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Abstract: Silica (SiO,, silicon dioxide—a dielectric layer commonly used in electronic devices) is
widely used in many types of sensors, such as gas, molecular, and biogenic polyamines. To form
silica films, core shell or an encapsulated layer, silane has been used as a precursor in recent decades.
However, there are many hazards caused by using silane, such as its being extremely flammable, the
explosive air, and skin and eye pain. To avoid these hazards, it is necessary to spend many resources
on industrial safety design. Thus, the silica synthesized without silane gas which can be determined
as a silane-free procedure presents a clean and safe solution to manufactures. In this report, we
used the radio frequency (rf = 13.56 MHz) plasma-enhanced chemical vapor deposition technique
(PECVD) to form a silica layer at room temperature. The silica layer is formed in hydrogen-based
plasma at room temperature and silane gas is not used in this process. The substrate temperature
dominates the silica formation, but the distance between the substrate and electrode (Dgtg) and
the methane additive can enhance the formation of a silica layer on the Si wafer. This silane-free
procedure, at room temperature, is not only safer and friendlier to the environment but is also useful
in the fabrication of many types of sensors.

Keywords: silica; silane-free; sensors; rf-PECVD

1. Introduction

The most popular application for silica is the dielectric layer [1] and spacer [2] in
the processing of integral circuits. Furthermore, there have been some novel applica-
tions in biotechnology [3-5], photoelectric technique [6], organic photoresists [7-10] and
sensors [11-14]. Silica is especially widely used in many types of sensors, such as gas,
molecular and biogenic polyamines [7-14]. For example, the silica functionalization process
is used to immobilize a variety of biomolecules, including glucose oxidase, horseradish per-
oxide, metallothionein, and DNA molecules [11]. A solid-state electrochemiluminescence
sensor based on Ru(bpy)3?*-encapsulated silica nanoparticles, covalently immobilized on a
screen-printed carbon electrode, has been developed and characterized [14]. Among those
novel applications, the processing temperature plays a crucial role in the final production
yield for applications, not only in the processing of integral circuits, but also in biotechnol-
ogy. The method used to process silica is the direct exposure of oxygen to a Si wafer with
a processing temperature from 900 to 1200 degrees Celsius (°C) [15]. In the 2000s, silane
was announced as the main material used to fulfill the low-temperature silica deposition,
with the technology of plasma-enhanced chemical vapor deposition (PECVD) [16,17]. In
addition, to achieve fewer defects and higher uniformity, the processing temperature is
pushed to a limit of from around 50 to 200 °C for silica deposition by the low-temperature
or plasma-enhanced atomic layer deposition (ALD) technique [18-21]. However, silane has
many dangers due to its flammable, explosive properties. Therefore, the environment is
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confirmed to be clean and safe when silane is not used in the fabricating procedure. In this
report, we offer a silane-free procedure for depositing silica on a 12" silicon wafer at room
temperature in a hydrogen-based plasma by PECVD technique. The substrate temperature
dominates the silica formation, but the Dgrg and methane additive can both enhance the
formation of silica layer on the Si wafer. This silane-free procedure at room temperature is
not only safer and friendlier to the environment, but also useful in the fabrication of many
types of sensors. We may produce a chemo-sensor by utilizing silica, and the schematic
plot of the sensor head is shown in Figure 1. First, the silica films are deposited on top of
the Si substrate as a gate between the source and drain, which is produced by an ion plant.
The shape and alignment of the gate, source and drain are simply, schematically shown
in Figure 1. On top of the silica gate, a blocking sheet is deposited to absorb the specific
kind of aptamer. Therefore, the target material will be successful in sensing. To summarize,
the hydrogen-based plasma by PECVD technique can be perfectly controlled and is able to
synthesize the silica layer on the Si substrate at room temperature. Thus, the silica layer can
be widely used in many types of sensors, such as gas, molecular and biogenic polyamines.

Aptamer

Blocking sheet

Figure 1. The schematic plot for sensors in universal construction contains source and drain electrode,
gate (SiO, layer), base (Si substrate), blocking sheet and aptamers.

2. Materials and Methods

A 12-inch Si (100) wafer is used as the substrate of silica deposition. The contam-
inations and native silica on substrate surface are cleaned by the Radio Corporation of
America (RCA) cleaning process. After the cleaning procedure, the wafer is loaded to
the chamber of ULVAC-PECVD with 13.56 MHz radio frequency signal. The electrode
is suitable for 12” wafer production with a 300 x 400 mm rectangle showerhead, which
offers plenty of gas inlets to deliver the process gas to the substrate surface, with a methane,
oxygen and hydrogen gas of 99.999% purity. The mixture for CH, and oxygen of 500 ppm
is simultaneously delivered in the processing chamber with hydrogen with a flow rate of
37:100 sccm. At this moment, the concentration of CHy can be determined as 27%. The
deposition experiments of silica are carried out under the reaction pressure of 133 Pa and a
distance between substrate and electrode (Dstg) of 40 mm, combined with an rf-power of
250 W. This processing recipe design was mainly chosen to use the hydrogen plasma as a
background in order to form silica. The methane molecular is the most similar material
in terms of atom composition, and is used to replace silane in the plasma conditions for
PECVD. Although there are no Si atoms in the methane molecular, the methane molecular
still supplies considerable energy to the oxygen and Si wafer to synthesize the silica layer
at room temperature. The extremely low flux of oxygen may limit the synthesizing rate
for silica; the lower synthesizing rate always can obtain a much more uniform layer and
fewer defects [22,23]. The large flux in hydrogen is used to etch carbon atoms and silica
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clusters [24-26]. In this report, we especially use the hydrogen to etch and deposit silica
at the same time, which may enhance the uniformity and reduce the defects. This idea is
inspired by the self-ion sputtering technique [27-29]. Surface morphologies, cross-sections
and energy-dispersive X-ray analysis of the deposited films are examined with JEOL scan-
ning electron microscopy (SEM). Atomic force microscopy (AFM) is also employed to
investigate the surface morphology of silica films. The thickness of the deposited films
can be calculated by the fitting data from ellipsometry. The incident beam of ellipsometry
measurement is set up from 45 to 60 degrees (5 degrees/measurement). The result is well
fitted for all data at the same model in a series measurement. The light source, Quartz
Tungsten Halogen (QTH) lamp is within a reliable scanning range from visible to near-
infrared (NIR), which is suitable for measuring the silica layer. The refraction index n and
dielectric constant k can also be calculated by the analysis of ellipsometry measurement.
In Figure 2a—c, the ellipsometry results for native oxide, deposition time of 20 and 40 min,
are shown, respectively. The scanning angle for Figure 2a—c is between 45 and 60 degrees.
In order to get the thickness of the silica films for Figure 2a—c, the ellipsometry results
should be fitted by the commercial software. Because the light source for the ellipsometry
measurements is sensitive for the wavelength between 350 and 1000 nm, the fitting range
is chosen to be between 350 and 1000 nm. After the analysis, the ellipsometry results
in Figure 2a— are all well-fitted, indicating that the silica thin films deposited by this
recipe are perfectly fitted to be a uniform silica layer on the Si wafer. This is a common
and standard analysis using ellipsometry results to confirm the thickness of silica thin
films [30,31].

(a)
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Figure 2. The ellipsometry results for (a) native oxide and silicon dioxide with deposition times of
(b) 20 and (c) 40 min are measured and fitted by the EASE program from J. A. Woollam Co., Inc.,
Lincoln, NE, USA.
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3. Results and Discussion
3.1. Optical and SEM Measurements for the Silica Layer

The systematical data are shown in Figure 3a. The stable linear increase in the thickness
of silica can be observed as the deposition time increases, indicating that the deposition
rate is 3.5 nm/min. Furthermore, the inset in Figure 3a simultaneously shows the high
uniformity of thin films and the thickness of 210 nm, which coincides with the results
from ellipsometry. The systematical research on different substrate temperatures, CHy
concentration and Dgrg are carried out under the standard of this recipe in order to find
out the dominant condition and mechanism of the silica deposition. In Figure 3b, the
thickness of silica thin film decreases from 210 to 4 nm as the substrate temperature
increases from room temperature to 150 °C. The thickness of silica thin film remains from 3
to 4 nm, which coincides with the native oxide of the silicon wafer. The inset in Figure 3b is
the energy-dispersive X-ray spectroscopy (EDS) and Raman spectrum of the SiO; layer,
indicating that it is a pure silica film without carbon atoms, with the feeding of methane
gas. This result implies that a substrate is over 150 °C is not beneficial for silica deposition.
This phenomenon can be attributed to the thermal disturbance and hydrogen plasma
etching between 150 and 300 °C. The thermal disturbance is not beneficial for the oxide
adsorption and chemical combination on the substrate surface, which has been reported
in the literature as different material interfaces [32-34]. In addition, the hydrogen plasma
can etch the silica layer and carbon atoms with a higher temperature [24-26]. From the
results mentioned above, 150 °C is the transition point for the deposition of silica under the
influence of substrate temperature. Therefore, the comparison of the experimental results
with a substrate temperature of 100 and 200 °C is focused on in the following research.
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Figure 3. (a) The thickness of SiO, from ellipsometry results and fitting by a linear behavior in
deposition time. The inset plot is the cross-section SEM image for a deposition time of 60 min.
(b) The relationship between the thickness of the SiO; layer and substrate temperature from room
temperature to 300 °C with 27% CHy, 500 ppm O;, Dg1g = 40 mm.

3.2. Methane Additive Enhanced the Silica Layer

The effect of Dgrg on silica deposition is shown in Figure 4a. At a substrate temperature
of 100 °C, as Dgrg increases from 10 to 40 mm, and the thickness of silica thin film reduces
from 250 to 50 nm. Most importantly, a linear relationship can be observed when Dgrp is
between 10 and 30 mm. This result indicates that it can be discussed by simplifying the
model for the parallel plate capacitor [35]. The Dsrg can be considered as the capacitor
distance, and the capacity (C) can be expressed by Equation (1):

Cr -2 when A > (Dgrp)? 1
Dsre

where A is the area of the capacitor plates and ¢ is the permittivity of dielectric. When the

plasma is stable, A and ¢ are assumed to be constants. Therefore, the capacity is proportional

to 1/Dstg. Compared with the experimental results, the deposition rate, being proportional

to capacity and 1/Dgtg, can be concluded. Therefore, the capacity is higher with a smaller

DgrE, resulting in its owning sufficient energy to help the deposition of silica thin film.



Chemosensors 2021, 9, 32

50f9

However, when Dgrg is longer than 30 mm, it deviates from the prediction of the parallel
plate capacitor model, which can be attributed to the interval being too big to let the
gas-flow fill the whole capacitor. The results in the thickness of silica deposition being
lower than predicted. Nevertheless, when the substrate temperature is 200 °C, the silica
cannot successfully be deposited on a silicon wafer by tuning Dsrg.
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Figure 4. The relationship between the thickness of the SiO; layer and (a) Dstg from 10 to 40 mm
with 27 % CH4, 500 ppm O, at 100 and 200 °C, and (b) the concentration of CHy from 9 to 27% with
500 ppm Oy, Dt = 10 mm at room temperature, 100 and 200 °C. The deposition time is an hour.
(c,d) are the respective refraction indexes n for (a,b).

On the other hand, the thickness of the silica thin film versus concentration of CHy
is shown in Figure 4b with oxygen levels at 500 ppm and Dgtg at 10 mm. At a substrate
temperature of 100 °C, the thickness of silica increases significantly when the concentration
of CHy increases. The reason for this is that the increased concentration of CH, can
significantly enhance the plasma density [36], resulting in the enhancement of chemical
reactions between Si and O atoms. However, when the substrate temperature is 200 °C,
the silica cannot be successfully deposited on a silicon wafer by a tuning concentration of
CHy. Furthermore, to discuss the quality of silica films, the refraction index n is necessary.
The refraction index n for the light source with a wavelength of 632.8 nm can be calculated
from the analysis of ellipsometry results. As the silica films are successfully deposited
at the deposition temperature of room temperature and 100 °C, we will discuss only the
n for series at a deposition temperature of room temperature and 100 °C. The effect of
Dgtg on the n of silica films is shown in Figure 4c. When the Dgrg increases from 10 to
40 nm, n for silica films deposited at room temperature and 100 °C is almost consistent
at 1.54. The extinction coefficient is almost zero. This implies that the quality of silica
films is not influenced by Dgrg. On the other hand, the refraction index with a different
concentration of CHy is shown in Figure 4d. With the increasing concentration of CHy,
n slightly decreases from 1.57 to 1.54 for silica films deposited at room temperature and
100 °C. The extinction coefficient is almost zero. The dash line is the refraction index for the
thermally grown silica film, whose value is 1.46 [37]. The decrease in n can be attributed to
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the increase in the pinholes, because n for pure silica films is 1.6. In summary, the substrate
temperature dominates the silica formation, but the Dgrg and methane additive can both
enhance the formation of a silica layer on the Si wafer.

3.3. Uniformity Measurements for the Silica Layer

Therefore, that recipe is adopted to the uniformity research of large-area deposition
on an industrial-size 12” Si wafer, which is shown in Figure 5. In Figure 5a, the thickness
of silica remains at 360 and 250 nm for the deposition temperature of RT and 100 °C,
respectively, when the distance to the center of the silicon wafer increases from 0 to 6”'.
After calculating the uniformity of the silica thin film, which can be defined by the ratio
between the thickness of silica thin film at x” and the center of silicon wafer, we can see
that the uniformity remains at 1.0, which is shown in Figure 5b. In Figure 5c, the refraction
index of silica remains near 1.54 for a deposition temperature of room temperature and
100 °C, but the refraction index of silica deposited at room temperature is a little bigger
than the silica deposited at 100 °C. The extinction coefficient is almost zero. In Figure 5d,
the dielectric constants of silica are consistent at 2.39 and 2.37 for deposition temperatures
of room temperature and 100 °C, respectively. The dashed line is the refraction index for
thermally grown silica film, whose value is 2.2 [38].
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Figure 5. The relationship between (a) the thickness of the SiO; layer, (b) the uniformity of the SiO,
layer, (c) refraction index n, (d) dielectric constant k and the distance to the center of the Si wafer
with a concentration of 27% CHy, 500 ppm O, Dstg = 10 mm at room temperature, 100 and 200 °C.
The deposition time is an hour.

The AFM images for silica deposition at room temperature and 100 °C at the center of
the Si wafer are shown in Figure 6a,b respectively. The roughness for silica films deposited
at room temperature is steady at 0.32 nm for any position at the 12” Si wafer, while the
roughness for silica films deposited at 100 °C is steady at 1.02 nm. The red circle marks in
Figure 6a,b represent the locations of pinholes in the silica films, and the average diameter
and depth of pinholes are 100 and 2 nm, respectively. This implies that the formations of



Chemosensors 2021, 9, 32

7 of 9

silica thin film in this recipe is not influenced by the distance to the center of the Si wafer
when the wafer is smaller than 12”. Therefore, a large-area silica deposition can be fulfilled
from this recipe.

O RT
© 100°C ]
. 1.2 E
E O O O o o
2 081 .
e ]
[ =
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2 04
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001 — T T T
0 2 4 6

Distance to the center of Si wafer (inch)

Figure 6. The atomic force microscopy (AFM) images for the SiO, layer deposited at (a) room
temperature and (b) 100 °C at the center of the Si wafer; (c) is the roughness of k and the distance
to the center of the Si wafer with a concentration of 27% CH, 500 ppm O, Dstg = 10 mm. The
deposition time is an hour.

4. Conclusions

We successfully use the rf-PECVD to form a silica layer on the 12” Si wafer at room
temperature in a hydrogen-based plasma. The substrate temperature dominates the silica
formation, but the Dgrg and methane additive can both enhance the formation of the silica
layer on the Si wafer. The EDS and Raman spectrum of the SiO, layer indicate that this
is a pure silica film, without carbon atoms and with the feeding of methane gas. The
refraction index and dielectric constant analysis imply that the silica film from this recipe
is better than the thermally grown silica. Furthermore, this silane-free procedure at room
temperature is not only safer and friendlier to the environment but is also useful in the
fabrication of many types of sensors, such as gas, molecular and biogenic polyamines.
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