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a b s t r a c t
Hydroxide-catalysis bonding is a powerful precision jointing technique. It is used to construct opto-mechanical
systems, e.g. in gravitational-wave detectors or satellite-based telescopes, and for optical applications such as
high-power laser-crystal assemblies or transmissive optical components. Here we present studies of the optical
absorption of such a bond over a period of 38 days after bonding. We ﬁnd signiﬁcant absorption at 1550 nm and
2000 nm, while it is negligible at 1064 nm. We show a factor of four reduction in absorption over the observed
period, which could increase the tolerable power in transmissive bonded optics. Based on the absorption ratio
found at diﬀerent wavelengths, we conclude that the absorption is most likely dominated by water migrating out
of the bond by two mechanisms.

1. Introduction
Hydroxide-catalysis bonding is a precision jointing technique,
which has been established for highly-specialized applications of optomechanical systems. It was ﬁrst developed, patented and applied by
Gwo [1–3] for the Gravity Probe B satellite mission [4] in which it was
used to join the telescope’s fused-silica components and optical bench together. The technique has also been used for the LISA pathﬁnder satellite
mission, which was a very successful technology demonstrator for the
planned space-based LISA gravitational-wave detector [5]. The mechanical properties of hydroxide-catalysis bonds are ideally suited for use in
precision applications, such as bonding fused-silica parts together or silica to Zerodur and, as recently shown, for bonding of phosphate glasses
[6]. Such bonds are suitable for applications in ultra-high vacuum and
at cryogenic temperatures, as well as being extremely strong and stable
[7].
Hydroxide-catalysis bonding has been further developed for the
quasi-monolithic fused-silica test-mass suspensions of ground-based
gravitational-wave detectors; ﬁrst for GEO600 [8,9] and then for Advanced LIGO [10,11] and Advanced virgo [12]. This bonding technique
was essential for the detectors to reach the sensitivity which enabled
the detection of gravitational-wave signals from several merging binary
black-hole systems [13–17] and a binary neutron-star system [18]. As
the bonds have a relatively high mechanical loss, the area of the bonds
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must be kept small in these precision measurement applications to prevent signiﬁcant thermal noise [19].
Hydroxide-catalysis bonds are also of interest for applications, in
which light is transmitted through the bond, such as crystal assemblies for high-power lasers [20,21] and in optical components for precision experiments [6]. It has been shown that hydroxide-catalysis
bonds between fused-silica components have low reﬂectivity of < 10−3
[21,22] and a high laser-damage threshold [21], which is essential for
many applications. In components like wave plates, which are composed
of diﬀerent materials with diﬀerent properties, the damage threshold is
dominated by heating due to optical absorption. While the absorption
of the materials is well known and optimized for the component’s design wavelength, the optical absorption of the bond layer between the
materials has to be investigated.
In this paper the ﬁrst measurement of the optical absorption of such
bonds at several diﬀerent infrared wavelengths is presented. An area
of 15 mm × 15 mm, approximately in the center of the sample, was
mapped in steps of 0.2 mm. While the absorption at 1064 nm was found
to be too low to be easily measured accurately, the absorption at wavelengths of 1550 nm and 2000 nm was observed from one day to 38 days
after bonding, showing a reduction in absorption by more than 70% on
day 38 compared to the ﬁrst measurement one day after bonding. The
reduction in absorption appears to be the sum of two exponential decay
processes, which is analyzed as a function of position on the bonded
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area. Analysis of the wavelength dependence of the absorption provides
evidence that water migrating out of the bond may be responsible for
the change in absorption observed.

possibly as high as 500 nm immediately after bonding [22], it seems
unlikely that any variation in the surface roughness or ﬂatness at this
level will have a signiﬁcant impact on the absorption measured in the
bond.
The bonding solution was prepared by mixing one part (volumetrically) of sodium-silicate solution (Sigma Aldrich 338443) and six parts
of reverse osmosis water of 18 MΩ resistance. The bonding solution was
shaken, centrifuged and ﬁltered with a 0.2 μ m medical ﬁlter to ensure
that no large particulates were present. Prior to bonding, the samples
were cleaned using cerium-oxide paste and sodium-bicarbonate paste,
and rinsed with methanol of 99.9% purity – a procedure used commonly
[29,30].
Immediately before bonding, the samples were wiped with 99.9%
pure methanol one more time and inspected carefully for surface defects
and contaminants. 4.0 μ l of bonding solution (0.8 μ l/cm2 – chosen to
be the same as used for aLIGO [31]) was then deposited on one of the
substrates. The other substrate was placed carefully on top. The bonded
sample was left un-touched to cure for one day.

2. Bonding procedure

3. Optical absorption measurements

This section gives a brief introduction to the chemistry of hydroxidecatalysis bonds and describes the procedure used to create the bonded
sample studied here.

In this section the method for measuring the optical absorption of
the bond is explained and the results are presented.

Fig. 1. Surface maps of the bonding surfaces of (a) substrate 1 and (b) substrate
2, showing the PV ﬂatness of the substrates.

2.1. Hydroxide-catalysis bonding
The chemistry of hydroxide-catalysis bonding is described in detail
in many papers [23–26]. In essence, a hydroxide solution of some form
(e.g. sodium silicate or potassium hydroxide) etches into the surfaces to
be bonded. This releases silicate molecules, resulting in a pH decrease
of the solution. This enables the silicate molecules to form long siloxane chains, ultimately resulting in a chemical bond between the two
surfaces. Water is produced as a by-product of this reaction. After the
initial bond is made, the water slowly migrates out of the bond layer,
either through evaporation at the edges of the bond or through migration into the substrates. Joints can be made between any silica-based
materials [1,2], and other oxides (though these may beneﬁt from added
silicate molecules to the solution) [27,28]. This bonding technique is
highly reliable in terms of reproducibility and strength, as long as the
surfaces to be joined are extremely clean and hydrophillic at the time
of bonding [20].
2.2. Sample preparation
A hydroxide-catalysis bond was made between two Corning 7979
fused silica discs, 25 mm in diameter and 6.35 mm thick. This material has low optical absorption in the infrared due to low OH content.1
At 1064 and 1550 nm, the absorption is below the measurable level,
while at 2000 nm the absorption is at a measurable level, but negligible
compared to the absorption of the bond (see Section 3.3.1).
The peak-to-valley (PV) ﬂatness of the bonding surfaces of the substrates was measured using a Zygo interferometer2 at 633 nm. Both substrates had a convex and axisymmetric shape with an overall ﬂatness of
95 nm (with the outer 0.25 mm trimmed oﬀ the measurement), as shown
in Fig. 1. For both substrates, the central area with a diameter of 19 mm
has a PV ﬂatness of less than 30 nm. Flatness of the bonded surfaces is
important to produce strong, reliable bonds with a uniform bond thickness. At the centre of the samples, where the bond absorption was measured, the bonding surfaces have a total PV ﬂatness of ∼ 30 nm, and the
rms ﬂatness of the surfaces (equivalent to the roughness) is ∼ 12 nm.
Since the bond thickness is expected to be greater than 100 nm, and
1
2

https://tinyurl.com/ybu4htbt.
http://www.zygo.com/?/met/interferometers/gpi/.

3.1. Measurement method
The optical absorption of the bond layer was measured using photothermal common-path interferometry [32]. In this technique, a pump
beam of high power at the wavelength of interest is used to heat the
sample via optical absorption. A probe beam of larger radius and lower
power is used to measure the thermal eﬀect in the sample.
Absorption of the pump beam induces a thermal lens in the material. The part of the probe beam that passes through the thermal lens
interferes with the part of the probe beam that is unaﬀected by the thermal lens. The resulting interference pattern causes a signal proportional
to the absorbed pump power. Comparison to a suitable calibration substrate of known absorption allows this signal to be converted into an
absorption.
The time delay in the response of the sample to the heating contains
information about the thermal diﬀusivity of the sample. This delay is
measured as the phase of our absorption signal. Here, in the case of a
thin bond, heat conducts rapidly into the surrounding material and the
majority of the signal arises in the (comparatively thick) fused-silica regions close to the bond. The phase is therefore expected to correspond
to the thermal diﬀusivity of fused silica. The absorption of the silica
substrates is low in comparison to the bond, and any contribution of
the substrate to the measured absorption of the bond is expected to be
small in comparison to the error bars. The absorption of a sample can
be mapped in two dimensions by moving the sample with respect to
the crossing point of the pump and probe beams. The beams cross at
a small angle, producing a spatial resolution in the longitudinal direction of approximately 0.5 mm. In the lateral directions, the resolution
is determined by the chosen step-size, which is 0.2 mm in this case.
The absorption was measured over a period of 38 days after the samples were bonded. Most of these measurements were made at 1550 nm.
However, the wavelength dependence of the absorption is of interest
and some measurements at 1064 nm and 2000 nm were also carried
out. A pump-beam waist of 35 μ m was used, with the average laser
power being ≈ 300 mW. For all measurements, a 1620 nm probe beam
of waist 115 μ m was used.
3.2. Measurement results
The optical absorption of the bond was measured over an area of the
sample of 15 mm by 15 mm, in steps of 0.2 mm. A series of maps of the

I.W. Martin, J. Steinlechner and A.A. van Veggel et al.

Materialia 6 (2019) 100331

Fig. 2. Maps of the optical absorption of the
bond on various days after bonding. The absorption is given in ppm (10−6 ) per complete
bond layer. (Absorption maps measured for
days 23, 29 and 38 were omitted, as they appear very similar to the eye to the map for
day 20.) The measured area was approximately
centered in the 1” diameter sample.

absorption at 1550 nm was made over a period of 38 days after the samples were bonded, as shown in Fig. 2. Measurements were taken daily
for the ﬁrst 6 days as during this period the absorption was observed
to decrease rapidly. Thereafter, where the absorption decreased more
slowly, longer measurement intervals were used.
The absorption was found to vary signiﬁcantly across the measured
area of the sample, with values on the ﬁrst day ranging from around
300 ppm close to the center of the measured region to around 75 ppm
in one corner of the region. A linear feature was observed in many of
the absorption maps (a horizontal line at a y-position of approximately
11 mm, which moves to approximately 7 mm between days 8 and 10).
It is interesting to note that the feature is parallel to one of the axes
on which the sample was translated, and it seems likely that it may
be an artefact of the sample translation, or perhaps of sample storage
orientation. However, this feature has no signiﬁcant eﬀect on the average absorption of the measured area. Some scattered points with lower
absorption were also reproducibly measured close to the centre of the
mapped region, which are consistent with observed air bubbles in the
bond.

3.3. Measurement analysis
In this section we calculate the average absorption of the measurement region and analyse the time and spatial dependence of the measured absorption.
3.3.1. Decay of the average absorption
To obtain a comparable measure for each day, the mean absorption
and standard deviation (which represents the spread of the absorption)
over the entire measurement region was calculated for each map.
When calculating this average, only absorption values which had a
realistic corresponding phase value between −80∘ and −30∘ were taken
into account. The phase gives information about the thermal response
of a particular point in the sample when it is heated. This thermal response is used in converting the measured signal into an absorption
value. Points giving the ‘wrong’ phase have a diﬀerent response and
thus cannot be converted reliably into an absorption value. One possible reason for a unexpected phase values could be a poor thermal contact between the bond and the substrates [33], perhaps caused by the
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Fig. 3. Plot of the decay of the average absorption over the measurement region
with time at 1550 nm and 2000 nm. For completeness, the one measurement
taken at 1064 nm is included. The two exponential functions, and their sum,
used to ﬁt the 1550 nm data are also shown.

bubbles observed close to the center of the measured region, or areas of
larger than average separation between the substrates.
The time evolution of the average absorption is shown in Fig. 3. The
absorption decreased rapidly over the ﬁrst 8 to 10 days after bonding,
from an initial value of (163 ± 43) ppm at 1550 nm to (63 ± 24) ppm on
day 13, and continued to decrease at a lower rate until the ﬁnal measurement of (46 ± 16) ppm, 38 days after bonding. The time dependence
of the absorption was ﬁtted with a sum of two exponential decays, of
the form
𝛼 = 𝑖𝑒𝑗𝑡 + 𝑘𝑒𝑙𝑡 ,

(1)

where 𝛼 is the absorption of the bond layer, t is the time in days, and
i and k are ﬁt parameters corresponding to the initial value of the absorption for the two decays and j and l are the corresponding exponential decay constants. The ﬁt is shown in Fig. 3 with 𝑖 = 134.9 and
𝑗 = −2.5 × 10−1 for the ﬁrst decay and 𝑘 = 62.5 and 𝑙 = −5.8 × 10−3 for
the second decay. Based on this equation, we can conclude back to an
average absorption of 197 ppm on day 0 – directly after bonding.
While this study focused primarily on the absorption at 1550 nm,
some measurements at 1064 nm and at 2000 nm were also carried out
and the average absorption is shown in Fig. 3. On this scale, the background absorption of the substrates at 2000 nm was less than 8 ppm.
Measurements taken at all three wavelengths on day 3 show that the
absorption at 1064 nm is a factor of ∼ 80 lower than the absorption at
1550 nm, while the absorption at 2000 nm is a factor of ∼ 5 higher than
the 1550 nm value. The measurement at 1064 nm was limited by noise,
and it was therefore not possible to observe any further absorption decrease at this wavelength. Absorption maps at 2000 nm were measured
on several other days and the relative change in absorption at 1550 nm
and at 2000 nm was found to be identical throughout the measurement
series, as shown in Fig. 4.
The measured change in optical absorption of hydroxide catalysis
bonds is in broad agreement with past research of the evolution of other
bond material properties such as reﬂectivity, index of refraction, bond
thickness and strength [22,34]. The strength of newly formed bonds
between fused silica substrates, as well as between sapphire and silicon
substrates, was found to decrease slightly during the ﬁrst few weeks after
bonding, then stabilize at or above 15 MPa [34]. It has been suggested
that the appearance of additional hydrogen bonds between the water
molecules and the bond substrates during the initial bond formation
leads to this trend, as the number of hydrogen bonds decreases and then
disappears over time as the water migrates out of the bond. These results
are correlated with other studies completed on the evolution of bond

Fig. 4. Plot of the absorption against time for 1550 nm and 2000 nm, normalized to the absorption values on the 3rd day after bonding, which was the ﬁrst
day for which data at 2000 nm was available.

reﬂectivity, index of refraction, and bond thickness over similar time
scales, which have indicated a initially rapid rate of change during the
ﬁrst weeks after bonding [22].
3.3.2. Spatial dependence of the absorption decay
In this section, we study the spatial dependence of the absorption in
more detail. Fig. 3 suggests that there are two parts to the decay of the
average absorption: a more rapid decay, which dominates the average
absorption change in the ﬁrst few days, and a slower decay, which fully
dominates the average absorption change after day 13 ( < 10 % contribution of the ﬁrst decay to the total absorption). Between days 4 and
10, there are signiﬁcant contributions from both of the decays. Given the
large spatial variation in the absorption, it was of interest to examine
the time-evolution of the absorption at every measurement point more
closely.
The time-dependent absorption for every measurement point was
ﬁtted with a sum of two exponential decays – as done in Fig. 3 for the
average absorption. Fig. 5 shows the results of these ﬁts as listed below.
• (a) Shows the total absorption at day 0 (sum of ﬁt parameters i and
k).
• (b) Shows the ﬁt parameter i, the initial absorption of the more rapid
decay process.
• (c) Shows the exponential decay constant j of this decay.
• (d) Shows the total absorption (sum of i and k) for day 13.
• (e) Shows ﬁt parameter k, the initial absorption of the slower decay.
• (f) Shows the exponential decay constant l of this decay.
Fig. 3 (c) and (f) provides a convenient way to look at the rate of change
of absorption across the measured area.
Fig. 5(b) and (c) shows the ﬁt parameters for the more rapid decay, which dominates the absorption reduction for the ﬁrst few days after bonding. For this decay, the absorption can be seen to reduce more
slowly in the higher-absorbing regions close to the center of the measured area, and more quickly in the lower-absorbing regions close to the
edges of the measured area. A particularly rapid decay was observed in
the top left of the area.
Fig. 5(e) and (f) shows the ﬁt parameters for the slower decay, which
dominates the absorption reduction from day 13 onwards. The spatial
dependence of the rate of change (Fig. 5(f)) is more uniform than for the
other decay (Fig. 5(c)). However, the absorption decay is slower around
the edges of the area where the absorption is lower, and faster in the
middle of the area where the absorption is higher.
It is interesting to note that the two decays show opposite trends,
with the rapid decay particularly aﬀecting the lower-absorbing areas
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Fig. 5. Maps obtained from ﬁtting a double-exponential decay (see Eq. 1) to the time-dependence of the absorption of every measurement point. (a) shows the total
absorption (sum of ﬁt parameters i and k) extrapolating Fig. 2 to day 0, i.e. right after bonding. (b) shows the ﬁt parameter i, the initial absorption of the more rapid
decay process (see Fig. 3) and (c) shows the exponential decay constant j of this decay. (d) shows the total absorption (sum of i and k) for day 13, at which the more
rapid decay starts to be negligible ( < 10 % contribution). (e) shows ﬁt parameter k, the initial absorption of the slower decay, and (f) shows the exponential decay
constant l of this decay. (Note that the two decay plots do not have the same colour key.)

near the edges and the slower decay particularly aﬀecting the higherabsorbing region in the middle of the sample. Note that the diﬀerence
in decay rate between the two decays is much larger close to the edges
than in the middle.

3.4. Discussion of the absorption results
Past research has shown that the material properties of bonds such as
strength, reﬂectivity, refractive index and thickness change over time,
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stabilising as the bond cures. This is most likely due to the migration of
the water initially present in the bonds [22,35].
The absorption ratio at the wavelengths investigated here is in good
agreement with water absorption in the literature. The ratio of water
absorption is ≈ 74 between 1064 nm and 1550 nm and ≈ 6 between
1550 nm and 2000 nm [36] compared to a factor of 82 and a factor of
5 in our bond absorption measurements. We conclude that the initial
absorption is likely to be related to the water content of the bond, with
the observed rapid decay being related to the water diﬀusing out of the
bonded area.
There are two possible explanations of the slower decay shown in
Fig. 3. The ﬁrst is that another absorption process is present, which
becomes dominant when the water content has dropped suﬃciently, e.g.
the absorption becomes limited by the bond material itself, which is still
slowly curing with time. A diﬀerent hypothesis is that both decays can be
explained by water absorption. The ratio of the absorption at 1550 nm
and at 2000 nm does not vary signiﬁcantly over time (see Fig. 4). It
seems unlikely that diﬀerent absorption processes would have identical
wavelength dependence, indicating that the same process is responsible
for the absorption throughout the measurement series.
Fig. 5(c) shows that the lower-absorbing outer regions initially show
the most rapid decay j. This is possibly related to the water migrating out of the bond faster close to the edges of the sample than in the
middle. However, closer to the centre, less water migrates towards the
edges, resulting in smaller values of j. At the same time, water can also
migrate into the more resistant silica substrates, resulting in the underlying slower decay l (see Fig. 5(f)).
As the bond cures, it’s resistance to water migration increases. Now
the slower decay describing water migration into the substrate starts
dominating. In the higher-absorbing centre, where the water content is
high, the decay constant l is larger than in the lower-absorbing outer
regions, as expected.
4. Conclusion
The time-dependence of the optical absorption of a hydroxidecatalyis bond between two fused silica samples at 1550 nm and at
2000 nm was measured. After three days, the absorption was also measured at 1064 nm. From the measurements at the diﬀerent wavelengths
we conclude that water is responsible for the absorption.
The absorption can be described as the sum of two exponentials decaying with time. Over the ﬁrst 13 days, the absorption reduces rapidly
by a factor of ≈ 3. As bonded optics are particularly sensitive to laser
damage due to absorption, this would increase the tolerable power in
a transmissive optic by the same factor. By the end of our observation
period of 38 days, this factor had increased to ≈ 4. Assuming this trend
in decay continues, then the tolerable power would increase by a factor
of 6 after 100 days and by a factor of 26 after a year.
From the spatial dependence of the absorption decay, we conclude
that two water-migration processes contribute to the absorption decrease: a more rapid one due to migration out of the edges of the sample
and a slower one due to migration into the fused silica substrates.
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