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Abstract
In this paper, we report on a simple, low-cost process to grow GaAs nanostructures of a few
nm diameter and ∼50 nm height in Pyrex glass wafers. These nanostructures were grown by
sequential plasma activation of GaAs and Pyrex glass surfaces using a low-temperature hybrid
plasma bonding technology in air. Raman analyses of the activated surfaces show gallium
oxide and arsenic oxide, as well as suppressed non-bridging oxygen with aluminate and
boroxol chains in glass. The flow of alkaline ions toward the cathode and the replacement of
alkaline ions by Ga and As ions in glass result in the growth of GaAs nanostructures in
nanopores/nanoscratches in glass. These nanopores/nanoscratches are believed to be the origin
of the growth of the nanostructures. It was found that the length of the GaAs nanostructures
may be controlled by an electrostatic force. Cross-sectional observation of the bonded
interface using high-resolution transmission electron microscopy confirms the existence of the
nanostructures. A possible application of the nanostructures in glass is a filtration system for
biomolecules.

(Some figures may appear in colour only in the online journal)

1. Introduction

Glass is a commonly used substrate platform in low-cost
fluidic systems due to its high biocompatibility, optical
transparency and surface hydrophilicity [1–4]. For these
applications, the properties of glass may require modification.
In [5], a two-step technique to locally modify the bonding
structure of the glass matrix through external energy
application followed by thermal annealing was proposed. This
technique was then used to make Bragg gratings with features
∼250 nm in size. On the other hand, attaching gallium
arsenide (GaAs) based electronic and photonic components
to the glass-based systems is attractive for opto-fluidic
systems for water filtration, or for sensing and monitoring its
properties [6, 7].

Direct attachment of GaAs to glass offers increased
opportunities in combining electronic and photonic devices
with fluidic components. Direct bonding of GaAs or silicon
to glass can be used to create systems which are thermally
stable, reliable and of low optical loss [8, 9]. Further, a
bonding technique that provides for nanostructure growth

in glass would open up new possibilities for integrated
opto-fluidic and bio-chemical sensing systems [5, 10, 11].
The controllable growth of GaAs nanostructures in glass
would also facilitate the fabrication of highly sensitive
nanostructures for the miniaturization of fluidic systems at
low cost [4]. Among the varieties of glass substrates, Pyrex
glass is an excellent material for the growth of nanostructures
because its mobile alkali ions, which are electric field
dependent, can be used to assist in the growth.

Current techniques to grow nanostructures on, or in
glass, require high temperature processing in dry oxygen,
nitrogen or argon [12, 13]. Although there has been
a significant amount of research on the growth of Si
nanoparticles/nanowires in SiO2 [12, 13], the growth of
GaAs nanostructures in SiO2 or glass has been less intensely
investigated [6, 7]. Nanostructures can also be fabricated on
different substrates using nanoimprinting lithography over
a limited area after thinning down the bonded materials.
In this case, the bonding strength of the interface must be
strong enough to withstand chemical–mechanical polishing
(CMP). Current semiconductor bonding methods [14, 15] that
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Table 1. Root mean square (RMS) surface roughness, water contact angles of GaAs and glass wafers for anodic bonding and hybrid plasma
bonding with bonding processing parameters.

Bonding method

Anodic bonding Hybrid plasma bonding

Specimen GaAs Glass GaAs Glass
RMS surface roughness (nm) 0.18 0.52 0.13 0.46
Contact angle (deg) 77 29 <2 17.7
Processing parameters

Plasma treatment O2 RIE: 50 W for 15 s at 60 Pa followed by
N2 MW radicals: 2.5 kW for 30 s at 60 Pa.

Cold rolling pressure (MPa) 0.2
Bonding temperature (◦C) 200 200
Anodic voltage (kV) 1 1
External pressure (MPa) 0.07 0.07
Bonding time (min) 10 10

overcome CMP enable only layer transfer, and, to the best
of our knowledge, no mechanism for the growth of GaAs
nanostructures in glass exists.

Semiconductor bonding with Pyrex glass is a challenging
technological issue. Currently, anodic bonding is used, but
it leaves oxygen residues on the surface of the glass [16].
This issue has been addressed by prebaking the glass in a
reducing atmosphere to remove the oxygen residues from
the surface. This prebake treatment results in a strong and
sharp bonded interface between glass and GaAs without the
growth of nanostructures in the glass. The baking of the
materials reduced the mobility of ions and restricted the
growth of nanostructures [16]. Using photolithography [17]
and nanoimprinting lithography [18], nanostructures can be
fabricated on different substrates, but a void-free interface
must be maintained to grow fine-pitch and well-controlled
nanostructures. However, to the best of our knowledge, there
is no technology that offers growth of GaAs nanostructures
in glass. Therefore, a simple low-cost process to grow GaAs
nanostructures in glass not only has scientific value, but it is
also essential in systems integration using components from
heterogeneous technologies such as electronics, photonics and
fluidics.

Here, we propose a simple wafer-scale growth process
using the hybrid plasma bonding (HPB) method in air. One
measure of the efficacy of the proposed bonding process is
the ability to grow nanostructures (of GaAs, for example)
in glass through atomic adhesion at low temperatures. In
this method, the surfaces are sequentially activated using an
oxygen (O2) reactive ion etching (RIE) plasma and nitrogen
(N2) microwave (MW) radicals. The plasma processing
removes surface contaminations by the physical sputtering
mechanism [19] and creates chemically reactive surfaces.
Finally, the activated surfaces are contacted in air under an
applied voltage at low temperature.

In our prior work, we achieved void-free silicon
(Si)/Pyrex glass and germanium (Ge)/Pyrex glass interfaces
with high bonding strength (∼18 MPa) [14, 19]. The strong
void-free, bonded interface met the prerequisite for the growth
of nanostructures, but no growth of Si and Ge nanostructures
was observed in glass. We observed that glass neither receives
ions from nor donates them to the anode in HPB. Rather,

it shares negative ions that form oxides at the wafer on the
anode [14, 19]. The HPB approach for Pyrex and GaAs
enables the negative ions of glass to flow toward GaAs and
an equivalent amount of Ga and As ions toward glass under
thermally-induced electrostatic forces and an applied voltage.
Therefore, the simple low-cost formation and manipulation of
GaAs nanostructures over a wide area of Pyrex glass is the
key outcome in hybrid plasma bonding.

In this paper, we describe a simple low-cost growth
process for GaAs nanostructures in Pyrex glass using
the hybrid plasma bonding method. We investigate the
chemical compositions of the surfaces to illustrate the growth
mechanism of the nanostructures. Finally, we study the
cross-section of the bonded interface to characterize the GaAs
nanostructures and discuss their growth mechanism.

2. Growth and characterization techniques

Commercially available 100 mm diameter Pyrex glass and
p-type 50 mm size GaAs wafers with mirror polished surfaces
were used for HPB to grow GaAs nanostructures in the glass.
The Pyrex glass contained 81%-SiO2, 13%-B2O3, 4%-Na2O
and 2%-Al2O3.

We have used GaAs and glass wafers as received. We
have neither polished nor dipped the wafers in wet chemicals
and/or water. Table 1 summarizes the characteristics of the
wafer surfaces and the plasma processing parameters for
the growth. These are the optimized parameters obtained
from our published results of HPB in Si/glass [20] and
Ge/glass [14]. Interested readers can refer to [20, 14] for
more parameterizations of the growth. The surfaces were
sequentially activated using a 50 W oxygen (O2) radio
frequency (RF) reactive ion etching (RIE) plasma at a
frequency of 13.56 MHz for 15 s at 60 Pa followed by
a 2500 W microwave (MW) nitrogen (N2) radicals at a
frequency of 2.45 GHz for 30 s at 60 Pa. The background
vacuum pressure in the plasma activation chamber was
10−1 Pa. The activated surfaces were contacted under
hand-applied pressure outside the vacuum chamber in the
clean room and cold rolled under 0.2 MPa pressure by a
cold roller in order to remove any air trapped at the interface.
Finally, the contacted wafers were treated at 200 ◦C under an
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Figure 1. AFM images of glass (a) before plasma activation, (b) after sequential plasma activation.

applied voltage of 1 kV for 10 min and an external pressure
of 0.07 MPa in the anodic bonding chamber. The processing
time to grow the GaAs nanostructures in the Pyrex glass was
less than 30 min.

It was found that strong adhesion and smooth surfaces
are required for the growth of GaAs nanostructures. The
growth was evaluated in terms of the surface energy, using a
Kruss Drop Shape Analysis system DSA100, and the surface
quality, using a Veeco atomic force microscope. A silicon
tip in tapping mode was utilized for the surface roughness
measurement over a scanning area of 2 µm × 2 µm. To
illustrate the growth mechanism of the nanostructures, the
chemical compositions of complex bonded atoms at the
surface before and after plasma cleaning were observed using
a Renishaw Raman spectrometer with 514 and 785 nm lasers.
To characterize the structural and elemental compositions of
the GaAs nanostructure growth in the glass, high-resolution
transmission electron microscopy (HRTEM) and scanning
transmission electron microscopy (STEM) were used.

3. Results and discussion

3.1. Surface roughness and adhesion

We have observed that the root mean square (RMS) surface
roughness of glass is higher than that of GaAs. The high
surface roughness is due to the defects and scratches left
on the glass surface after chemical–mechanical planarization
(CMP). Some of these defects are of nm-size and both defects
and scratches are the result of inhomogeneous interactions of
alkaline and silicate elements of glass with the CMP slurry
(see figure 1(a)) [1]. It was found that the surface roughness
improved after surface activation (table 1 and figure 1(b)).
Values of surface roughness, water contact angle, and bonding
parameters are presented in table 1.

For GaAs and glass, their surface energy is an important
parameter because it controls the bond strength across the
GaAs–glass interface. A measure of the surface energy
is its water contact angle. A lower water contact angle
indicates a higher surface hydrophilicity, which is desirable

for a stronger bonded interface. This can be explained from
Young’s equation in equilibrium [21], which relates surface
hydrophilicity to surface energy. Our results of lower water
contact angles of GaAs and glass indicate higher surface
energies and, therefore, a higher bonding strength of the
interface.

Figure 2 shows optical images of GaAs/glass using
anodic bonding (figure 2(a)) and HPB (figure 2(b)). The
anodically bonded wafers were fractured due to the mismatch
in the coefficient of thermal expansion between GaAs and
glass, which caused delamination. Therefore, we use HPB
to bond GaAs with Pyrex. However, with HPB, the bonded
interface exhibited a large void which was due to the presence
of contaminants on the activated surface and the entrapment
of air. With HPB, the GaAs/glass had a high tensile strength
of 7.2 ± 0.7 MPa. Also, using HPB, it was found that the
pore size controls the size of the nanostructures. To control
the pore size, we can vary the plasma energy. In our earlier
study [22], plasma induced defect sites such as nanopores
and craters were observed on Si surfaces that were treated
with a relatively high energy (i.e., 400 W) of O2 RIE plasma.
Furthermore, the density and sites of the nanostructures may
be controlled through the placement of nanopores. In addition,
the electrostatic force in the anodic step of HPB can be used
to control the length of the nanostructures. Recently, we have
observed that the influence of the electrostatic force on the
depletion layer of Si/glass and Ge/glass was significantly
different [14, 20]. While the interface of Si/glass had an
alkaline depletion layer with a thickness of 353 nm in the
glass, the depletion layer of Ge/glass was about a micrometer.
Since the experimental conditions that induce electrostatic
force (i.e., anodic voltage and temperature) Si/glass and
Ge/glass bonding were identical, different thicknesses of the
depletion layers indicate that the electrostatic force controls
the height of the growth layer.

3.2. Raman spectroscopy of GaAs surface

GaAs is a sensitive material in which Ga and As react
readily with air and produces unstable native oxides. Also,
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Figure 2. Optical images of GaAs/glass bonded interfaces at 200 ◦C with a 1 kV voltage for 10 min using (a) anodic bonding and
(b) sequential plasma activation followed by anodic bonding (HPB).

Figure 3. Raman spectra of GaAs before and after activation. Note
that the black and red curves indicate the spectra before and after
activation.

oxygen diffusion and drifting of Ga and As under oxygen
plasma treatment have been reported in [23]. To study the
molecular and crystal lattice vibrations, surface compositions,
chemical environment, bonding and structure of the GaAs
surface [24], Raman spectroscopy was used. Figure 3 shows
the Raman bands of ‘as received’ GaAs samples before and
after the sequential plasma activation. Major peaks in the
range 200–400 cm−1 before and after activation are shown.

From the Raman spectrum, a multiple Gaussian fit was
used to assist in identifying the chemical species. The peaks
of the deconvolved spectra with identification are shown
in table 2. Before activation, the four peaks (figure 3 and
table 2) of GaAs, the native oxide of GaAs (Ga–As–O), the
longitudinal optical (LO) phonon mode of GaAs, and Ga2O3
are observed. It is noted that the native oxide of GaAs forms
a metastable Ga–O–As complex [25] due to the decreased
ratio of oxidized As:Ga at the surface with the increase of
oxide thickness [25, 26]. The slow transport of arsenic through
the growing oxide film, evaporation of arsenic oxide and the
instability of arsenic oxide in the presence of GaAs resulted

in the depletion of As [26]. Therefore, the Raman peak at
328.7 cm−1 can be assigned as a gallium oxide, Ga2O3, peak.

The sequentially treated GaAs showed four major peaks
due to GaAs (TO), GaAs (LO), As2O5 and Ga2O3 (figure 3
and table 2). The peak before activation at 328.7 cm−1

(figure 3 and table 2) was shifted into a strong intense
peak at 347.8 cm−1 after activation (figure 3 and table 2).
The peak due to the native oxide of GaAs at 272.5 cm−1

(figure 3 and table 2) vanished after the activation. Instead
of this peak, the strong peak at 347.8 cm−1 (figure 3 and
table 2) was assigned as Ga2O3 due to the oxidation of
GaAs in the O2 RIE plasma [27, 23]. The formation of
Ga2O3 (347.8 cm−1) resulted from surface etching with
plasma activation of GaAs, which depletes the volatile
arsenic (interdiffusion with oxygen) and enriches the gallium
[23, 28]. The O2-RIE plasma activation significantly increases
the absolute intensity of the chemical species due to the
removal of carbon contamination and also results in GaAs
surface oxidation [23, 28].

3.3. Raman spectroscopy of Pyrex glass surface

The behavior of alkaline contents and the three-dimensional
network structure of Si and oxygen (i.e., Si–O–Si) in glass
after surface activation is a key parameter for the growth
of GaAs nanostructures. Before and after plasma activation,
two bands at low frequencies between 200 and 600 cm−1

and at higher frequencies between 700 and 2100 cm−1 were
observed. Also, a minor peak around 810–815 cm−1 (figure 4)
was observed due to pyroborate units (i.e., B–O–B) (not
shown in table 2) [29]. The intensity of the low frequency
band is significantly weaker than that of the high frequency
band. This weaker intensity indicates the influence of alkaline
contents on the three-dimensional network structure of Si and
oxygen (i.e., Si–O–Si) [30]. The shape of the spectra at the
lower frequency indicates the inclusion of alkaline atoms,
which may break the silicate network. At low frequencies,
peaks were identified at 373.5, 455 and 488.4 cm−1 (figure 4
and table 2) due to the alkaline–oxygen–alkaline stretching,
Si–O–Si networks and aluminate networks (Al–O/Al–O–B),
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Table 2. Summary of deconvolved Raman spectra of GaAs and glass from figures 3 and 4 before and after surface activation.

Specimen
Range of wavenumbers
(cm−1)

Peaks of deconvolved spectra

Identification of peaksBefore activation After activation

GaAs 200–400 264.4 Figure 3 269.2 Figure 3 GaAs (TO)
272.5 Disappear Native oxide
288.5 290.5 GaAs (LO)
— 308.6 As2O5
328.7 347.8 Ga2O3

Glass 200–600 373.5 Figure 4 379 Figure 4 Alkaline–oxygen–alkaline stretches
455 457.8 Si–O–Si networks
488.4 489.4 Al–O/Al–O–B networks

700–2100 1288.2 1289 Adventitious carbon
1437 1436.3 Boroxol chain and ring
1558.9 1557.2 Amorphous carbon
1749.7 1767 Hydroxyl

Figure 4. Raman spectra of glass before and after activation.

respectively. The shapes are very similar to those before
activation. Also, the higher wavenumbers from the glass
surface after activation are due to the additional oxygen
passivation.

Before activation, in the high frequency band, four
peaks (table 2) were observed due to the adventitious
amorphous carbons (1288.2 and 1558.9 cm−1), boroxol
chain and ring (B–O–) (1437 cm−1), and hydroxyl stretch
(1749.7 cm−1) [29–33]. The first three peaks were not shifted
after the sequential activation, but the last one was shifted
from 1749.7 to 1767 cm−1 (table 2). This shift is due
to the reaction of the oxygen from the O2 RIE step in
the activation process with silicon in the glass. Also, the
amorphous carbon peak at 1437 cm−1 that remains after the
plasma activation may be due to the low power of O2 RIE
and low background vacuum pressure. The passivated films
before and after sequential plasma treatment may suppress the
non-bridging oxygen atoms (850–1250 cm−1).

3.4. Observation of GaAs nanostructure growth

Figure 5 shows the HRTEM (figure 5(a)) and STEM
(figure 5(b)) images of GaAs nanostructures growth in

Pyrex glass. The bonded interface of GaAs/glass shows two
amorphous layers and a crystalline lattice layer (figures 5(a)
and (b)). The interfacial morphology observed by the high
angle annular dark field (HAADF)-STEM was identical to
that in the HRTEM images. Sharp contrasts between the
crystalline lattice sites and the amorphous GaAs and between
the amorphous GaAs and amorphous glass were observed.
The thickness of the amorphous GaAs layer varied from 3
to 10 nm due to plasma activation damage induced in the
single-crystal GaAs. The inhomogeneity in the thickness of
the GaAs amorphous layers could be attributed to the variation
of the elemental flow of GaAs into glass during HPB.

The height of the GaAs nanostructures varied from 30 to
50 nm (figure 5(b)). This is in contrast to the penetration depth
of Ga into the glass, which has been theoretically calculated
to be in the nanometer range (∼4 nm) [16]. However, the
individual nanostructures at various locations had a similar
morphology. The growth of nanostructures maintained a
regular pattern with heights ranging from 20 to 50 nm. This
indicates that GaAs is an anodic material with a partially
blocking nature [34]. The growth of nanostructures from
GaAs to glass indicates the pulling of Ga and As ions into
the glass. It is expected that manipulation of glass impurities
and surface morphology will permit control of the nanopore
location.

3.5. Elemental detection of GaAs nanostructures

Energy dispersive x-ray (EDX) spectroscopy analysis
confirms GaAs nanostructures in the glass. Figure 6(a)
shows the quantitative analysis of the elemental composition
‘on nanostructures’ compared with that ‘off nanostructures’
(i.e., bulk area) of the glass. The red curve shows the elements
on nanostructures. The black curve represents elements
outside of the nanostructures. On the nanostructures, both
Ga and As were observed. Off the nanostructures, Si and O,
which are the major elements in the glass, were observed.
Carbon elements on both ‘on’- and ‘off’-nanostructures were
observed due to the contamination from HRTEM.

Figure 6(b) shows the distribution of oxygen, silicon,
gallium and arsenic across the bonded interface. The EDX
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Figure 5. (a) HRTEM and (b) STEM images of the hybrid plasma bonded GaAs/glass interface. Here, GaAs and glass amorphous layers
across the interface and GaAs nanostructures in glass are observed.

scan line position was ‘on nanostructures’, as shown in
figure 5(b). It is seen that gallium and arsenic diffused into
the glass. A certain amount of oxygen was observed on
GaAs across the bonded interface due to the electrostatic
force induced by the high voltage and temperature during
anodic bonding. Under these circumstances, GaAs could be
decomposed. Therefore, the nanostructures were grown due to
the exchange between the negative ions of glass toward GaAs
and an equivalent amount of Ga and As toward the glass.

3.6. Growth mechanism of GaAs nanostructures

From the Raman spectra results, Pyrex glass containing
alkaline oxide compounds such as boroxol chains may be
broken during bonding under the electrostatic force due
to the application of an anodic voltage and heating [35].
The alkaline atoms resulting from the broken alkaline oxide
compounds flow toward the cathode. A driving force is
required to maintain the flow of alkaline atoms and the
amount of Ga and As must be equivalent to the alkaline
ions. In order to fill the vacancies of alkaline atoms, Ga ions
followed by As ions flow to the glass. The movement of
gallium ions is controlled by diffusion and by drift in the
electric field at high temperature [16, 35]. The electrostatic
fields are non-uniformly distributed over the plasma-activated
rough surface of glass at the interface due to the presence
of nanodefects and nanopores during anodic bonding. This
nonlinear behavior of the electrostatic force results in a higher
electric field at the nanopores (due to the thicker oxide)
than in other areas. Therefore, Ga ions move easily into
glass through the nanopores at the interface. In addition, the
partially blocking nature [34] of GaAs during bonding with
the Pyrex glass is attributed to the inhomogeneous growth of
GaAs nanostructures in the glass. Therefore, the pulling of

Ga and As ions from GaAs to glass due to the movement of
alkaline ions under the high electrostatic forces resulted in the
growth of GaAs nanostructures in the glass.

Recently, the role of silicon nitride (SixNy) nanomasks on
the defect densities and structural properties of heteroepitaxi-
ally grown gallium nitride (GaN) nanocrystallites on sapphire
has been investigated [36]. Two sets of specimens of GaN
with heavily doped Si with densities of 2 × 1020 cm−3

were used. The nanogrowth was characterized with and
without inserting SixNy nanomasks at the interface between
the GaN seed layer and the GaN main layer (heavily doped).
The specimen without SixNy resulted in GaN crystallites a
few hundred nm length with considerably reduced defect
densities. The structural properties of the growth crystallites
of the specimens with and without SixNy were different. In
another study [37], the formation of defects across grains in
the aluminum doped zinc oxide films favored the growth.
Therefore, the surface and interfacial defects control the
growth behaviors of the oxide and nitride nanocrystallites
in these studies. These behaviors are similar to that of the
observed non-trivial growth behavior of GaAs nanostructures
in Pyrex through defects such as pores and scratches.

In this study, the nanostructures were grown at the
locations of pores and scratches on the glass surface.
Precise positioning of nanopores and nanolines is required
to achieve their controlled size and pitch. These nanopores
and nanolines may result in nanowires and nanosheets,
respectively. A variety of methods, such as focused ion
beam [38], interference lithography [39], electron beam
lithography [38] and nanoimprinting lithography [40, 17] can
be used to create nanopores and nanolines at desired locations.
For the length manipulation of the grown nanostructures, the
electrostatic force can be controlled during the anodic step in
the HPB. The electrostatic force is known to be a function of
the applied electrical field, temperature and time [15, 30, 31].
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Figure 6. (a) Energy dispersive x-ray (EDX) spectra of the
elemental intensity of C, O, Si, Ga and As at ‘Off Nanostructure’
and ‘On Nanostructure’. (b) EDX spectra of elemental distribution
at ‘On Nanostructure’ across the bonded interface. The scan
position on nanostructure is indicated by a dotted line, as shown in
figure 5(b).

The controlled growth of GaAs nanostructures in Pyrex glass
may offer a unique opportunity to realize a low-cost fluidic
filtration system [41, 42, 2, 43].

4. Conclusions

Gallium arsenide nanostructures were grown, for the first
time in glass, using the hybrid plasma bonding (HPB)
in air between the smooth surfaces of GaAs and glass
substrates. HPB is observed to assist the migration of
ions to achieve the void-free bonded interface that is
necessary for our nanostructure growth. The atomic level
bonding of GaAs/glass and inhomogeneous growth of GaAs
nanostructures in glass were confirmed by high-resolution
transmission electron microscopy and high angle annular

dark field-scanning tunneling electron microscopy. This
inhomogeneous growth was attributed to the partially
blocking effect of GaAs associated with the nanostructures
in the glass. Energy dispersive x-ray (EDX) analysis showed
the flow of alkaline ions toward the cathode and replacement
of alkaline ions by Ga and As ions in glass. EDX
detected both Ga and As on the grown nanostructures. The
Raman observation showed the alkaline contents on the
three-dimensional network structure of Si and oxygen, and
the boroxol chain in the Pyrex glass, and identified oxidized
GaAs after plasma activation. During the anodic bonding, the
alkaline ions moved toward the cathode and were substituted
by Ga and As ions. The electrostatic force induced by
the applied electrical field and heating in the anodic step
of the bonding controls the length of the nanostructures.
Through control of the GaAs nanostructure growth location
by nanopores, nanolines and density on Pyrex glass, a
low-cost fluidic filtration system may be realized.
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