<]
TUDelft

Delft University of Technology

Hydrophilic direct bonding of (100) diamond and deposited SiO2 substrates

Chen, Tianyin; Hermias, Jeffrel; Nur, Salahuddin; Ishihara, Ryoichi

DOI
10.1063/5.0263008

Publication date
2025

Document Version
Final published version

Published in
Applied Physics Letters

Citation (APA)

Chen, T., Hermias, J., Nur, S., & Ishihara, R. (2025). Hydrophilic direct bonding of (100) diamond and
deposited SiO_ substrates. Applied Physics Letters, 126(23), Article 231901.
https://doi.org/40.1063/5.0263008

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1063/5.0263008
https://doi.org/10.1063/5.0263008

7
-
0

h
T

-
Y

9O
7
>

£

o

O

Q

Q
o

<

RESEARCH ARTICLE | JUNE 09 2025
Hydrophilic direct bonding of (100) diamond and deposited
SiO, substrates 6

Special Collection: Defects in Solids for Quantum Technologies

Tianyin Chen © ; Jeffrel Hermias; Salahuddin Nur © ; Ryoichi Ishihara & ©

’ '.) Check for updates ‘

Appl. Phys. Lett. 126, 231901 (2025)
https://doi.org/10.1063/5.0263008

@ B

View Export
Online  Citation

Articles You May Be Interested In

Piranha Treated Titanium Compared to Passivated Titanium as Characterized by XPS
Surf. Sci. Spectra (August 2010)

Low-temperature thermal oxide to plasma-enhanced chemical vapor deposition oxide wafer bonding for
thin-film transfer application

Appl. Phys. Lett. (April 2003)
Beta-phase gallium oxide and diamond fused through hydrophilic direct bonding

Scilight (April 2020)

Your One-Stop Shop for the

« Extensive inventory with over 34.000 products available & 2.900 new products
« Fast shipping from our 9 distribution centres around the globe
« Bringing 80+ years of optical expertise to customers worldwide

'=“ Edmun Shop Now

optics | worldwide

11:66:80 G20z AInr €2


https://pubs.aip.org/aip/apl/article/126/23/231901/3349198/Hydrophilic-direct-bonding-of-100-diamond-and
https://pubs.aip.org/aip/apl/article/126/23/231901/3349198/Hydrophilic-direct-bonding-of-100-diamond-and?pdfCoverIconEvent=cite
https://pubs.aip.org/apl/collection/534714/Defects-in-Solids-for-Quantum-Technologies
javascript:;
https://orcid.org/0009-0004-4562-4578
javascript:;
javascript:;
https://orcid.org/0000-0002-2700-7769
javascript:;
https://orcid.org/0000-0002-2114-4236
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0263008&domain=pdf&date_stamp=2025-06-09
https://doi.org/10.1063/5.0263008
https://pubs.aip.org/avs/sss/article/15/1/23/366095/Piranha-Treated-Titanium-Compared-to-Passivated
https://pubs.aip.org/aip/apl/article/82/16/2649/513635/Low-temperature-thermal-oxide-to-plasma-enhanced
https://pubs.aip.org/aip/sci/article/2020/15/151102/364546/Beta-phase-gallium-oxide-and-diamond-fused-through
https://e-11492.adzerk.net/r?e=_dXRtX3NvdXJjZT1wdWJzLmFpcC5vcmcmdXRtX21lZGl1bT1kaXNwbGF5JnV0bV9jYW1wYWlnbj1tcF9hcGxfYmFubmVyXzA1MjAyNSZ1dG1fY29udGVudD1vbmUtc3RvcC1zaG9wJnV0bV90ZXJtPWFkcGxhbl9ldXJvcGVfXzshIU4xMWVWMml3dGZzIXVxOTFxZmtTZGp5X3hac085ZlB4VWhCTVJGVENvbTlhV0pETlhRdU92U2FZV1E2S1FWblZGdC14bERNX0RjYXNmSDl1cGQ4elZOaFZVRHNRSnlnZzFlYWtsdzVXJCJ9&s=o-ilVG2XExNOXaQuT9KDa3xuy6M

ARTICLE

Applied Physics Letters

pubs.aip.org/aip/apl

Hydrophilic direct bonding of (100) diamond
and deposited SiO, substrates @

Cite as: Appl. Phys. Lett. 126, 231901 (2025); doi: 10.1063/5.0263008 @ 1 @
Submitted: 3 February 2025 - Accepted: 13 May 2025 - 1
published Online: 9 June 2025 View Online Export Citation CrossMark

1,2,a)

Tianyin Chen,' () Jeffrel Hermias,' Salahuddin Nur,' (%) and Ryoichi Ishihara

AFFILIATIONS
'Department of Quantum and Computer Engineering, Delft University of Technology, Delft, The Netherlands

?QuTech, Delft University of Technology, Delft, The Netherlands

Note: This paper is part of the Special Topic, Defects in Solids for Quantum Technologies.
2 Author to whom correspondence should be addressed: r.ishihara@tudelft.nl

ABSTRACT

Diamond has emerged as a leading material for solid-state spin quantum systems and extreme environment electronics. However, a major
limitation is that most diamond devices and structures are fabricated using bulk diamond plates. The absence of a suitable diamond-on-insu-
lator (DOI) substrate hinders the advanced nanofabrication of diamond quantum and electronic devices, posing a significant roadblock to
large-scale, on-chip diamond quantum photonics and electronics systems. In this work, we demonstrate the direct bonding of (100) single-
crystal diamond plates to PECVD-grown SiO,/Si substrates at low temperatures and atmospheric conditions. The surfaces of the SiO, and
diamond plates are then activated using oxygen plasma and Piranha solution, respectively. Bonding occurs when the substrates are brought
into contact with water in between and annealed at 200 °C under atmospheric conditions, resulting in a DOI substrate. We systematically
studied the influence of Piranha solution treatment time and diamond surface roughness on the shear strength of the bonded substrate, devis-
ing an optimal bonding process that achieves a high yield rate of 90% and a maximum shear strength of 9.6 MPa. X-ray photoelectron spec-
troscopy was used for quantitative analysis of the surface chemicals at the bonding interface. It appears that the amount of ~-OH bindings
increases with the initial roughness of the diamond, facilitating the strong bonding with SiO,. This direct bonding method will pave the way
for scalable manufacturing of diamond nanophotonic devices and enable large-scale integration of diamond quantum and electronic systems.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0263008
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Diamond is a promising material for quantum applications.'
Spins in diamond color-centers such as NV center have shown signifi-
cant potential in quantum technologies."”” Their long spin coherence
times,”” optical readout capabilities, high operational temperatures,”
and suitability for nanofabrication techniques and nanophotonic
structures make them highly attractive for quantum applications.
Recently, tin-vacancy (SnV) centers” '’ in diamond showed their
reduced sensitivity to environmental noise and compatibility with
nanofabricated devices,''”'* enhancing their versatility for large-scale
quantum computers'’ and communication.”'>"* Diamond is also an
exceptional material for power and extreme environment electron-
ics'® ** due to its superior electronic and thermal properties,”” includ-
ing high electrical breakdown field strength, exceptional carrier
mobility, and excellent thermal conductivity.'*'**’ These characteris-
tics make diamond an ideal candidate for devices requiring efficient
heat dissipation and high-power handling capabilities.'*'****’
Beyond its electronic advantages, diamond also possesses outstanding
optical properties,” such as a high refractive index and wide

bandgap,” along with superior mechanical properties like a high
Young’s modulus.”

Despite these promising attributes, scalable integration of
diamond-based systems remains elusive, especially in quantum technol-
ogies. This challenge is primarily due to the lack of appropriate sub-
strates. Epitaxial growth or deposition of high-quality single-crystal
diamond is extremely challenging,”** Moreover, commercially available
single-crystal diamond substrates are small—typically less than a centi-
meter or even just a few millimeters due to the high pressure and high
temperature (HPHT) process™"’—and most diamond quantum devices
to date are fabricated from these bulk diamond substrates."" "' In
quantum photonic applications, two critical factors are essential. First,
the quality of the interface is crucial, as any damage, trapped charges, or
poor interface quality can significantly degrade the optical properties of
color center qubits, reduce coherence times, and impair overall system
performance.” " Second, enhancing the optical performance of dia-
mond color center qubits often requires integrating photonic devices.
This necessitates the use of diamond-on-insulator (DOI) substrates. For
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high-quality device manufacturing and scalable integration in both
quantum technologies and power electronics, DOI substrates would be a
key component. The method for producing DOI structures is to use
wafer or substrate bonding technologies to attach diamond plates to dif-
ferent substrate materials.

Bonding methods are usually categorized based on the use of
intermediate materials/layers to attach the substrates: non-direct and
direct bonding. A variety of bonding techniques, including surface acti-
vated bonding (SAB),5 05859 atomic diffusion bonding (ADB),(’O com-
pression bonding,”' metallic bonding,”” adhesive bonding,”' >>**%*
plasma activated bonding (PAB),”>”” fusion bonding,’”** and hydro-
philic direct bonding,'”**"*” have been employed to attach diamond
plates to other substrates.”” A summary of direct bonding techniques
used for diamond substrates is provided in Table 1. Most of these
approaches can lead to significant interface issues, such as amorphiza-
tion, metallization, or defects, which make the bonded substrates
unsuitable for complex, large-scale 3D integration processes'” and for
quantum applications. The direct bonding methods are the most
promising for producing DOI-type substrates necessary for on-chip
diamond-based quantum systems. Matsumae et al. showed that OH-
terminated diamond (111) and Si or SiO,/Si substrates are chemically
bonded through a dehydration reaction.’” "' However, the previous
studies have been limited to extremely smooth (<0.5nm) diamond
(111) substrates and thermally grown or native SiO, interface layers. It
should be noted that (100) sc-diamond is widely available and suitable,
especially for group IV color-centers in diamond such as the SnV cen-
ter. Also, (111) sc-diamond has even smaller size due to cutting along
(111) plane of the (100) diamond plates. Furthermore, the thermally
grown SiO, requires high-temperature processes and hence limits the
applications, such as heterogeneous integration of diamond on
temperature-sensitive materials. In this work, we have achieved a
hydrophilic direct bonding of diamond (100) substrates onto SiO,
layers grown by PECVD on silicon wafers by optimizing the surface
roughness of diamond. Additionally, we have examined the chemical
composition of diamond surfaces after Piranha treatment and ana-
lyzed the influence of treatment conditions on the shear strength of
the bonded interfaces.

The experimental process involves the following steps: first, a
(100)-oriented diamond substrate with different roughness undergoes
an immersion in Piranha solution (H,SO,4 and H,O, in a 3:1 ratio) at
75°C for various treatment times to achieve OH termination. After
treatment, the diamond substrate is rinsed in de-ionized water for
5-10 min. SiO,/Si wafers are prepared separately, a 300 nm layer of sil-
icon dioxide is deposited onto the Si wafer using a PECVD reactor
(Novellus Concept 1) at a temperature of 400 °C. After the deposition,
the SiO,/Si wafers are diced into substrates, which are OH-terminated
using O, plasma at 1000 W for 5min. This OH-termination of SiO,
through plasma treatment facilitates chemical bonding between the
diamond and SiO,/Si substrates in the presence of water. Next, the dia-
mond substrate is placed atop the SiO,/Si substrate in the presence of
water without needing any external pressure. The assembled substrates
are stored under atmospheric conditions (20°C and 40% relative
humidity) for 3 days to remove excess water molecules. Finally, the
specimens are annealed at 200° for 24h to initiate the reaction,”!
which describes the bond formation process between diamond and
SiO, interface,

C—-OH+HO —-Si — C—-0 -Si+ H,0. (1)
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Figure 1 presents a photograph of a (100) diamond substrate
bonded to a SiO,/Si substrate after Piranha treatment at 75°C for
30 min. In the image, the blue substrate is SiO,/Si, and the transparent
substrate is the diamond (4 x 4 mm?, thickness 50 um), and there are
no visible fringes. This result demonstrates that diamond cleaned with
a proper Piranha solution can be effectively bonded to a SiO,/Si sub-
strate without visible air gaps. Figure 2 shows the shear strength of dia-
mond substrates bonded to 300 nm SiO,/Si. We have utilized three
types of diamond substrates with different initial roughnesses—4.48, 2,
and 1.31 nm. Surface roughness has been evaluated using an atomic
force microscope (AFM, Bruker). After bonding, bonding strengths
have been measured using a Nordson DAGE 4000Plus die shear tester.
The testing procedure adheres to the guidelines specified in the MIL-
STD-883 standard. The rough diamonds with an initial roughness of
4.48 nm exhibit the highest shear strength (4.7 and 9.6 MPa) compared
to the other two experimental groups, and there is an increasing trend
with longer treatment time. In contrast, the smooth diamonds with an
initial roughness of 1.31nm are not able to be bonded even with
the long treatment time. This contrasts with findings in previous
works,” "' which show that only very smooth diamond (111) substrates
can be bonded. Interestingly, the intermediate group with a roughness
of 2 nm exhibits a decreasing trend in the moderate shear strength as the
treatment time increases. This may be because when the diamond
roughness reaches a certain threshold, roughness becomes the dominant
factor affecting bonding, favoring rougher surfaces. Conversely, when
the diamond roughness is below that threshold, other factors, such as
surface chemistry and activation, play more significant roles.

Chemical composition of the substrates have been identified as
critical factors for reliable bonding. The chemical composition of the
treated diamond surface has been investigated using x-ray photoelec-
tron spectroscopy (XPS). Analyses have been carried out using a PHI
TFA XPS spectrometer (Physical Electronics Inc.), equipped with an
x-ray Al K o monochromatic source (hv = 1486.7 eV). The vacuum
during XPS analysis has been maintained at approximately 10~° mbar.
During measurements, the analyzed area has a diameter of 0.4 mm
and a corresponding depth of analysis in the range of 3-5nm. High-
resolution narrow multiplex scans of Cls, Ols, S2p3, and Si2p peaks
have been collected with pass energies of 23.5eV and a resolution of
0.2V at a takeoff angle of 45°. The acquired spectra have been proc-
essed using MultiPak v8.0 (Physical Electronics, Inc.). Figure 3 sche-
matically illustrates the possible mechanism of diamond direct
bonding.

Our XPS results, plotted in Fig. 4, support this mechanism by
illustrating the variation of C-OH groups as a function of treatment
time and temperature. We observe that rough surfaces tend to exhibit
a higher amount of C-OH groups compared to smooth surfaces. The
spectra in Fig. 4(c) show the fitted peaks of the Cls region from an
XPS spectrum of a diamond sample treated with Piranha solution for
10 min at 75 °C. The fitted peaks are attributed to C-C, O=C-0, and
C-OH or C-O-C bonds (note that C-OH and C-O-C peaks indi-
cated by the green area cannot be differentiated by XPS™).
Additionally, Fig. 4(a) includes a line chart illustrating the variation in
the quantity of C-OH or C-O-C bonds with different treatment dura-
tions, comparing rough and smooth surfaces of diamond substrates.
These substrates have one side polished to a roughness less than 2 nm.
Before wet treatment, the rough surface shows the presence of C-OH
or C-O-C bonds, while the smooth surface has no signal in this
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TABLE I. Review of diamond direct bonding methods.

Process conditions Compeatibilit-
Substrates Diamond surface  (roughness, pres- y for quan-
Bonding type bonded treatment sure, temperature) Bonded area (up to) Bonding strength Scalability tum devices  Ref.
Hydrophilic Diamond (111),  Oxidizing solu- Sa < 0.5nm, 0- 5 x 5mm? ~ 10-35MPa Not suitable ~ Amorphous 19 and
various semicon- tions, such as 1 MPa load, for photonics layer 38-47
ductor substrates H,SO,/H,0, and ~ 200-250°C ~ 3-5nm
(InP, Si), and NH;3/H,0, mix-
Si0,/Si (thermal tures, ~ 75°C,
or native) atm
Hydrophilic Diamond (100),  Oxidizing solu- Sa ~ 0.1-0.2 nm, 5 x 5mm? 1.7 MPa Not suitable ~ Amorphous 48 and
Si tions, H,SO4/  pressure ~ 10 MPa, for photonics, layer 49
H,0, and NH3/ ~ 200-250°C weak bonding  ~ 3-5nm
H,O, mixtures, strength
~ 75°C, atm
Surface acti- Diamond (100),  Ar beam irradia- Sa < 0.2nm, 4 x 4mm?> > 14 MPa Good 300 nm 50
vated bonding sapphire tion, high vac 20 MPa, RT scalability amorphous
(SAB) <1x107°Pa layer; diffu-
sion of bond-
ing elements;
poor inter-
face for
quantum
applications
Adhesive Diamond sub- Boiling Piranha Sa < 0.4nm or 200 x 200 ym” to Strong, but not  Poor scalabil-  Negligible ~ 51-55
strates, Si or solution 2 nm, HSQ adhe- 1 x 1 mm?> measured ity and amorphous
Si0,/Si substrates sion, pressure 0- integration layer; HSQ
105 kPa, 500— background
600 °C, membrane fluorescence
synthesis (smart-
csut) and transfer
Plasma activa- ~ Diamond to vari- O, plasma ashing S, < 1 nm, smart- 200 x 200 um* Strong, but not Nanometer- Sub-nm 56 and
tion based ous substrates (O, flow—200 cut and transfer, measured scale unifor- interfacial 57
(PAB) (Si, fused silica, sccm and RF heating up to mity, DOI layer
sapphire, thermal power—600W for 170 °C, no pres- film > 10
oxide, lithium 150's) for hydro-  sure, 550 °C anneal nm, poor
niobate) philic surface scalability
and
integration
Hydrophilic Diamond (100),  Oxidizing solu- S, ~ 1.5-5nm, no 4.5 x 4.5mm? ~ 9 MPa Scalability Negligible  In this
PECVD SiO,/Si tions—H,SO,/ pressure, 200 °C good intermediate  work

H,O, mixtures,
~ 75°C, atm

layer, suitable
for quantum
and
photonics
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FIG. 1. A 4 x4 mm? diamond substrate is bonded onto a 25 x25 mm? Si0,/Si sub-
strate. There is no air gap in the bonding interface.

=
o

—— Initial roughness: 4.48nm 9.6 MPa
—e— Roughness: 0.9-2nm

—=— Initial roughness: 1.31nm

Shear strength (MPa)
o L N w B wv [} ~ [oe) ©

4.7 MPa
3.18 MPa
.15 MPa
0 MPa 0.018 MPa
5 10 15 20 25 30 35

Treatment time (minutes)

FIG. 2. Shear strength as a function of Piranha treatment time. Three sources of
diamond substrates with different initial roughness were used. The diamond sub-
strate with highest initial roughness (4.48 nm, indicated by solid blue datapoints)
shows an increasing trend as treatment time increases. However, with smaller initial
roughness, diamond substrate shows a decreasing trend (roughness range 0.9-
2nm, solid green datapoints) or inability to be bonded (1.31nm, solid yellow
datapoints).

region. This signal can be attributed to the native C-O-C bonds exist-
ing on the rough surface. After Piranha treatment, diamond surfaces
are terminated with newly generated ~-OH groups. To mitigate the
influence of surface roughness on the detected surface chemical
groups, we focus on the data from the smooth sides, as they have simi-
lar roughness values of around 2 nm. An analysis of the smooth surface
data reveals that the amount of ~OH groups increases with longer
treatment time. Additionally, the temperature of the Piranha solution
significantly affects the generation of ~-OH groups. In the temperature
range of 65-80 °C, treatment at 80 °C appears to be more effective in

ARTICLE pubs.aip.org/aip/apl

Rough diamond substrate

$0,80,50,S0,80,  OH OH OH OH OH

Smooth diamond substrate

FIG. 3. Schematic for possible diamond bonding mechanism. Rough surfaces pro-
vide more areas to be covered with ~OH groups, which improves the success of
bonding.

promoting the generation of -OH groups. Therefore, Piranha treat-
ment time and temperature are two dominant factors in surface activa-
tion. Moreover, rough surfaces tend to be more readily terminated
with ~-OH groups. Figure 4(b) shows the variation of Piranha-
terminated ~OH groups as a function of treatment temperature, indi-
cating that a 75 °C Piranha bath is preferred as the optimal condition
considering both effectiveness and practical considerations. Figure 4(c)
shows a deconvoluted spectrum example of rough diamond surface
treated in Piranha solution for 10 min under 75°C. C-C, C-OH (or
C-0-C), and O=C-O peaks show up in the spectrum, and C-OH
groups provide the source of direct bonding. To validate our conclu-
sions, it is good to compare XPS measurements with bonding strength
measurements. The amount of —-OH groups directly affects the
strength of the bonding. Therefore, aligning the results of the -OH
group quantification with bonding strength under different treatment
conditions provides further confirmation of our findings.

Our combined XPS and bonding strength measurements suggest
that both surface roughness and the generation of ~-OH groups are
critical in determining the bonding strength. While higher roughness
facilitates the formation of more -OH groups, leading to stronger
bonds, overly smooth surfaces may lack sufficient reactive sites for
effective bonding. Before treatment, the rough surfaces of the diamond
are covered with native C-C and C-OH and/or C-O-C groups, while
the smooth surfaces are only covered with native C-C groups, no C-
O-C or C-OH at smooth surfaces because of less sites. When the dia-
mond surface is treated with Piranha solution, hydroxyl (C-OH)
groups are generated via dehydration reactions. On the one hand, the
rough surface has more available areas to be terminated with -OH
groups due to its higher surface area. On the other hand, the native C-
O-C groups, which have the same valence state as C-OH, provide an
additional source for C-OH generation. This leads to a significantly
higher generation of ~-OH groups on rough surfaces compared to
smooth surfaces. In the final step, the chemical reaction between a
large amount of the ~-OH groups for the initially rough surface on the
diamond and SiO, surfaces forms a strong bond between the two
substrates.

In conclusion, We have demonstrated a hydrophilic direct bond-
ing of (100) single-crystal diamond plates—with thicknesses of 50 and
500 um—to PECVD-grown SiO,/Si substrates under low-temperature
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FIG. 4. Amount of surface C-OH groups as a function of Piranha treatment time
and temperature, and detailed XPS spectrum of a rough diamond surface treated
with 10 min of Piranha under 75°C. (a) Treatment temperature is fixed, and time
duration is the variable. (b) Treatment time is fixed, and temperature is the variable.

(c) XPS raw scan was deconvoluted into three peaks, where the green area in the
spectrum represents the amount of C-OH or C-O-C groups.

and atmospheric conditions, creating diamond-on-insulator (DOI)
substrates suitable for advanced quantum and electronic devices. Our
findings reveal that surface roughness in the range of 2-5nm and
chemical composition are critical for strong bonding; specifically,

ARTICLE pubs.aip.org/aip/apl

relatively rough diamond surfaces (with roughness around 4.48 nm)
generate more hydroxyl (-OH) groups after Piranha treatment due to
their higher surface area and the presence of native C-O-C groups,
leading to stronger chemical bonds at the interface. By optimizing
Piranha treatment conditions and surface roughness within this range,
we achieved a 90% bonding yield and a maximum shear strength of
9.6 MPa. This direct bonding method addresses the need for scalable
DOI substrates, paving the way for large-scale integration of diamond-
based systems. Future work will focus on refining this technique to
produce photonic-grade DOI substrates and exploring its applicability
to larger substrates and other insulating materials, thereby advancing
diamond nanophotonic devices and on-chip quantum technologies.

See the supplementary material for raw measurement data (dia-
monds roughness, shear strength measurements, and XPS measure-
ments) that has been used for data analysis and plots.
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