4 °C−1 which is in good
agreement with typical values in manufacturers’ datasheets and
other studies [30], [31]. For shorter and longer coating lengths,
where the device is under- or over-compensated, respectively,
the overall response is dominated either by the positive TOC of
silica or by the negative TOC of the coating. In this particular
case, the condition of thermal compensation (zero wavelength
shift) is achieved for a coated section of 5 mm.

III. EXPERIMENTAL RESULTS
The experimental verification of the proposed cascaded

MMI thermal compensation unit was done by fabricating
SMF-NCF-SMF structures where the NCF, which is spliced
between the two SMFs, is partly coated with PDMS (Sylgard®
184 Silicone Elastomer, from Dow Corning).

Five different structures were fabricated with the fil-
ter response centered within the L-band of erbium
(1560-1610 nm), specifically around 1580 nm. In each case,
different portion of the NCF was covered with PDMS in the
range from 0 to 8 mm. For reference, a SMF-NCF-SMF device
where the NCF is uncoated i.e., a bare fiber, requires a length
of 56.5 mm to operate at a wavelength of 1580 m.

In order to compensate for the length of the section of NCF
covered with PDMS, which effectively makes the cascaded
MMI device to have a longer λpeak (see Eq. (1)), the length of
the NCF was slightly adjusted (in the range from 56.0 mm to
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Fig. 2. Spectral shift of the peak wavelength (indicated by the colored
lines, in nm) of an all-solid cascaded MMI structure for different lengths of
the coated section. Athermal operation is achieved for a coating length that
allows maintaining a zero spectral shift independently of temperature.

56.5 mm) such that the peak of the MMI filter-like response
remains around 1580 nm in all cases. For controlling the length
of NCF we used general-purpose micro-positioners with a step
resolution of 10 μm (an intrinsic error of ±5 μm). This results
in that the baseline peak wavelength of the MMI device can
be achieved with a precision of �λ ≈ ±0.14 nm [32].

The coating process was done by controllably covering the
desired portion of the NCF and curing the PDMS according
to the manufacturer’s specifications i.e., at room temperature
during 48 hours, for a ratio of 10:1 between the two parts.
Once the PDMS was fully cured the device was incorporated
into a fiber-based ring laser cavity, as shown schematically
in Fig. 3. The inset in Fig. 3 shows a digital photograph
of one of the devices fabricated. This all-fiber ring cavity is
based on a standard configuration where a 10m-long section of
erbium-doped fiber (EDF; 0.25 NA and dopant concentration
of 3000 ppm) was used as the gain medium. A 980 nm
laser diode was used to pump the EDF using a 980/1550 nm
WDM device and a 90/10 out-coupler was used to monitor
the spectral content of the laser emission in an optical spec-
trum analyzer (OSA). An isolator was introduced between
the WDM and the 90% output of the out-coupler in order
to ensure directionality. The WDM used in the experiments
(JDSU model IWDMC1111AA40) sends the pump to the EDF
immediately after i.e., forward pump mode, and the circulation
within the cavity is counterclockwise, as indicated. All the
elements in the cavity, including the MMI compensation unit,
were spliced. Again, the cavity is formed mainly by the
10m-long EDF and the MMI device is used as a spectral filter
for lasing.

The temperature-compensation cell was kept in a
temperature-controlled chamber and the temperature was
controllably varied from 25 °C to 100 °C, in steps of 25 °C.
After setting the temperature at each step, the system was let
to stabilize for 20 min before recording the spectrum of the
laser. Figs. 4(a)-(b) show the laser emission for the case when
the NCF is uncoated i.e., a bare fiber (L=56.5 mm), and when
5.2 mm of its length is coated with PDMS (L=56.0 mm),
respectively. In Fig 4(a), the overall response of the thermally
uncompensated laser shifts towards longer wavelengths due

Fig. 3. EDF ring-laser with the thermo-optic compensation unit consisting
of a NCF partly covered with PDMS.

Fig. 4. Laser emission at different temperatures for a) the uncoated NCF, and
b) 5.2 mm of PDMS coating. c) Net wavelength shift of the laser emission
as a function of temperature for different lengths of the PDMS coating. The
inset shows the corresponding thermal sensitivity for each case.

to the positive TOC of silica, as explained in Fig. 2. For the
case of the thermally compensated cell (Fig 4(b)), the laser
emission practically remains invariant, as shown in the inset.

Fig. 4(c) summarizes the net spectral shift, �λ, of the
laser emission, as a function of temperature, obtained
for structures with different coating lengths, as indicated.
Conversely to the case shown in Fig. 4(a), when the device
is over-compensated the overall response is dominated by the
negative TOC of the polymer coating. The condition of full
athermalization is achieved when the TOC of the two sections
exactly compensate for each other. As shown in Fig. 4(c),
coated sections of 4.7 mm and 5.2 mm are very close to this
condition, as expected from the numerical calculations (Fig. 2).
The inset in Fig. 4(c) shows how the temperature sensitivity
varies with the length of the coated section (linear fits with
R2 > 0.99 in all cases). It can be seen that the condition of
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full thermal compensation i.e., zero-crossing, is achieved for
a coated length of about 5 mm (see Section II and Fig. 2).

IV. CONCLUSIONS

In this letter we demonstrated the passive, material-based
athermalization of all-solid, all-fiber architectures by means of
cascaded MMI devices. As compared to other studies based
on similar structures [22]–[24], in our approach temperature-
independent operation is achieved while preserving the inher-
ent filter-like spectral response of the MMI device. The
wavelength-locking of MMI fiber lasers was experimen-
tally demonstrated with temperature sensitivity lower than
1.0 pm/°C. This value is one order of magnitude smaller than
the lowest sensitivity reported to date for fiber devices [18]
and is comparable to that targeted in silicon photonics [3].
Additionally, as compared to our previous work [26], in which
the thermal-compensation cell is composed by a solid-liquid
cascade where the liquid-core section consists of a capillary
filled with an index-matching oil, the present compensation
cell does not have moving parts or elements that can be
damaged by aging or evaporation.
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