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Rare-Earth-Doped Y2SiO5 Crystal Directly Bonded on Glass
for Efficient Optical Quantum Technologies Platform

Anne Talneau,* Sacha Welinski, and Alban Ferrier

1. Introduction

Quantum memories are a key element for optical quantum
communications. Quantum memories based on rare-earth-
doped crystals offer long optical coherence lifetimes and stable
operation at very low temperature (3- 4 K).[1–3] Current devices
suffer from a storage reduced efficiency related to the weak inter-
action between the light and the active ions. Bonding the REC on
a lower-refractive-index glass substrate and etching waveguides
on the REC bonded membrane would allow building a photonic
integrated platform where the increased interaction with
the active ions will translate into better efficiency. Moreover,
this scalable and versatile integrated photonic platform will
allow developing new compact building blocks with extended

functionalities such as fiber-integrated
quantummemories or microwave-to-optics
photon transductors.

Yttrium orthosilicate crystal Y2SiO5-
doped Er3+ (Er:YSO) has been chosen
due to its optimal low noise properties,
allowing very large coherence lifetime.[3–5]

Direct molecular bonding is the best
bonding choice for elaborating a photonic
platform, leading to the maximal interac-
tion of the guided mode with the REC
material and compatible with the low-
temperature operation. On the contrary,

if a bonding agent would be included as an interstitial layer at
the interface, this thicker interface will translate in a reduced
interaction of the guided mode with the REC and the included
bonding agent could degrade the operating mechanism at very
low temperature.

Direct molecular bonding is performed at a temperature
chosen in order to reconstruct chemical bonds at the interface
of the two materials. YSO being a very stable crystal, the main
concern for choosing the bonding temperature will be driven
by the D263 glass material. The glass transition temperature
Tg is one of the main parameters that describes the structural
behavior of a glass material. We will consider Tg for the
discussion of the results proposed in this article.

2. Bonded Materials

The yttrium orthosilicate Y2SiO5-doped Er3+ (Er:YSO) crystal is a
very stable crystal elaborated from the melt by the Czochralski
method,[5] at temperature above 1200 °C.

The glass material choice has been dictated by the thermal
behavior compatibility of both materials: one consideration is
the low-temperature operation of the hybrid platform in the
3–4 K range and the second one is the bonding procedure
requiring annealing for covalent bonds generation. For the best
behavior in these 2 situations, both materials should have a coef-
ficient of thermal expansion (CTE) as close as possible one from
the other. The YSO CTE being= 7.4� 10�6 °C�1, we have cho-
sen the D 263 T borosilicate glass from Schott, which has a CTE
(D263)= 7.2� 10�6 °C�1,[6] very close to the CTE of YSO.

The D263 T is a borosilicate glass. Compared to pure silica
glass having a very high glass transformation temperature Tg
in the range of 1700 °C, adding boron to silica glass, generating
a borosilicate glass enables reducing its Tg; the larger the B2O3

concentration the larger the Tg reduction.
[7,8] The D263 borosili-

cate glass includes as its main composers SiO2, B2O3, and Na2O,
B and Si being the network formers and the alkaline element Na
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For high-efficiency optical quantum technology platforms, bonding rare-earth
doped crystals on glass are of great interest, enabling the enhancement of the
optical guided mode interaction with the active rare-earth ions. Optical coherence
lifetimes and stable operation are operated at very low temperature (3–4 K).
Bonding should be preferably performed without adding any intermediate
sticking layer in order not to hamper the optical mode distribution and propa-
gation. Directly bonded Y2SiO5 crystal on a borosilicate glass is shown and the
bonding mechanisms are discussed.
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being a network modifier. No glass composition is provided by
Schott in the D263 datasheet.[6] Related to the provided Tg value,
Tg= 557 °C.[6] We tentatively infer its composition to be close to
the following proportions: SiO2≈60%, B2O3≈20%, and the soda
proportion Na2O being the remaining ≈20% part if we consider
only these three main components.[9–11] The temperature-
dependent behavior of borosilicate glass is complex in the
presence of soda content, affecting the Bore coordination.[12–14]

When the temperature is increased, remaining below Tg, the
glassy network is rearranged, mainly related to the transforma-
tion of triangular bore BO3 to tetrahedra bore BO4, thus modify-
ing the glass viscosity and generating nonbringing oxygen NBO.
These NBO are electrically compensated by Na+ ions. This NBO
generation has been evidenced by Raman analysis[9,12,13] in
Na-containing borates and borosilicates. This viscosity modifica-
tion is intended to occur when the temperature approaches very
closely Tg.

3. Bonding Results

Figure 1 shows a strioscopic imaging of the entire YSO piece
bonded on D263, evidencing the distribution of optical index var-
iation over a large part of the bonded material area. Figure 2
shows an optical microscope image of the upper-left corner of
YSO and the glass in the area close to YSO. The optical index
variation could be related to bubbles, which are located within
the glass below the YSO and close to the YSO borders. The
bubbles are intended to be within the glass material since a
mechanical profilometer measurement on the glass surface close
to the YSO shows a glass flat surface.

In order to confirm this observation, we cleaved/cut the
bonded stack and made a scanning electron microscope
(SEM) image of the cross-section plan. Figure 3 shows the

SEM distribution of the bubbles below YSO from the hybrid
interface visible on top as a fuzzy white line, down to ≈20 μm
within the glass. Zooming is performed on Figure 4, showing
three bubbles, the typical size of these bubbles being
600–800 nm extension. Bubbles are not so present very close
to the hybrid interface. Their distribution starts to be denser
at ≈10 μm down in the glass, they are not anymore present when
reaching down to ≈100 μm.

Within the SEM equipment, we have performed an energy-
dispersive X-ray spectroscopy (EDX) analysis following the
cross-section plan, starting in the YSO 250 μm far from the inter-
face, then moving to the hybrid interface, crossing the interface,
and following in the glass down to 100 μm. The atomic percent-
age of several elements has been recorded in Figure 5. EDX
measurements are performed at 10 keV, the probe size being
1 μm3. The bore element is not visible, due to the too low
sensitivity of the detector.

These measurements evidence a strong Carbone contamina-
tion close to both surfaces, due to the clean-room environment.

Figure 1. Strioscopic imaging of the whole bonded YSO material,
evidencing the distribution of optical index variation.

Figure 2. Optical microscope image of YSO bonded on D263 Schott glass.
Bonding is performed at 520 °C for 3 h, under low pressure (2MPa).

Figure 3. Bubbles distribution within the glass material, below the YSO.
The hybrid YSO//glass interface appears on top, as a white fuzzy line.
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Following the elements of interest for the bonding procedure, we
see that K element is measured, indicating that K2O is probably
one network modifier included in the D263 glass. Both Na and K
atomic percentages are not measured close to the interface,
which is the glass surface, probably due to a specific glass surface
treatment during the fabrication process. The Y element distri-
bution evidences an increase of its atomic percentage close to the
interface and even a small transfer through the interface. The
YSO surface having being capped by a 20 nm-thick SiO2 layer
prior bonding, this SiO2 layer could have contributed during
annealing to migration of Y element close to the surface, thus
depleting the region behind the surface. This proposed mecha-
nism is a first attempt that has to be confirmed by further inves-
tigation and also has to be analyzed related to the probe size,
which is ≈1 μm3.

4. Proposed Mechanisms and Discussion

Bubbles are observed due to their imprint in the glass. This is
possible since the annealing is performed at 520 °C, a tempera-
ture which is quite close to the Tg of the glass. In the viscosity

variation having a log shape close to Tg, this shows that the glass
viscosity is affected. Related to this viscosity modification, a
contribution of non-bridging oxygen (NBO) generation could
be considered. To check such a possible NBO generation, we
performed Raman spectroscopy measurements within the glass,
close to the YSO border, in order to be in the zone where the
glass is affected by the bonding mechanism, as bubbles’ signa-
ture shows, but without adding the YSO Raman lines in order to
facilitate the spectra understanding. A Renishaw μ Raman
equipped with a confocal source @ λ= 532 nm is used. We per-
formed different measurements, the results are shown in
Figure 6, focusing from the surface z= 0 (black curve) down
in the glass to 20 μm (blue curve), to 80 μm (red curve), and
finally to 200 μm (cyan curve). We measured up to the
1400–1600 cm�1 wavenumber domain, where the signature of
NBO generation could be expected if any.[9,10] Two small peaks
can be identified related to these specific signatures, the most
important efficiency observed at the glass surface.

Figure 4. Details of bubbles, in the ≈20*m region down from the
interface.

Figure 5. EDX atomic percentages of the measured elements, following the cross section of the YSO//glass-bonded stack.

Figure 6. Raman efficiency versus wavenumber, measured on the glass
close to the YSO border, at the glass surface and for three different
focusing planes within the glass.
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Even though these peaks are observed in the wavenumber
domain where the NBO signature is expected, they are very
small; the annealing temperature being 520 °C, it is too far from
the Tg to consider that NBO generation could be the driving
mechanism involved.

The dissociation of Na2O is the main mechanism to be
considered, Na2O being well known to be dissociated at low tem-
perature. The dissociation of Na2O is the driving mechanism of
anodic bonding performed at 200 °C.[15] We then proposed that,
related to the annealing temperature being 520 °C, and the
applied pressure being 2MPa, Na2O is dissociated, generating
O which condensates in O2 bubbles that are trapped in the glass
network whose viscosity is only slightly affected at that tempera-
ture. The pressure applied has a decisive contribution, even
though its value is small.[16,17] Reducing the applied pressure
is under investigation, the preliminary experiments without
pressure at all, leading to no bonding.

Related to the very strong mechanical behavior of the hybrid
YSO//glass stack allowing cleaving, we infer that covalent bonds
have been reconstructed at the interface. Mechanical measure-
ment of the bonding energy would be out of scope of this article.
Si-O-Si bonds reconstruction is fully described and mastered in
the silicon semiconductor industry for bonding large-scale
silicon wafers.[18] The YSO crystal being capped by a thin
SiO2 layer, when annealed after bonded to glass, we propose that
the same Si-O-Si reconstruction of covalent bonds is the mecha-
nism which is the most likely to occur in order to produce the
very strong interface. Here, we have implemented the optimized
oxide preparation with ozone that has been developed for electri-
cal transport through a hybrid InP//Si interface.[19]

5. Conclusion

Bonding the rare-earth doped crystals YSO on a borosilicate glass
substrate of lower optical index is intended for building a pho-
tonic integrated platform where efficient interaction between
light and active ions of Er3+-doped YSO will be possible. Such
a larger interaction will lead to increased efficiency. Bonding
preparation and conditions have been investigated, producing
oxygen bubbles within the glass due to Na2O dissociation.
Reducing or ideally suppressing these bubbles in the borosilicate
glass close to the interface is under investigation, since this
material alteration will hinder the expected performances due
to the related propagation losses generated.

6. Experimental Section
Bonding was here investigated without adding any intermediate stick-

ing material. This direct molecular bonding procedure has the advantage
of including no additional layer that could hamper the low-temperature
(4 K) operation. This approach translates in covalent bond reconstruction
at the interface. Considering the two materials involved YSO and the
borosilicate glass, Si─O─Si bonds appear as the best candidates to be
the reconstructed bonds. YSO being a very stable crystalline network, it
is highly unlikely that an Si from the crystalline YSO network could be
engaged in a Si─O─Si bond reconstruction. We chose to deposit a thin
SiO2 amorphous layer on top of the YSO crystal surface in order to have at
our disposal Si atoms that could be engaged in Si─O─Si bond reconstruc-
tion when annealing was performed at a temperature that should remain

below the D263 glass Tg= 557 °C. This amorphous silica layer had a
thickness in the 5–20 nm.

We investigated here bonding operating conditions in order to produce
a bonded interface without alteration of both materials. Indeed, any alter-
ation of YSO or glass at the interface should translate in propagation
losses for the guided mode, thus hindering the expected performances.

The operating conditions are here presented. Both surfaces have to be
clean, planar, and show a very low roughness; its root mean square was
calculated as the mean square average of the profile height deviations from
the mean line being below 1 nm.[20] Related to the D263 Tg being 557 °C,
bonding temperatures were investigated in the 500–550 °C range with the
aim of modifying the glass network as little as possible. Bonding was oper-
ated under vacuum with a very low charge pressure, in the 1–2MPa range.
This pressure should only ensure contact between the two surfaces.

Both surfaces were cleaned in ultrasonic isopropanol bath for 5 min. A
thin amorphous SiO2 layer was deposited on the YSO surface by plasma-
enhanced chemical vapor deposition at 280 °C. Such a layer was expected
to allow a smooth transition between the crystalline YSO structure and the
amorphous glass structure. This SiO2 layer was activated by ozone for
5 min before being put down on the glass surface. Several glass surface
preparations and bonding conditions were investigated. As for the glass
surface preparation, we investigated surface cleaning with the Caro acid
and with the SC1 preparation @70 °C[21] each one alone, and also associ-
ated. For both acids, the duration was 10min, followed by 10min rinsing.
As for the bonding conditions, we investigated temperatures in the
500–530 °C range, with a 10 °C step.

We presented here the successful bonded stack obtained when the
glass surface was prepared with Caro acid followed by SC1 solution.
The bonding temperature was set to 520 °C for 3 h, operated under
vacuum 10�2 mTorr, with a small 2 MPa pressure. Samples were
≈1 cm2, YSO being smaller than the underlying D263 glass.
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