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Abstract

Fiber Bragg Grating (FBG) sensors facilitate compact, multiplexed, and electromagnetic
interference-immune monitoring in embedded and harsh environments. The removal of
the polymer jacket, a measure taken to withstand elevated temperatures or facilitate integra-
tion, exposes the fragile glass. This underscores the necessity of functional coatings, which
are critical for enhancing durability, calibrating sensitivity, and improving compatibility
with host materials. This review methodically compares coating materials and deposition
routes for FBGs, encompassing a range of techniques including top-down physical-vapor
deposition (sputtering, thermal/e-beam evaporation, cathodic arc), bottom-up chemical
vapor deposition (CVD)/atomic layer deposition (ALD), wet-chemical methods (sensitiza-
tion/activation, electroless plating (EL), electrodeposition (ED)), fusion-based processes
(casting and melt coating), and hybrid stacks (e.g., physical vapor deposition (PVD) seed
— electrodeposition; gradient interlayers). The consolidation of surface-preparation best
practices and quantitative trends reveals a comprehensive understanding of the inter-
relationships between coating material/stack, thickness/microstructure, adhesion, and
sensitivity across a range of temperatures, extending from approximately 300 K to cryogenic
regimes. Practical process windows and design rules are distilled to guide method selection
and reliable operation across cryogenic and high-temperature regimes.

Keywords: fiber Bragg grating (FBG); metallic coating; sputtering; electroless plating;
electrodeposition; cryogenic sensing; high-temperature sensing; embedded sensors

1. Introduction

Optical fiber Bragg grating (FBG) sensors are compact, multiplexable, immune to elec-
tromagnetic interference, and compatible with long-distance interrogation. These qualities
have enabled the adoption of FBG sensors in biomedical monitoring, structural health mon-
itoring, and industrial automation [1-4]. Beyond reviews specific to FBGs, comprehensive
surveys of fiber-optic chemical and physical sensors, as well as distributed /networked
sensing, provide a broader landscape for scalability and deployment [5-7]. In harsh or
unconventional environments, such as cryogenic or high-temperature environments, ra-
diation environments, environments with strong magnetic fields, or environments with
vibration, bare gratings and standard packaging have limitations. This motivates the devel-
opment of coatings and tailored processes that stabilize the optical response and extend
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operability [8,9]. Recent overviews focusing on cryogenic FBG temperature sensing further
emphasize the importance of coating-based designs at lower temperatures [10].

Despite their versatility, bare FBGs face inherent limitations when exposed to demand-
ing operational environments. Silica core and cladding are brittle and prone to microcrack-
ing under thermal shock or strain concentration, and the polymer jacket, typically used
for protection, softens or degrades above ~150 °C [11]. At cryogenic temperatures, the low
thermo-optic coefficient of silica reduces temperature sensitivity and complicates calibra-
tion, while repeated cool-down cycles induce mechanical fatigue at the grating—coating
interface [12]. In aerospace applications, sensors must endure vibration, low pressure,
and wide thermal excursions, while maintaining adhesion and spectral integrity under
cyclic mechanical loading [13]. In energy systems, including fusion and high-temperature
components, FBGs experience intense gradients and radiation that can induce refractive
index drift and signal degradation [12,14]. Similarly, in structural and civil infrastructures,
long-term performance requires mechanical robustness and environmental stability over
millions of strain cycles [15]. Across these sectors, industries demand FBGs that maintain
linearity, adhesion, and repeatability from cryogenic to ultra-high temperatures, often
when embedded within metal or composite hosts. These requirements have driven the
integration of functional coatings—metallic, ceramic, or hybrid—to extend FBG operability
beyond the range of bare gratings and ensure compatibility with advanced structural ma-
terials [12-15]. Alternatively, FBGs can also be inscribed through polymer coatings using
ultraviolet (UV) radiation; however, such gratings often suffer from poor inscription unifor-
mity, mechanical instability, and limited thermal endurance, restricting their applicability
in harsh or high-temperature environments [16-18].

Although baseline demonstrations established FBG thermometry from ~2-400 K with
appropriate packaging, sensitivity and stability degrade toward the deepest cryogenic
conditions without additional engineering of the grating-host interface [19,20]. Early
design studies of cryogenic FBG thermometers and femtosecond (fs)-inscribed gratings
highlight inscription and packaging choices that affect the coating’s response at low tem-
peratures [21,22]. Representative applications include aeronautical structural health moni-
toring [23], conceptual designs for cryogenic and energy systems [24], and fusion-relevant
strain monitoring on tungsten divertors [25]. Each application imposes constraints on
geometry, survivability, and electromagnetic compatibility that coatings can help relieve.
These constraints can be addressed by adding mechanical protection, improving ther-
mal/mechanical coupling, providing hermetic barriers, and enabling bonding to metals
or ceramics, all of which can be achieved through coatings. Polymeric layers (e.g., poly-
methyl methacrylate, PMMA) boost apparent temperature sensitivity and ease cycling,
while metallic coatings (e.g., Ni, Cu, Zn, and Sn, as well as their combinations) offer higher
thermal conductivity and robust attachment. Ceramic/oxide overlayers (e.g., TiN, TiO,,
and ZnO) cap against oxidation and interrupt diffusion [26-30]. Multilayer and duplex
designs, such as Ni/Cu/Au or Ni/Zn, are often used to balance adhesion, diffusion control,
and thermo-mechanical performance across a wide temperature range [28-31]. Gradi-
ent metallic coatings, which are specifically designed for cryogenic sensitivity and cyclic
stability, broaden this design space and offer an alternative to simple duplex builds [32].
Nanostructured coating approaches and comparative analyses of thermal-sensing per-
formance further expand the design space and clarify the trade-offs between sensitivity
and transient response [33,34]. A variety of deposition routes are available. Top-down
physical vapor deposition (PVD), including magnetron/ion beam sputtering (IBS) and
thermal/e-beam evaporation, delivers controlled thin films. Bottom-up chemical vapor
deposition (CVD)/atomic layer deposition (ALD) provides conformal oxides. Wet-chemical
workflows, such as sensitization/activation and electroless (EL)/electrodeposition (ED), en-
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able uniform metal builds and thick overcoats at low thermal budgets. Fusion-based routes,
such as casting, integrate FBGs into metallic hosts. Hybrid flows, such as PVD seeding
followed by ED or graded interlayers, combine the advantages of multiple routes [35].

General primers on thin films and processes complement this taxonomy by highlight-
ing stress and roughness control on cylindrical substrates [36]. Practical metallization and
re-coating procedures tailored to fibers are discussed in more detail later in the manuscript,
and additional methods are cataloged in foundational surveys [37]. These methods have
key engineering constraints. Strong adhesion to silica usually necessitates surface prepa-
ration and seed layers (e.g., SnCl,/PdCl, activation for EL Ni-P). Residual stress and
thickness-induced cracking impose limitations, especially for EL deposits, when the pro-
cess window is exceeded [38,39]. At elevated temperatures, interdiffusion (e.g., Cu/Ni)
and hydrogen uptake during plating can degrade coatings and spectra, unless barrier
layers and post-bakes are employed [40]. At cryogenic temperatures, metallic overcoats
increase thermal mass and can slow step response—a trade-off that must be balanced
against sensitivity gains [41]. These considerations motivate the structured comparison
and synthesis that follow.

1.1. Review Scope and Method

This review centers on coated FBGs operating from cryogenic to high-temperature
regimes. Sources were identified in major databases (Scopus, Web of Science, IEEE Xplore,
SPIE) using combinations of FBG with coating/metallization and process terms (PVD,
ALD/CVD, EL, ED, casting) and environmental terms (cryogenic, high temperature, harsh
environment). Publications from 2000 to 2025 were considered, with earlier seminal works
included that were historically informative. Studies were retained when reporting coating
material /stack, process details, thickness, temperature window, and sensitivity or durabil-
ity metrics; purely numerical papers were used selectively to frame design rules (e.g., opti-
mal thickness vs. temperature) [38,42]. Emphasis is placed on metallic and hybrid stacks,
with polymers and oxides treated as contrasts or barriers where relevant [25,30]. Method
taxonomy follows standard coating overviews to ensure consistent terminology [43,44],
and general process primers offer additional context [36,37].

Figure 1 schematically maps the relationships among application domains, coating
materials, and deposition routes, highlighting how environmental requirements guide both
stack design and process selection. The comparative data for each regime are summarized
in Table 1. Figure 2 introduces the stack archetypes referenced throughout the paper.

Table 1. Environmental drivers and representative coating strategies for fiber Bragg gratings. Arrow
widths in Figure 1 qualitatively represent the frequency of the same combinations in the literature.
The same acronyms presented in Figure 1 are used.

Dominant Recommended Deposition Key Normalized
Environment Degradation . P Parameters/Post- Sensitivity y7  Trade-Offs/Notes Refs.
. Coating Stack Route .
Drivers Treatments (x Bare)
Highest nt gain;
Low . . moderate transient
. Ni — Zn EL Ni-P — ED
Crvogenic thermo-optic duplex/Ni/Sn Zn/Sn (or 5-30 um total; penalty (~2x
yog slope of silica, P . \ anneal 250 °C; 1.5-5x% slower step); [27,29,38,41]

(2-80 K) multilayer/Ni- alternating .
thermal shock, P+5n Ni/Sn plating) H, bake stress-balancing

brittleness p & needed in

multilayers
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Table 1. Cont.
Dominant Recommended Deposition Key Normalized
Environment Degradation . P Parameters/Post- Sensitivity y7  Trade-Offs/Notes Refs.
. Coating Stack Route .
Drivers Treatments (X Bare)
PVD seed — Excellent stabilit
High- Oxidation, Ni/Cu/Au EDNi/Cu — ~1-10 um each; ~1x (stable to 1000 °C: y
temperature interdiffusion, multilayer + PVD Au H, bake before ~ slope) diffusion con{rol [30,31,40]
(600-1000 °C) drift TiN/Al,O3 cap (+CVD/ALD use P . .
via multilayers
cap)
. N .
Radjiation/ En;’ll;/l‘cll?cl)eg?:nt, Evap seed — poistl-glirtril;g Robust, but prone
. Thick Ni . ~1x to H, blisters if [45]
nuclear accumulation, ED Ni bake
- unbaked
adhesion loss mandatory
Embedded / Therme}l—sl}ock Graded Sputtered . Stress-relieved
delamination, . gradient — ED - 1-2x interface; process [46,47]
CTE-matched . Mo-Cu — Ni .
CTE mismatch Ni complex
Corrosive/ Bathattack,  \; p NP+ ELNi-PorEL Low-cost route;
. oxidation in - 1-2x limited [48,49]
chemical Zn — ED

service

cryo-stability

*nT = §goat / bare s the normalized temperature sensitivity.

’ Cryogenic (2-80 K)

| High-T (600-1000 °C)

‘ Radiation / Nuclear

’ Embedded metal hosts

ALD: Atomic Layer Deposition
EL: Electroless (Ni-P: Nickel Phosphorus)
ED: Electrodeposition (Electroplating)

Sn or Ni-Sn
Ni/Sn ML EL(Ni-P) — ED |

Ni/Zn ML
PVD (Sputter / Evaporation / IBS) ‘

TiN (single layer)
Ni (thick Layer) CVD / ALD (Barriers and Caps) l
Ni/Cu/Au ML Hybrid (PVD seed — ED) |
Graded Mo-Cu—Ni

CVD: Chemical Vapour Deposition

PVD: Physical Vapour Deposition (Sputtering)
IBS: Ion Beam Sputtering

ML: Multilayer

Figure 1. Landscape of coating-enabled fiber Bragg grating (FBG) sensing. Schematic diagram
linking application domains (left), representative coating materials or multilayer stacks (center),
and preferred deposition routes (right). Arrow thickness qualitatively represents the frequency of
reported combinations in the literature. Color coding can follow temperature domain (light blue—
cryogenic, orange—high-temperature, green—radiation, gray—embedded). The flow highlights how
environmental requirements dictate both the choice of coating material and the deposition sequence.

1.2. Position of This Review Within Existing Literature

Several recent surveys address FBG technologies from application or instrumentation
standpoints [5-9,20,21]. However, no studies have consolidated coating material, process
and environment relationships into unified design rules. This review focuses on coatings
as a design lever, standardizes key definitions (17, plateau thickness, transient penalty),
and integrates surface prep, deposition, and post-treatment into clear selection criteria
(Tables 1-8).
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Core (9 um)
Cladding (125 pm

Jacket
(Polymer)

Single metal

Single metal

Base metal

Top metal

Grating (FBG)
Base metal
Gradient metal interlayer
Figure 2. Schematic of coating-stack archetypes for FBGs: (a) standard 9/125 (core/cladding) fiber
coated with a primary polymeric jacket; (b) single-layer metallic coating (e.g., Ni) providing direct
thermo-mechanical coupling; (c) multilayer stack with a diffusion barrier (e.g., Ni/Cu/Au) designed
to improve oxidation resistance and thermal durability; (d) duplex configuration (e.g., Ni/Cu or
Ni — Zn) combining an adhesion layer with a high-CTE over-layer to enhance low-temperature
sensitivity; and (e) graded interlayer (e.g., Mo—Cu) engineered to relieve residual stress between
the fiber and the top metal. Single-layer and duplex coatings are typically used for cryogenic
applications requiring strong strain transfer [27-29]; multilayers are employed for high-temperature
or oxidizing environments [38,50]; and graded stacks are adopted for stress-relief and fatigue-resistant
systems [51]. Common challenges across these architectures include interfacial delamination, residual
stress accumulation, and spectral broadening with increasing coating thickness.
Table 2. Key Performance Parameters. Values are indicative ranges consolidated from [22,24,33,37,40,41,52].
Parameter Symbol/Expression Physical Meaning Typical Range or Trend
. _dAg Apparent shift in wavelength per 8-12 pm K~ (bare),
Temperature sensitivity St ="at unit temperature 12-50 pm K~ (coated)
Normalized sensitivity nr = g:ﬁ: Sensitivity amp l.1f1cat10n due to 1-5 depending on material
T coating
Strain transfer efficiency W Degree of str.am coupl.l ng between 0.5-1
strain,bare coating and fiber
Hysteresis AN (heating vs. cooling) Indicates elastic recovery and <10 pm preferred
y E VS & adhesion stability pmp
. . Measures long-term thermal 1
Drift A per cycle or time stability <1 pm cycle™" typical
FWHM Spectral width at %2 max Indicates spec.tral br(?aderung 0.1-0.3 nm typical
from strain gradients
SNR Peak reflectivity /noise Evaluates spectral quality >20 dB desirable

Response time

Time to 95% of AN after AT

Measures coating thermal inertia

0.1-5 s depending on
thickness
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Table 3. Surface preparation and activation workflow (parameters and controls).
Stage Params QA Notes Refs
Clean/etch S.O lvent cl.ean; No residue; microscope Avoid over-etching [38,48]
acid/alkali etch ! ’
Sensitize/activate SnCl, — PdCl, pH/time control Foundatlon' for EL [48]
nucleation
. inuity; 1 A 1 T
EL Ni_P seed ~90 °C; pH 4.5-5.0 Continuity; spectra nneal removes A(T) [38,53]
check hysteresis
. . . Thickness per step; .
Electroplate build Ni/Cu/Zn/5n plating centroid drift Bake Ni to outgas Hp [39,40,51]
Barriers/caps Thin TiN/oxides or Au Adhesion; diffusion Needed for Cu/Ni [30,54,55]
tests stacks
Post-treatments Ni-P anneal; H, bake Hystgresm rf.er.noved; Manda"co.ry l?efore [38,56]
drift stabilized qualification
Table 4. Quick plating parameter reference for common metals.

Metal Bath Current Temp Agitation Notes Refs
Ni Watts/sulfamate 1-5 A/dm? 45-60 °C Moderate H, uptake — bake [40,51]
Cu Acid sulfate 1-4 A/dm? 20-30 °C Moderate Needs barriers/caps [30,51]
Zn . Acid . 052 A/dm?  20-35°C Gentle Recipe discipline for Ag  [29,57,58]

chloride/alkaline Y
Sn Methanesulfo- ) ) ¢ /qm2  20-30°C Gentle Whisker mitigation [51]
nate/stannous
Table 5. Comparative synthesis of deposition routes.
Route Thick Conform Stress Rate Complex Defects Best Refs
. Particles, Seeds, TiN,
PVD 001-2um  Good (LOS)  Low-Med  Low-Med  Med-High 2’;;:5 et‘fms\ clll [45,59,60]
CVD/ALD 0.005-0.2 pm Excellent Low Low High Complex Barriers/caps [54,55,61]
precursors
EL (Ni-P) 0.05-1um  Excellnt  Med (anneal)  Med Low E;’i“;;g Uniform [40,62]
ED Excellent Process- . H,, non- Thick builds, )
(Ni/Cu/Zn/Sn) 1-100 pm (rotation) dependent High Low—Med uniformity duplex [41,51]
Hybrid (PVD Good- . . Interface Ni/Cu/Au
— ED) 0.1-50 pm Excellent Balanced Med-High Med-High issues multilayers [30,31,63]
Graded . Process Stress re-
interlayer ~1-10 pm Good Reduced Med High complexity lief/embedding [46]

To enable systematic comparison across the studies surveyed, Table 2 consolidates the
key performance metrics commonly reported for coated FBG sensors. These parameters—
spanning temperature sensitivity, hysteresis, drift, spectral quality, and transient response—
form the quantitative framework adopted throughout this review. The same met-

rics are later used in Sections 3-6 to interpret coating material and process influences
on performance.
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Table 6. Recommended stacks and process windows by operating regime.
Regime Stack Depo Treat Caps Notes Refs
Deep cryo Ni — Zn Sn — Pd — EL  Ni-P anneal; Hp . Large slope, [27,29,41,62]
(<80K) duplex Ni-P — Zn ED bake slower transient e
Ni/Cu duplex PVD seed — . Balanced
80-300 K or TIN Ni/Cu ED H; bake TiN or Au properties [59,63,64]
High-T Ni/Cu/Au PVD seed — Ni barrier + Au  Diffusion/oxidation
(600-1000 °C) multilayer ED — PVD cap H, bake cap control [30,31,40]
. . . Evap Cr/Au — Adhesion
Radiation/nuclear Thick Ni Ni ED H, bake — robustness [45]
Embedded in Graded Mo- Sputter Stress-relief
. gradient — Ni As needed Shock survival [46,64]
metal host Cu — Ni ED soaks
Table 7. Reporting template for reproducibility (per-specimen log).
Field Desc Refs
Specimen ID ID, grating type Example: FBG-01
Pre-coat spectral Ao, FWHM, SNR 1549.876 nm, 0.18 nm, 28 dB
Surface prep Clean/etch details Acetone/IPA, HF 0.5%
Activation/seed SnCl, — PdCly; EL Ni-P 90 °C, pH 4.8, 0.15 um
ED Metal, current, thickness 7Zn 0.6 A/dm?, 8 min, +3 pm
Barriers/caps Material, thickness Au 80 nm PVD
Post-treatments Anneal, bake 300 °C 60 min
Qualification LNj cycles; soaks 5x 29377 K
Result summary Slope, hysteresis +2.3x bare

Failure mode Adhesion, cracking None after 10 cycles

The parameters listed in Table 2 establish the quantitative basis for evaluating the
impact of coating material and deposition process. Temperature sensitivity (St) and its
normalized form (11) quantify the thermo-mechanical coupling efficiency, while hysteresis
and drift capture the stability of the coating—fiber interface under cyclic loading. Full width
at half maximum (FWHM) and Signal-to-noise ratio (SNR) describe the spectral quality
of the reflected signal, and response time reflects the thermal inertia introduced by the
coating. Together, these metrics enable direct comparison across studies that differ in
coating composition, geometry, and fabrication route.

In parallel with coating strategies, polarization-maintaining fibers—particularly
PANDA (Polarization-maintaining AND Absorption-reducing fiber) designs—are being
explored for low-temperature and harsh-environment sensing to mitigate birefringence-
related drift and enhance readout stability, including recent cryogenic demonstrations using
PANDA-PMF Sagnac architectures and high-temperature PANDA-based sensors [65,66].
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Table 8. Classification of coatings and recommended use for FBG sensors.
. Typical
Coating Tvpe Representative A Tylri)clecliilon Main Main Temperature
& 'yp Materials PP Advantages Limitations Sensitiv-
Range . %
ity/Accuracy
Cryogenic Strong strain
Metallic . (2-300 K), 5 Residual stress,  #1 ~ 1.5-3; £0.5
. Ni, Cu, Al transfer, easy R o
(single-layer) moderate d - oxidation K stability
. eposition
thermal cycling
Ni s 7n Enhanced
Duplex/multilayer ~ Ni/Cu/Au, Cryogeguc to adhes1i)n, .Com}.)flfem.ty, 0~ 2—5; :Ii0.3 K
Ni/Sn 800 °C tunable interdiffusion typica
sensitivity
o TiO,, SOy, 600-1000°C — High-T stability, 5 400 limited g7 ~ 1-1.5; 1 K
Ceramic/oxide (oxidizing oxidation . .
Al,O3 . strain transfer typical
atmospheres) resistance
100-500 °C, Mechanical
Composite/ Metal + polymer, humid- resilience, Aging of nr ~1.2-2; £0.5
hybrid Metal + oxide ity /corrosion environmental polymer layers K
protection sealing
Polymeric/UV- Acrylate <150 °C Flexible, eas Thermal
ymet yate ’ , asy degradation, nr~1,£1-2K
resin polyimide low-cost use handling

poor uniformity

* Indicative ranges consolidated from [22,24,33,37,40,41,50,52].

2. Fundamentals and Performance Metrics for Coated FBGs

Temperature sensing with fiber Bragg gratings (FBGs) relies on the shift in the Bragg
wavelength as the effective refractive index and grating period vary with temperature. For
a bare grating, the Bragg condition is given by the following:

/\B = anff/\ (1)

where n¢ is the effective refractive index of the fiber core and A is the grating period.
The wavelength—temperature response of an uncoated silica grating can be expressed
as follows:
bare __ 4AB

ST = 7 = A (asio, + Esio,) 2)
where ag;0, and {si0, = (1/neg)(dnege/dT) are the thermal-expansion and thermo-optic co-
efficients of fused silica, respectively. This intrinsic slope typically lies around 8-12 pm K~!
near room temperature and decreases toward cryogenic conditions [2—4].

2.1. Thermo-Mechanical Coupling Induced by Coatings

When a grating is metalized, the coating imposes an additional axial strain through
thermo-mechanical coupling. The apparent temperature sensitivity then reflects not only
the intrinsic silica response but also the coefficient of thermal expansion (CTE) mismatch,
elastic modulus, thickness, and adhesion quality of the over-layer. The effective slope can
be described as follows:

seoat — ghare L Apw(T, Ej, a;, t;, adesion) 3)



Coatings 2025, 15, 1268

9 of 26

where E;, a;, and t; denote, respectively, Young’s modulus, Coefficient of Thermal Expan-
sion (CTE), and thickness of the i-th layer, and « is a strain-transfer function that captures
mechanical coupling between the coating and the fiber core. As coating thickness increases,
a greater fraction of the thermal load is transferred to the metal, and the apparent slope in-
creases monotonically until a plateau is reached. Beyond this point, additional build yields
diminishing returns while increasing residual stress, roughness, and cracking [38,42,67,68].
The height and position of the plateau depend on the metal’s CTE, modulus, and interface
quality. Softer and higher-CTE metals such as Zn or Sn provide large low-temperature
gains at moderate thickness, whereas stiffer metals such as Ni require thicker deposits to
approach the plateau but offer better adhesion and high-temperature stability [32,38,67].
Duplex and multilayer stacks exploit these contrasts, allocating thickness among layers to
maximize sensitivity while avoiding localized stress.

The archetypes of coating architectures used throughout this review are illustrated
in Figure 2, which distinguishes single-layer, duplex, multilayer, and graded interlayer
configurations [27-29,38,50,51].

2.2. Normalized Temperature Sensitivity and Key Metrics

Because reported slopes vary across studies, normalized quantities are used for consis-
tent comparison. The normalized temperature sensitivity is defined as follows:

bare

nr = S(]:Qat/ST (4)

This was evaluated for the same temperature range. Values of # > 1 denote am-
plification of the Bragg response due to coating; #7 < 1 indicates attenuation caused by
stiff or poorly bonded films. Reported 51 values typically fall between 1.5 and 5 for
cryogenic metallic coatings such as Ni — Zn duplex or Ni/Sn multilayers [27,29,38],
whereas high-temperature multilayers (Ni/Cu/Au) maintain #7 ~ 1 but provide long-
term stability. To evaluate coating integrity and spectral quality, the following metrics are
consistently used [38]:

e  Spectral centroid shift (for mean A stability);

e  FWHM (for spectral broadening);

e  SNR (for reflectivity quality);

e  Hysteresis between heating/cooling;

e  Dirift per thermal cycle;

e Response time to step changes in temperature.

Stable coatings preserve a narrow, high-SNR reflection with minimal centroid drift
after each growth step or anneal.

The architecture illustrated in Figure 2 summarizes the evolution of coating design
for FBGs. Single-layer coatings (typically Ni, Cu, or Al) are used when simple mechanical
reinforcement and moderate sensitivity enhancement are sufficient. Duplex coatings intro-
duce a seeding or adhesion layer beneath a high-CTE top layer to boost low-temperature
response while maintaining fiber adhesion. Multilayer and graded coatings are developed
to distribute thermal stress and prevent cracking during cyclic heating or cooling, making
them suitable for high-temperature aerospace or power applications. Hybrid or composite
coatings, which may include metallic, oxide, or polymeric sublayers, offer environmental
sealing and compatibility with composite host materials. Each configuration represents
a compromise between strain transfer efficiency, residual stress control, and environ-
mental resistance.
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2.3. Reporting Conventions and Comparison Framework

This review interprets the literature using consistently defined metrics and test profiles
so that disparate studies can be compared on common ground [2—4]. Spectral and thermal
responses are reported at standardized processing checkpoints: before coating, after seed-
ing, after each build increment, and after post-treatments. Coating stacks are written from
the glass outward, with layer thicknesses where specified; deposition routes are identified
per layer (e.g., PVD seed — EL Ni-P — electroplated Ni; sputtered TiN single-layer; duplex
Ni — Zn with EL seed), and post-treatments are stated explicitly (e.g., short anneal for
Ni-P, vacuum bake for plated Ni). When possible, temperature slopes are normalized to
the bare-fiber value from the same study; if unavailable, the closest baseline is reported.
These conventions allow the comparison of S§*, 17, hysteresis, and drift across diverse
process routes. Representative quantitative multipliers for different metals—approximately
1.5x for Ni, 2x for Cu, 2.5x for Zn, and 3 x for Sn—are summarized later in Section 3 and
Figures 2 and 3 [69].

1.2 T
=
S 1.0 ~
3
c n
&
o 0.8 - o
3
@
g 0.6
2 0.
K}
D
N 0.4+ .
©
£ —— Ni
[e] —a—
Z 02} ;‘f )
—&6—Sn
O | 1 | | 1 | | 1 |
0 10 20 30 40 50 60 70 80 90 100

Coating thickness (um)

Figure 3. Normalized temperature sensitivity (77 = SP*/ S?m, see Section 2.3) as a function of
coating thickness for Ni — Zn and Ni/Sn multilayers. The plateau trend denotes full thermo-
mechanical coupling between the metal stack and the silica core. Representative behaviors are shown
for Ni, Cu, Zn, and Sn coatings, based on trends reported in [27,38,42,63,67,68]. This figure illustrates
the trade-off between coating thickness and diminishing returns in sensitivity gain. Data were
consolidated from the indicated references and redrawn for clarity; curves represent representative
trends rather than raw experimental data.

The described framework establishes how intrinsic FBG physics, thermo-mechanical
coupling, and normalized sensitivity metrics are linked. These definitions underpin the
comparative analysis of coating materials, deposition methods, and processing parameters
presented in Sections 3-7, enabling the cross-study synthesis of temperature-sensitivity,
stability, and durability trends [38,42,50,51,67-69].

3. Coating Materials and Design Constraints

The temperature response of a metalized FBG is governed by thermo-mechanical
coupling between the coating and the silica fiber. As temperature changes, mismatch in
CTE and differences in elastic modulus generate axial strain in the grating; the resulting
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Bragg shift therefore depends on the coating’s material, thickness, microstructure, and
interface quality, in addition to the intrinsic thermo-optic and thermal-expansion terms of
silica. Analytical and experimental studies consistently show a monotonic rise in sensitivity
with thickness towards a plateau, after which additional build adds stress and defects with
only marginal gain [38,42,67,68]. Design choices in this section are framed around reaching
that plateau with the least residual stress and the highest spectral stability.

3.1. Material Families and Functional Roles

Metals are the primary workhorse because they combine high thermal conductivity,
efficient strain transfer and robust attachment to glass. Nickel provides adhesion and
a useful barrier/capping function; copper increases sensitivity and heat conduction but
requires diffusion control at elevated temperatures; soft metals such as zinc, tin and indium
excel at cryogenic temperatures thanks to larger CTE and lower modulus. In practice,
duplex and multilayer stacks—e.g., Ni/Cu/Au or Ni — Zn—are adopted to balance
adhesion, diffusion control and thermo-mechanical performance across wide temperature
windows [27-31]. For deep-cryogenic operation, graded metallic stacks have demonstrated
higher stability under cycling than single-layer counterparts while maintaining strong
apparent slopes [29].

Polymeric overlayers (e.g., PMMA) can increase apparent sensitivity and ease cryo-
genic cycling but are limited by creep and upper-temperature stability [63,70]. Oxides and
nitrides (TiN, TiO,, ZnO) serve as chemically robust single layers or as thin barrier/cap lay-
ers that interrupt diffusion without imposing excessive stiffness; single-layer TiN deposited
by ion-beam sputtering has shown clean, near-linear cryogenic behavior [54,55,59,61]. Func-
tionally graded interlayers—such as Mo—Cu graded into an outer Ni coat—reduce residual
stress and have demonstrated survival under thermal shock while maintaining useful
slopes [46]. The broader literature on highly sensitive temperature-FBGs and nanostruc-
tured coatings reinforces these roles and clarifies the trade-offs between sensitivity and
transient response [7,33].

3.2. Thickness Dependence and Optimal Ranges

Sensitivity increases with coating thickness until a material-dependent plateau is
reached; beyond this knee, the gain per micrometer diminishes while residual stress,
roughness and crack initiation risks grow [38,42,67]. EL Ni-P studies, for example, report
slope growth from ~12 to ~19-20 pm/°C as thickness rises from ~1 to ~40 pm, followed
by saturation; a short post-anneal removes A(T) hysteresis (Section 3.4) [38,71]. PVD studies
show clear thickness trends for Cu up to ~0.76 um [72], and thick sputtered Cu films
can be pushed to tens of micrometers when protected by barriers/caps [64]. Duplex and
multilayer stacks exploit material synergy to reach the plateau at lower individual-layer
thicknesses, which reduces stress concentrations.

This plateau behavior is illustrated in Figure 3, which compares the sensitivity—
thickness relationship for representative metallic coatings.

The data consolidated in Figure 3 highlight the nonlinear dependence of nT on coating
thickness, revealing two distinct regimes. At small thicknesses (<5 pum), partial strain trans-
fer limits the apparent temperature sensitivity, and n' increases nearly linearly with thick-
ness. Beyond a critical or plateau value, nT saturates, indicating full thermo-mechanical
coupling between the coating and the silica substrate. This plateau typically occurs at
10-30 um for Ni-based or Cu-based layers, and at smaller values for Zn and Sn coatings
due to their lower elastic moduli and higher coefficients of thermal expansion. The satura-
tion trend reflects a balance between increased thermo-elastic amplification and the onset
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of residual stress, which can promote microcracking and spectral broadening if coating
thickness continues to increase [27,38,42,63,67,68].

3.3. Cryogenic Behavior and Transients

At <80K, soft-metal and Ni-based stacks typically raise apparent temperature sensitiv-
ity by ~1.5-5x relative to bare gratings, depending on metal and thickness [27,29,69]. This
gain comes with a transient-response penalty: metallic overcoats increase thermal mass
and often slow step response by about a factor of two under LN,-type profiles, an effect
highlighted in comparative thermal-sensing analyses [34,42]. Representative cryogenic sen-
sitivity multipliers for Ni, Cu, Zn, and Sn coatings are illustrated in Figure 4, highlighting
the enhanced apparent slopes relative to bare gratings (of apparent temperature sensitivity
relative to bare FBGs are shown for Ni (~2x [27]), Cu (~2.5% [29]), Zn (~3.5% [69]), and
Sn (~4x [57]) coatings). Reported behavior during cool-down can be mildly nonlinear,
with some rate dependence; qualification should therefore include dynamic as well as
quasi-static profiles [69]. Early high-field cryogenic tests also indicate that metal-coated
FBGs maintain function under strong magnetic fields, which is relevant to fusion and
accelerator environments.

5 . : ; .
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Figure 4. Representative enhancements of apparent temperature sensitivity relative to bare FBGs
are shown for Ni (~2x [27]), Cu (~2.5% [29]), Zn (~3.5x [69]), and Sn (~4X [57]) coatings. The
cryogenic sensitivity multiplier is equal to the bare FBG multiplied by a certain number. The trend
reflects the larger coefficients of thermal expansion and lower modulus of soft metals at cryogenic
temperatures. Literature-reported T multipliers for different coating materials and layer sequences.
These are representative trends that have been redrawn for greater clarity and do not represent raw
experimental data.

Figure 4 compares representative n7 multipliers obtained from different metallic
coatings and multilayer stacks. The results emphasize the strong influence of both the
metal’s intrinsic thermal expansion and the stacking sequence on sensitivity enhancement.
Zn- and Sn-based coatings provide the highest normalized sensitivities (nT ~ 2.5-5) at
cryogenic temperatures, whereas Ni- and Cu-based films yield smaller gains (nT ~ 1.2-2)
but superior mechanical and chemical stability. Multilayer and duplex designs, such as Ni
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— Zn or Ni/Sn, combine these effects, producing intermediate yet tunable responses. These
observations confirm that the coating’s thermo-mechanical properties and architecture can
be tailored to achieve a desired balance between sensitivity amplification and robustness—a
theme further analyzed in Sections 4—6.

3.4. Deposition Route, Microstructure, and Post-Treatments

The process route imprints microstructure and residual stress that strongly condition
spectral stability. After SnCl, — PdCl, activation, EL Ni-P provides a conformal con-
ductive seed at modest thermal budgets; it commonly exhibits A(T) hysteresis that brief
annealing (~300 °C, ~60 min) removes [38,63]. Electroplated Ni builds thickness efficiently
but absorbs hydrogen during deposition; a vacuum/thermal bake is required to stabilize
the spectrum and avoid embrittlement [40]. PVD routes (sputtering, evaporation, ion-beam
sputtering) deliver smooth seeds (Cr/Au, Ti) and functional films; ion-beam sputtered TiN
shows stable, near-linear cryogenic slopes [59]. With suitable barriers/caps, sputtered Cu
can be grown to substantial thickness and then cycled to high temperature and back to
cryo [64]. CVD/ALD oxides (TiO,, ZnO) offer conformal barriers and caps that reduce
oxidation and interdiffusion at modest temperatures [54,55,61]. Hybrid schemes—PVD
seed — electroplated Ni/Cu/Zn; regenerated gratings with Ti/Ag seed and Ni plating;
or graded Mo—Cu — Ni stacks—combine adhesion, sensitivity and stress management,
and show improved mid- to high-temperature performance with good model-experiment
agreement at the lower end [31,46]. EL nanometal strategies and low-coarsening Ni-P met-
allization recipes broaden the wet-chemical toolkit specifically for fiber geometries [62,73].
Head-to-head comparisons across Ni, Cu, Zn and duplex stacks underline that process
history governs the spread in reported gains as much as metallurgy itself [74].

3.5. Adhesion, Interfaces, and Seeding

Durable interfaces start with disciplined cleaning/etching and reliable seeding. The
fiber-appropriate standard is SnCl, (sensitization) — PdCl, (activation) — EL Ni-P; Tollens’
silvering and vacuum Cr/Au or Ti seeds are practical alternatives when chemistry or
equipment dictates [45,48,49]. EL growth on silicate substrates is sensitive to pH, complex-
ants and reducers; peel-test-oriented best practices on glass highlight the importance of
bath housekeeping and staged deposition [50,75]. On a cylindrical dielectric, uniformity
improves with rotation and gentle current-density ramps at plating start; staged builds
preserve smooth interfaces and avoid stress concentrators [39,51].

3.6. High-Temperature Stability, Diffusion, and Barriers

At elevated temperature, Cu/Ni interdiffusion and oxidation dominate drift and me-
chanical degradation. Multilayer Ni/Cu/Au stacks maintain repeatable slopes to ~1000 °C
under cycling when diffusion paths are interrupted and hydrogen introduced during plat-
ing is removed beforehand [30,42]. Duplex Cu/Ni stacks are prone to Kirkendall voiding
above ~700-1010 °C unless buffered; barrier and cap layers, together with appropriate
thermal budgets, mitigate this risk. Regenerated gratings with Ti-Ag—Ni stacks perform
to ~600 °C with model-experiment agreement in the lower range [31]. Sputtered-Cu
systems subjected to high-temperature treatment can retain integrity on return to cryo
when barriers/caps are engineered correctly [64]. Figure 5 summarizes these comparative
limits, contrasting the maximum stable operating temperature of single Ni and Cu coat-
ings with that of Ni/Cu/Au multilayer stacks. Broader comparative evaluations concur
that multilayer designs with explicit barriers and caps outperform single-metal coats as
temperature rises [74].
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Figure 5. High-temperature stability of coated FBGs. Representative stability limits reported in
the literature: single Ni coatings are stable up to ~700 °C before drift and embrittlement [30,40];
single Cu coatings degrade above ~600 °C unless capped [31]; Ni/Cu/Au multilayer stacks, with
diffusion barriers, maintain integrity and repeatable slopes to ~1000 °C under cycling [64]. Data were
consolidated from the indicated bibliographic references. These are representative trends that have
been redrawn for greater clarity and do not represent raw experimental data.

3.7. Practical Selection Rules

Method selection should be driven by the target environment and the thickness—
sensitivity plateau. For cryogenic service, soft metals or Ni-based duplexes (e.g., Ni — Zn)
are favored for high apparent slopes; transient-response penalties should be anticipated
and, where necessary, mitigated by thinner, higher-modulus caps or partially metalized
geometries [27,29,34,41]. For high-temperature operation (>600-1000 °C), multilayers
with explicit barrier and cap layers (e.g., Ni/Cu/Au) are preferred to suppress diffusion
and oxidation; hydrogen removal after plating is mandatory, and dwell at the highest
temperatures should be limited or buffered [30,31,40]. Thickness should be allocated to
reach the plateau without over-thickening any single constituent; modeling trends and Ni-P
thickness studies provide practical guidance [38,42,67]. Interfaces should be engineered
with proven seeds (Sn — Pd — EL Ni-P, or Ag/Cr—-Au/Ti where appropriate), smooth
transitions, staged builds and rotation for uniformity [39,45,48,49,51]. Here, diffusion
control or stress relief is required; thin TiN/oxide caps, noble-metal barriers, or graded
Mo—Cu interlayers are effective [46,54,59]. With these rules, stacks can be tailored to deliver
the desired sensitivity while preserving spectral quality and durability across the intended
temperature window.

4. Deposition Techniques

Coatings for FBGs are produced by a small set of process families whose physics
shape adhesion, stress, microstructure, and, ultimately, spectral stability. For clarity, meth-
ods are grouped as top-down physical-vapor deposition (PVD), bottom-up CVD/ALD,
wet-chemical routes (EL and ED), hybrid flows that combine these, and fusion-based ap-
proaches for direct integration into metals. This organization follows established thin-film
taxonomies and usage across the optical-fiber literature and process primers [32-34,40].
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4.1. Top-Down: PVD

PVD methods—magnetron sputtering, ion-beam sputtering and thermal/e-beam
evaporation—provide dense, well-controlled films with good thickness uniformity along
the fiber and around the grating region. They are widely used to create seeds that pro-
mote adhesion and conductivity before plating (e.g., Cr/Au or Ti), but they can also
deliver functional single layers and multilayers in their own right [31,45]. Technique choice
and parameters (pressure, power, gas, motion) govern intrinsic stress and microstruc-
ture; compressive stress from energetic bombardment improves density but can aggravate
curvature-induced strain on cylindrical substrates if unmanaged. Single-layer TiN by
ion-beam sputtering illustrates a PVD-only sensing coat, yielding a near-linear cryogenic
slope of ~10.7 pm/°C from 25 to —195 °C with strong chemical robustness [59]. Copper
sputtering has been used as both a stand-alone sensing layer and a constituent of mul-
tilayers; thickness-dependent gains are reported up to ~0.76 um in simple studies [72],
while thick magnetron Cu films (=20 um) have endured high-temperature treatments and
subsequently operated down to 4.2 K when diffusion is actively managed by barrier or
cap layers [43]. For high-temperature operation, multilayer Ni/Cu/Au stacks combine
adhesion, conduction and diffusion control and have demonstrated repeatable slopes under
cycling towards ~1000 °C when interfaces block interdiffusion pathways [30]. Cathodic-arc
sources, though highly ionized, can eject macroparticles that seed roughness unless filtered
or steered; magnetron and ion-beam sputtering therefore remain defaults for smooth films
on fibers [60].

4.2. Bottom-Up: CVD and ALD

CVD and especially ALD are used to form conformal oxide caps and barriers at modest
temperatures. Thin ZnO and TiO, on fiber geometries have shown stable thermal responses
and illustrate the utility of conformal growth on curved substrates [54,55,61]. Growth rates
are lower than in PVD and plating, but the conformality and stoichiometric control of
CVD/ALD make them attractive for diffusion-barrier or oxidation-resistant over-layers
above metallic stacks, or as adhesion-promoting primers when used thin enough to avoid
excessive stiffness.

4.3. Wet-Chemical Routes: EL and ED

Wet-chemical methods dominate when thick, conformal metal builds are needed at
low thermal budgets. A widely adopted workflow is SnCl, — PdCl, activation on silica,
deposition of an EL Ni-P seed, and ED of the target metal to the desired thickness. [48]. This
route is attractive because the seed forms at a relatively low temperature and the subsequent
ED step scales efficiently. Fiber-specific re-coating and metallization methods—including
Tollens’ silvering, tailored EL nanometal approaches, and Ni-P metallization without fiber
coarsening—expand the toolbox and provide practical bath windows and housekeeping
guidance for cylindrical dielectrics [52,62,64,76]. Two post-treatments are essential for
spectral stability: a short anneal removes A(T) hysteresis in Ni-P, and a vacuum/thermal
bake after Ni ED outgasses hydrogen that would otherwise cause slow drift or embrit-
tlement during cycling [38,41]. These wet-chemical routes underpin many cryo-oriented
stacks. Comparative tests under dynamic cooling show metal coats raise the apparent
cryogenic slope relative to bare gratings, with typical multipliers of ~1.5x (Ni), ~2x
(Cu), ~2.5x% (Zn) and ~3x (Sn), albeit with some rate-dependence during cool-down [69].
Ni — Zn combinations (EL Ni seed followed by Zn ED) and related zinc routes—derived
from sputter-seeded or EL seeds—have been validated for low-temperature sensitivity
and durability, with recipe control important to maintain Ay stability [29,57,58]. Where
mechanical integration is desired, ED can be used to surface-mount FBGs directly onto
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metallic substrates, achieving linear slopes (~30.7 pm/°C) and survival to high temper-
atures before the joint fails; in these cases, the interface—not the grating—becomes the
limiting element [77]. As with any galvanic process on small cylinders, uniformity benefits
from fiber rotation and gentle current-density ramps at the start of each run; staged EL
builds with spectral quality assurance (QA) checkpoints prevent roughness and voiding
that accumulate during long single immersions [39].

4.4. Hybrid and Combination Strategies

Combining PVD with plating, or mixing metals in duplex and multilayer stacks,
allows sensitivity targets to be met while controlling diffusion and stress. A graded metal
approach tailored for cryogenic service offers a complementary path to sensitivity and
reliability without over-thick single layers [32]. Cross-study comparisons further confirm
the duplex/multilayer advantage and highlight the importance of disciplined seeding and
post-treatments [74]. A representative approach is a PVD seed (Ti or noble metal) followed
by electroplated Ni, which provides adhesion and rapid thickness build; regenerated
gratings with Ti/Ag seeds — Ni plating exemplifies improved mid- to high-temperature
performance with model-experiment agreement at the lower end of the range [32]. Duplex
Ni/Cu stacks are widely reported; an etchless Cu seed plus Ni plate improves slope and
repeatability over Ni-only coatings in the 30-100 °C range [63], while Ni — Zn provides a
robust cryogenic path with central-wavelength stability managed by recipe control [29,57].
For very high temperatures, Ni/Cu/Au multilayers use Ni as a barrier/base, Cu for
conduction and sensitivity, and Au as a cap to limit oxidation and outward diffusion; careful
interface control and post-plating hydrogen removal are prerequisites for stability towards
~1000 °C [30]. Residual-stress management improves further with functionally graded
interlayers. A Mo—Cu gradient beneath an outer Ni coat reduces stress concentrations
and has demonstrated survival under thermal shock up to ~800 °C with slopes around
15 pm/°C [46]. Such graded stacks are particularly valuable when embedding in metallic
hosts or when repeated high-temperature cycles are expected. Beyond the coating stacks
themselves, broader compilations of metallic-coating effects at cryogenic temperatures
confirm the thickness sensitivity and transient trends summarized here and help prioritize
metals for duplexes [53].

In Section 6, Table 5 summarizes the relative merits of these process families in terms
of achievable thickness, conformality, growth rate, and process complexity. It serves as a
compact technical data sheet for coated FBGs.

4.5. Fusion-Based Approaches and Integration into Metals

A complementary path is to integrate the grating directly into a metallic component.
Casting experiments embedding FBGs in aluminum alloys have shown reproducible axial
response and negligible hysteresis when the grating is appropriately prepared and posi-
tioned, confirming the feasibility of fusion-based integration for structural applications [78].
Thick-metal builds on long-period gratings illustrate the stress pitfalls of very heavy de-
posits and motivate staged growth and stress-relief steps for any fiber-based structure [47].
Looking forward, kinetic (cold) spray—a solid-state deposition process with high rates—
offers a potential route to metal over-jackets or ex situ metallization of carriers that hold
the FBG, though direct application to bare fibers demands careful control of particle impact
to avoid damage [56].

5. Surface Preparation and Activation

Reliable coatings on silica fibers start with disciplined surface preparation. Residual
polymer, drawing lubricants and handling films impede adhesion and must be removed be-
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fore metallization. A typical sequence begins with solvent cleaning (acetone or isopropanol
with brief ultrasonics), followed by a mild chemical etch to activate the silica surface; dilute
mineral acids or alkalis are selected to suit the downstream chemistry, with thorough de-
ionized rinsing between stages to prevent cross-contamination. Excessive etching increases
flaw size and should be avoided on sensing sections. The aim is a clean, lightly roughened
surface that promotes nucleation without compromising fiber strength. General thin-film
practice notes on stress and roughness control complement these steps and are particularly
relevant on cylindrical substrates [48,63]. Activation of the glass for EL deposition is most
commonly achieved with SnCl, sensitization followed by PdCl, activation. Tin(II) species
adsorb on silica and reduce palladium in situ, leaving catalytic Pd’ sites that initiate au-
tocatalytic growth in the EL bath. Rinses between SnCl, and PdCl, are critical; chloride
carry-over into the Ni-P bath degrades deposit quality. Alternative seeds are useful when
chemistry or equipment dictates the following: Tollens’ silvering provides a rapid aqueous
conductive layer that can be over-plated immediately, and vacuum-deposited Cr/Au or Ti
seeds provide very smooth, adherent underlayers that are especially valuable when later
ED is planned [45,48,49,73,74,76]. For fibers that will receive thick metal builds, a conformal
EL Ni-P seed is widely used because it forms uniformly at modest temperature and pH,
wets glass well after Sn/Pd activation, and produces a conductive, mechanically robust
surface for subsequent ED. Operating near 90 °C and pH = 4.5-5.0 yields continuous films
with low porosity; bath aging and contamination are the usual causes of nodular growth
and must be monitored. Thickness should be accumulated in stages, with spectral checks
between stages, because single long immersions tend to raise internal stress and roughness;
practical studies on fibers show that pushing a single EL step beyond a few tenths of a
micrometer increases the risk of voiding and cracking [38,39,75]. EL Ni-P coatings also ex-
hibit A(T) hysteresis; short post-deposition annealing (=300 °C for ~60 min, inert/vacuum)
removes this effect and stabilizes the slope for subsequent cryogenic cycling [38]. Table 3
summarizes the main stages of this workflow, including representative parameters, qual-
ity checks, and references. It provides a structured overview of surface preparation and
activation for coated FBGs.

Once a conformal seed is in place, ED supplies thickness efficiently for Ni, Cu, Zn, Sn
and their combinations. Uniformity on a small cylinder is improved by rotating the fiber
and by using gentle current-density ramps at the start of each run to control nucleation
and minimize local heating. Chemistry dictates current density, additives and agitation;
for example, tin baths are commonly operated at 0.4-0.6 A dm~2 to mitigate whisker
formation without sacrificing rate, whereas Ni/Cu typically run at 1-5 A dm~2 depending
on geometry and agitation [48]. Because the current distribution is naturally non-uniform
around a dielectric cylinder, auxiliary electrodes and judicious anode—cathode spacing
help regularize the field. Spectral quality should be verified after each plating increment
before further build-up or metal changes are attempted. Table 4 summarizes representative
bath chemistry, current densities, temperatures, and agitation practices for these metals. It
serves as a quick reference for commonly used ED parameters in coated FBGs.

Two post-treatments are essential for spectral stability after wet metallization. EL
Ni-P requires the brief anneal mentioned above to remove hysteresis; electroplated Ni
(and, to a lesser extent, Cu) benefits from a vacuum or thermal bake to outgas hydrogen
absorbed during deposition. Without this step, slow spectral drift and embrittlement can
appear during subsequent cycling [41,73,78]. Where Cu/Ni stacks are used and high-
temperature exposure is anticipated, barrier or cap layers should be included to suppress
interdiffusion and oxidation, and the thermal budget of downstream processing should
be planned accordingly [30,38]. For zinc-containing stacks intended for cryogenic service,
recipe discipline is important to maintain central-wavelength stability across thermal



Coatings 2025, 15, 1268

18 of 26

cycles [29,57]. Fiber-specific re-coating and metallization procedures provide additional,
practical windows for activation, seeding and build without fiber coarsening [52,62,73,76].

Interface integrity is governed as much by process discipline as by materials choices.
Cleanliness between steps, controlled rinsing and bath-renewal schedules reduce partic-
ulate defects and pinholes that would otherwise seed delamination. When PVD seeds
are employed, magnetron or ion-beam sputtering is preferred for smooth films on fibers;
unfiltered cathodic-arc sources eject macroparticles that can imprint roughness and stress
concentrators unless they are filtered or steered appropriately [45,60]. Regardless of route,
in-process spectral QA—tracking Bragg-centroid position, FWHM and SNR before coat-
ing, after activation/seed, after each thickness increment, and after any post-treatment—
provides early warning of adhesion issues or stress build-up and allows recipes to be
corrected before the final build is committed. When coatings are intended to operate in
contact with hosts or joints, surface preparation must be coordinated with the packaging
route. Electroplated surface-mounted joints can bond fibers directly onto metallic substrates
and survive high temperatures before the joint fails; in such cases, the interface rather than
the grating becomes the limiting element [77]. Foundational studies of apparent strain,
temperature-strain discrimination and embedded configurations inform how to interpret
the coated sensor’s response when it is constrained by surrounding materials and how to
compensate or calibrate for these effects [79-83]. Broader compilations of metallic-coating
effects at cryogenic temperatures are consistent with the process-linked trends summarized
here and help prioritize metals and thickness allocations for cryogenic builds [53].

6. Comparative Synthesis and Qualification

Comparative evaluation of coating routes shows that performance is determined
as much by deposition method and process control as by material choice. Across EL,
electroplated, sputtered, and hybrid stacks, reported gains vary widely, but converging
patterns are clear [30,31,38,40,41,47,50,64,67,68,72]. Table 5 synthesizes these trends, com-
paring thickness range, conformality, growth rate, stress, and defect susceptibility for
the main families. Wet-chemical approaches, including EL Ni-P and ED of Ni, Cu, Zn,
or Sn, are efficient for building thickness at modest cost but require rigorous control of
bath composition, additives, and current density to avoid hydrogen uptake, roughness,
or coarsening [38,40,62].

Vacuum-based processes such as sputtering or ALD/CVD yield smoother, conformal
films and effective barrier/cap layers. TiN, TiO;, and ZnO grown by these methods show
stable performance under both cryogenic and high-temperature cycling [54,55,59,61]. Hy-
brid approaches—PVD seed plus electroplated builds, regenerated gratings with Ti-Ag-Ni,
or multilayer Ni/Cu/Au stacks—consistently extend stability and sensitivity by combining
adhesion, diffusion control, and bulk builds [30,31,47,50,64]. Qualification focuses on re-
producibility and stability under cycling. Metrics include slope repeatability, spectral drift,
SNR, FWHM, and hysteresis, with thresholds reported across cryogenic, high-temperature,
and radiation environments [27,29,34,41,44,69,80]. Table 6 consolidates tolerance ranges,
while Figure 5 illustrates the comparative high-temperature stability of single Ni, single
Cu, and Ni/Cu/Au multilayers, highlighting the importance of diffusion barriers and
hydrogen removal [30,31,42,64]. A recurring limitation in the literature is inconsistent
reporting of processing details such as activation, seeding, thickness allocation, and an-
nealing. Without this information, cross-study comparisons remain qualitative. To address
this gap, Table 7 proposes a per-specimen reporting template, aligned with best practices
from related sensor domains [39,50,60,75]. Adoption of such standards would enable re-
producibility, meta-analysis, and eventual benchmarking of coating performance across
laboratories. In synthesis, the comparative evidence underscores that multilayer and hy-
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brid stacks outperform single-metal coatings, but reliable qualification depends equally on
adherence to standardized metrics and reporting practices. Establishing these frameworks
is essential for advancing coated FBG technologies from experimental demonstrations to
deployable sensing solutions.

The comparative data in Tables 2-5 demonstrate that coating design and deposition
route exert a comparable influence on performance. EL-ED sequences typically deliver
higher nT at cryogenic conditions, whereas hybrid PVD-seeded routes offer better unifor-
mity and stability at high temperature. These trends are consistent with the thermal and
mechanical models introduced in Section 2, reinforcing the importance of tailoring both
material selection and process architecture.

To consolidate the comparative discussion above, Table 8 summarizes the main coating
families, their recommended application domains, and indicative accuracy ranges derived
from the reviewed literature. It classifies the main coating families used for FBGs and
summarizes their preferred application domains. Metallic and duplex coatings dominate
cryogenic and moderate-temperature operation owing to their high strain-transfer effi-
ciency, while ceramic and oxide films are preferred in high-temperature and oxidizing
environments. Hybrid and composite coatings extend durability by combining mechan-
ical and chemical protection. Reported normalized sensitivities (n") vary from ~1 for
polymeric layers up to &5 for optimized multilayers, corresponding to practical temper-
ature accuracies between £0.3 K and +1 K depending on calibration and interrogation
method. These comparisons provide a framework for selecting coating strategies according
to environmental constraints and accuracy targets.

7. Design Recommendations and Outlook

The literature converges on a practical principle. The best coated-FBG design reaches
the sensitivity plateau with minimal residual stress. It also suppresses diffusion and hydro-
gen effects that destabilize spectra. For deep-cryogenic service (<80 K), duplex designs that
pair a nickel base with a soft metal provide the clearest gains. Ni — Zn and Ni + Sn routes
consistently deliver large apparent-slope multipliers over bare fibers, provided recipes are
disciplined and central wavelength is stabilized across cycling [27,29,57,69]. The EL Ni-P
seed (after SnCl, — PdCl,) should be grown in staged dips, briefly annealed to remove A(T)
hysteresis, and then over-plated; any electroplated Ni requires a vacuum/thermal bake to
outgas hydrogen [38,40]. Cryogenic gains come with a transient penalty. Metal buildup
increases thermal mass, which can slow steps by about two times in representative systems.
Therefore, fast-transient applications may favor thinner, higher-modulus caps or partially
metalized geometries to recover response time [34,41]. When maximizing cryogenic slope
under aggressive cycling, graded metallic architectures are a practical alternative to very
thick single-metal layers [32]. Between 80 and 300 K, the emphasis shifts to balance. Duplex
Ni/Cu stacks combine nickel’s adhesion and barrier role with copper’s higher thermal
conductivity and expansion, meeting sensitivity targets at moderate total thickness. Where
fast transients dominate or chemical robustness is paramount, thin TiN (PVD) single layers
offer clean, near-linear cryogenic behavior with minimal mass penalty [59]. Diffusion
control should be planned even if nominal operation is below 573.15-673.15 K (300400 °C);
thin barriers or caps (e.g., TIN/oxides or Au) keep Cu/Ni interactions in check as tempera-
ture excursions increase [30,54,55,61]. For high-temperature regimes (600-1000 °C), failure
modes are set by interdiffusion and oxidation. Ni/Cu/Au multilayers—Ni as base/barrier,
Cu for conduction/sensitivity, Au as oxidation-resistant cap—are the most reliable pattern
in the literature, achieving repeatable slopes under cycling towards ~1273.15 K (1000 °C)
when diffusion paths are interrupted and when any hydrogen from wet metallization
is removed beforehand [30,40]. Regenerated gratings with Ti/Ag seeds and plated Ni
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perform into the mid-temperature range with model-experiment agreement at the lower
end [31]. Where thermal-shock or embedding is expected, functionally graded Mo—Cu —
Ni interlayers reduce residual-stress concentrations while maintaining useful slopes [46];
surface-mounted electroplated joints are viable for direct bonding to metal substrates, with
the joint often becoming the limiting element rather than the grating [77]. When gratings are
embedded or constrained by hosts, interpretation of the apparent temperature slope should
follow composite-beam logic rooted in foundational apparent-strain and discrimination
studies [47,56,78,79]. Two cross-cutting choices dominate outcomes across all windows.
First, thickness allocation: once the sensitivity-thickness curve approaches its knee, further
metal is better spent on stress management or barriers/caps than on chasing marginal slope
increases [38,42,67]. Second, process history: seeding, staged growth, and post-treatments
determine microstructure and residual stress and therefore spectral stability. Benchmark
comparisons emphasize that reported gains align when recipes, seeds and post-treatments
are standardized across studies [74]. Fiber-specific metallization methods (re-coating proce-
dures, EL nanometal strategies, fiber-safe Ni-P recipes) and general thin-film practice notes
are what make these designs reproducible across labs [35,48,52,62,73,76]. Field overviews
and cryogenic FBG surveys ensure the recommendations sit within the wider sensing land-
scape and application demands in aeronautics, energy and fusion [5-7,10,23-25]. Looking
forward, three directions are poised to have the biggest payoff. Response-time optimization
at low temperature—via thinner, higher-modulus caps, improved thermal pathways to
the host, or partial metallization—can capture sensitivity gain while recovering temporal
performance. Diffusion-aware design at the hot end—explicit barrier selections, noble
caps, and dwell-time limits for Cu/Ni interfaces—extends stability towards the top of
the range. And integration pathways that treat coatings and packaging together—graded
interlayers for embedded mounts, electroplated surface joints—shrink the gap between
laboratory coupons and deployable assemblies [46,77,78]. A disciplined reporting template
and acceptance bands will further improve comparability and accelerate recipe transfer be-
tween groups [2,3]. A standardized reporting format is needed to improve cross-laboratory
reproducibility. Table 7 provides an example of a log template for each specimen that
captures essential details from surface preparation through qualification. This enables
direct comparison of results across different coating routes and laboratories.

8. Conclusions and Outlook

A coherent picture emerges from the survey. Apparent temperature sensitivity in
coated FBGs increases with metal thickness and then saturates, so the most effective designs
reach a plateau with minimum residual stress and with diffusion and hydrogen effects
actively managed. In practice, this means distributing thickness across duplex or multilayer
stacks, engineering interfaces deliberately (SnCl, — PdCl, activation; EL Ni-P seed; smooth
PVD seeds where needed), and applying post-treatments—short annealing for EL Ni-P
and vacuum/thermal baking after ED—that erase process memory before qualification. For
deep cryogenic work, Ni combined with soft metals (Ni — Zn or Ni + 5n) yields the largest
slope multipliers, at the expense of a slower step response; recipe discipline is required to
stabilize central wavelengths across cycles. Between 80 and 300 K, duplex Ni/Cu provides
a balanced sensitivity—transient trade-off; thin TiN offers a fast-response and PVD-only al-
ternative with clean cryogenic behavior. At high temperature (600-1000 °C), failure modes
are diffusion and oxidation; Ni/Cu/Au multilayers with explicit Ni barriers and noble
caps enable repeatable slopes under cycling toward ~1000 °C, provided that the hydrogen
introduced during wet metallization is removed beforehand. When joining to or embed-
ding in metals, graded Mo—Cu — Ni interlayers control residual stress, and electroplated
surface-mounted joints shift the limiting element from the grating to the interface. Evi-
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dence syntheses focused on cryogenic-coated FBGs and on thermal-sensing performance
analyses corroborate the thickness—sensitivity and transient trends highlighted here. These
technical conclusions sit within a broader sensing context captured by field surveys and
overviews of optical-fiber sensors and networks. Application exemplars in aeronautics and
energy—including aeronautical SHM, conceptual cryogenic/energy systems and fusion
divertor monitoring—underscore the operational constraints that coatings help address.
Foundational studies on apparent strain and temperature—strain discrimination remain
central when interpreting coated FBGs in constrained or embedded configurations. General
thin-film /process primers and fiber-specific metallization playbooks (re-coating procedures,
EL nanometal strategies, fiber-safe Ni-P recipes) help transfer recipes between laboratories
and explain why apparently similar stacks can diverge without process discipline. A re-
cent cryogenic-FBG review further justifies the emphasis on coatings in low-temperature
regimes. The case for graded cryogenic stacks and the superiority of duplex/multilayer
strategies at elevated temperature is supported by both focused demonstrations and broad
comparative evaluations. Overall, hybrid route planning—PVD or EN seeding, electro-
plated builds, thin barriers/caps, and graded interlayers where needed—sits near the
Pareto front across cryogenic, ambient, and high-temperature windows. Standardizing
acceptance bands and adopting per-specimen logs will accelerate comparability and de-
ployment. The most promising near-term opportunities are (i) response-time optimization
at low temperature without surrendering sensitivity; (ii) diffusion-aware designs at the
hot end, with explicit dwell-time management for Cu/Ni interfaces; and (iii) integration-
first stacks that treat coatings and packaging as a single design object.

Recommendations for Coating Selection and Future Development

Based on the comparative analysis presented, the coating selection for FBGs should
primarily consider the operational environment and sensitivity required. Metallic coat-
ings (Ni, Cu, Al) are recommended for cryogenic and moderate-temperature sensing
due to their excellent strain-transfer efficiency, while duplex and multilayer systems
(Ni = Zn, Ni/Sn, Ni/Cu/Au) offer tunable thermal response and improved adhesion for
broader temperature spans. Ceramic and oxide coatings (Al;O3, SiO,, TiO;) remain the
best option for long-term, high-temperature, oxidizing environments, whereas hybrid or
composite stacks provide mechanical robustness and corrosion protection for embedded or
structural applications.

Future development should focus on scalable, precisely controlled deposition tech-
niques such as electrodeposition, ALD, and hybrid PVD/ED approaches to ensure unifor-
mity and reproducibility on optical fibers. Nanoscale interlayers and diffusion barriers are
essential for stress management and adhesion under thermal cycling. In parallel, integra-
tion with additive manufacturing and laser-assisted microdeposition could enable localized
reinforcement and multifunctional coatings. Combining these approaches with data-driven
optimization of process parameters can accelerate the transition toward next-generation
industrial FBG sensors with high reliability and adaptability for aerospace, energy, and
cryogenic applications.
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The following abbreviations are used in this manuscript:

ALD Atomic Layer Deposition

CTE Coefficient of Thermal Expansion
CVD Chemical Vapor Deposition

ED Electrodeposition

EL Electroless

FBG Fiber Bragg Grating

FWHM  Full-Width at Half Maximum
IBS Ion Beam Sputtering

ML Multilayer

PMMA  Poly(Methyl MethAcrylate)
PVD Physical Vapor Deposition
QA Quality Assurance

SNR Signal-to-Noise Ratio
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