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a b s t r a c t

Low-loss deposited amorphous silicon (α-Si:H) layers for nano-photonic integrated circuit have been
prepared using complementary-metal-oxide-semiconductor (CMOS) compatible technology. Waveguide
loss as low as 3.45 dB/cm is reported for films deposited at a low temperature (300 1C) using plasma
enhanced chemical vapour deposition process. The influence of the deposition parameters such as gas
dilution, plasma power and pressure on the quality of the deposited material is thoroughly characterized
using Fourier transform infrared spectroscopy (FTIR), spectroscopic ellipsometry, X-ray diffraction and
atomic force microscopy. We show that the optical quality of the deposited film can be directly assessed
from distinct frequency bands (2090, 2000 and 840 cm�1) using FTIR, without the need for further
waveguide loss measurements.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Silicon photonics is maturing as an integrated photonics tech-
nology platform suitable for various applications. One of the main
driving forces behind this development is integration with
complementary-metal-oxide-semiconductor (CMOS) technology
for next generation high performance computing and data com-
munication. The high-refractive index contrast of silicon with
respect to its cladding layers (SiO2 or air) helps to increase the
device density by up to 6 orders of magnitude from traditional silica
based photonic circuits. However, further scaling down is limited by
the wavelength of light. In order to increase the device density
further vertical integration of photonic circuits should be exploited.

Although silicon photonics has made tremendous progress,
it has mostly relied on crystalline silicon-on-insulator technology.
In spite of the superior material quality, this seriously limits innova-
tion and integration options. It does, for example, not allow for
multilayer photonic circuits and also limits the options for integrating
electronic and photonic circuits. Various options have been proposed
for both these applications, including free space optics but no general
consensus has been reached yet. The two main integration routes
explored are bonding [1,2] and layer stacking approaches (back-end)
[3,4]. Although such 3D integration technologies are widely explored

for electronic–photonic integration, a simple CMOS back-end com-
patible layered approach would be suitable for most applications,
including multilayer photonic integrated circuits, and possibly more
cost effective.

To realize a layered integration scheme, the main requirement
is the availability of a low-loss core material. Over the last few
years, the propagation loss of deposited silicon has been brought
down considerably, nearly matching that of crystalline silicon. This
has been achieved by exploring different deposition techniques.
Various groups showed that plasma enhanced chemical vapour
deposition (PECVD) is the most suitable technique to achieve low–

loss deposited (amorphous) silicon [5–9,11]. The main reason is
the ability to deposit layers with a low number of defects.
Furthermore, it is an attractive technique for electronic–photonic
back-end integration since the deposition can be done at low
temperatures (o400 1C). Using this technique propagation losses
of 2 and 3.45 dB/cm were achieved for respectively low and high
contrast waveguide configurations [8,13] and modulators using
thermo-optic [14,12], all-optical [7,15] and electro-optic [16]
effects within these layers were demonstrated.

Understanding thematerial properties is the key for preparing high
quality deposited amorphous silicon. Despite improvements over the
past years, unfortunately, there is no comprehensive material study
available investigating deposited silicon optimized for integrated
photonics. As low propagation loss is put forward as the main
requirement, unless the material properties are thoroughly studied,
it will be impossible to improve the layer quality further. In this paper,
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we relate the deposition parameters to the material properties of the
deposited layers and explain how the latter then influence the
propagation loss in the 1550 nm telecom wavelength band.

2. Deposited amorphous silicon

Silicon (Si) can be deposited using different techniques and
conditions. Table 1 summarizes different techniques to choose from.
The ability to control scattering and absorption loss determines the
suitability of a technique for obtaining high quality films. These losses
are caused by defects in the material. We can discern two categories of
defects. On one hand, hard defects, which cannot be removed from the
film; on the other hand, soft defects, which can be reduced after
deposition. Material defects such as voids, grain boundaries, dangling
bonds and interface defects can be classified as hard defects, while
stress and surface roughness are classified as soft defects. The presence
of voids and grain boundaries causes scattering of light, while the
presence of dangling bonds causes absorption of light. Thus, to achieve
low propagation loss, the material should not have grains (i.e. be
amorphous or mono-crystalline), should be free of voids and should
have a low number of Si dangling bonds.

As previously mentioned (Section 1) the PECVD technique is
the most viable technique for low-loss α-Si deposition. One of the
main reasons is that the absorption in the electronic bandgap due
to dangling bonds can be resolved during deposition by incorpor-
ating hydrogen (H) in the Si network resulting in hydrogenated
amorphous silicon (α-Si:H). The scattering loss can then be
reduced by tuning the deposition conditions to deposit non-
crystalline and void free amorphous films. Though hydrogen plays
an important role in reducing the propagation loss [17], there is an
optimum level above which it plays a negative role.

3. Plasma enhanced chemical vapour deposition

Plasma enhanced chemical vapour deposition is a popular method
for thin film deposition in microelectronics. Although mainly used for
dielectric deposition it is also used for semiconductor and metal
deposition. Fig. 1 illustrates a simple PECVD system with the essential
components. By applying a radio frequency voltage across the
electrodes, and in the presence of sufficient gas molecules, a plasma
is created. The wafer (or substrate) is brought in contact with one of
the electrodes to attract the radicals to the surface resulting in film
formation. The film deposition and its properties can be tuned by the
deposition process parameters: substrate temperature, plasma power,
pressure, gas flow and spacing between the electrodes.

3.1. Growth process overview

α-Si:H thin films for photonics are commonly prepared using
monosilane (SiH4) as precursor gas with or without dilution gases
such as H2, He, Ar, and Xe. In the plasma, the precursor gas is
dissociated into different reactive species, including silyl (SiH3),
silylene (SiH2), silylidine (SiH), etc., depending on the energy state.

These excited species react among themselves and with the feed
gas to form a steady state condition to sustain the plasma.

It has been shown by Matsuda et al. [18,19] that SiH3 is one of
the dominant species in the plasma and also one of the major
contributors for the film growth. By adsorbing these species on the
surface of the wafer a solid film can be formed from the gaseous
species. Initially, the wafer surface is covered with –H. When the Si
containing radicals arrive onto the H-rich surface it reacts with H,
which is then released from the surface (Eqs. (1) and (2)), resulting
in a dangling bond. This dangling bond serves as a growth point
for further film formation. However, not all of these dangling
bonds are further used, hence leaving residual defects. Thus, it is
not possible to prepare films without defects (i.e. dangling bonds):

� Si–HþSiH3-� Si–þSiH4 ð1Þ

� Si–þSiH3-� Si–SiH3 ð2Þ

3.2. Experimental conditions

α-Si:H is deposited in a 200 mm industrial PECVD deposition tool
(Applied Materials Centura 5200). The deposition chamber is a part of
a deposition cluster with load-locks. The plasma source consists of two
aluminium electrodes separated by a gap set to 12.25 mm. The upper
electrode is connected to a radio frequency power supply operating at
13.56 MHz, while the bottom electrode is grounded. SiH4 and helium
(He) are used for film deposition. As mentioned earlier there are a
number of parameters that can be tuned to control the film growth.
We kept the substrate temperature and the distance between the
electrodes (spacing) constant, while the feed gas ratio, pressure, and
power were tuned. Table 2 summarizes the experimental conditions of
the deposition process used in our experiments.

4. Material characterization

The material properties of the deposited α-Si:H are character-
ized using the following techniques:

1. Spectroscopic ellipsometry/KLA-Tencor ASET-F5 – thickness
and refractive index measurements.

Table 1
Comparison of different deposition techniques for Si deposition.

Technique Temperature Material phase Loss mechanism

LPCVD High α; Poly Scattering, absorption
Epitaxy High Crystalline Absorption
PECVD Low α; Poly Scattering, absorption
Sputtering Low α Absorption
E-gun evaporation Low α Absorption

α, amorphous; Poly, polycrystalline including nano- and microcrystalline.

Fig. 1. Schematic of a simple plasma enhanced chemical vapour deposition system.

Table 2
Experimental condition.

Parameter Range Nominal setting

RF power (W) 100–300 180
Spacing 500 mils (12.25 mm) 500 mils
Pressure (Torr) 1.5–5 2.6
Temperature (1C) 300 300
Silane (SiH4) flow (sccm) 100–300 100
Helium (He) flow (sccm) 0–2500 900
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2. Fourier transform infrared spectroscopy (FTIR)/Bio-rad FTS
40 – film composition (different Si–H bond configurations).

3. X-ray diffraction/Bede Metrix ™�L – crystal structure
characterization.

4. Laser scanning /Eichhorn Hausman Stress Meter MX203 –

stress and wafer bow characterization.
5. Atomic force microscopy/Veeco Nanoscope IV Dimension 3100 –

surface morphology characterization.
6. Optical transmission (cut-back method) – waveguide propaga-

tion loss characterization.

4.1. Deposition rate and refractive index

The film thickness and the refractive index of the deposited
material were characterized using spectroscopic ellipsometry.
Figs. 2 and 3 illustrate the effect of dilution of the precursor
(SiH4) on the refractive index and deposition rate of the
deposited films respectively. The refractive index of the film
increases with an increase in the dilution, which induces an
increase in film density, while the deposition rate decreases. We
also observe that the refractive index decreases with an increase
in power (Fig. 4).

The change in the film density can be related to the deposition
rate. The growth process itself is a complex sequence of random
events on the wafer surface. However, a simple but realistic
explanation can be considered. The deposition rate increases with
an increase in the radical density in the plasma. This can happen
either at higher plasma powers or at lower dilution. During the
growth process, the radicals from the plasma arrive on the wafer
surface at a certain rate called radical arrival rate Ra, which is
determined by the deposition condition. Upon arrival on the
surface, these radicals diffuse to identify a reactive growth site,
the distance they travel on the surface is called diffusion length
and the rate at which they react is called the surface reaction rate
(Rsr). If Rsr is higher than Ra, the radical gets sufficient time to find a
growth centre resulting in a dense film; on the other hand, if
RsroRar a less dense film is formed.

4.2. Film composition

The composition of the deposited film is studied through the
FTIR absorbance spectrum between 400 and 4000 cm�1. The
background corrected spectrum is studied for the Si–H bond
configurations, as they are an important constituent of the film.
The characteristic vibration modes of different Si–H bonds occur at
distinct frequencies, which are summarized in Table 3. Although H

is a vital element for preparing low-loss α-Si films higher con-
centrations lead to undesirable cluster formation, which can result
in void formation. These clusters can be easily identified from the
IR frequency peaks in the spectrum as presented in Table 3.

4.2.1. Effect of dilution
Figs. 5 and 6 depict the absorbance spectra at 2000 and

640 cm�1 for samples with different dilution. In Fig. 5 it can be
clearly seen that the peak shifts from 2090 cm�1 (polyhydride) to
2000 cm�1 (monohydride). This is a clear indication that the total

Fig. 2. Influence of dilution of SiH4 on the refraction index (n&k) at 633 nm.
Fig. 3. Influence of dilution of SiH4 on the Deposition rate of α-Si:H.

Fig. 4. Influence of plasma power on the refractive index of α-Si:H.

Table 3
Infrared absorption of various Si�Hn vibration modes.

Bond configuration Peak frequencies (cm�1) Ref

Si–H wagging 640 [20,21]
Si–H2 rocking 620 [20]
Si–H3 symmetric bending 840 [20,22]
Si–H3 asymmetric 890 [20,22]
Si–H2 symmetric bending 890 [20,22]
Si–H stretching 2000 [20]
Si–H2 asymmetric stretching 2090 [20]
Si–H3 symmetric stretching 2090 [20]
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amount of H incorporated in the film decreases with an increase in
dilution. Furthermore it is evident from the reduction in the
640 cm�1 Si–H peak with increasing dilution that the total H
incorporation in the film is reduced with increasing dilution
(Fig. 6). Excessive hydrogen in the film creates voids, which is
called microstructure (R). The latter is often quantified by the ratio
of mono- and polyhydrides absorbance peaks:

R¼
R
I2090R

I2000þ
R
I2090

; ð3Þ

where I2000 and I2090 are the integrated intensities of the peaks
at 2000 and 2090 cm�1 respectively. Fig. 7 shows the microstruc-
ture R obtained from the spectrum, which clearly indicates the
reduction in the voids with increasing dilution. The microstructure
is an indication of the film density and can be correlated with
the refractive index of the film. We indeed observe an excellent
agreement between these two quantities when comparing
Figs. 2 and 7.

4.2.2. Effect of pressure
The effect of the pressure on the deposited film was studied

while keeping other plasma parameters constant: precursor dilu-
tion at He/SiH4¼9, spacing at 500 mils/12.25 mm, power at 100 W
and temperature at 300 1C. The pressure was varied from 1.5 to

5 Torr. At the lowest pressure (1.5 Torr) the plasma failed to ignite,
hence no deposition was possible at this pressure.

Fig. 8 depicts the absorbance spectrum in the 2000–2090 cm�1

band. At higher pressure the absorbance at 2090 cm�1 indicates
formation of clustered SiH and SiHx ¼ 2;3. However this peak
disappears at low pressure, which can be attributed to a decrease
in the radical density in the plasma at lower pressure. This can be
explained as follows: at a constant gas flow, when the pressure is
increased the mean free path of the gas molecules is reduced. This
leads to a chain reaction between the precursor (SiH4) and
dissociated radicals (e.g. SiH2) forming ðSi–H2;3Þn like networks
[23]. This is verified from the absorption peak around 840 and
890 cm�1 (Fig. 9), which corresponds to clustered Si–H3 and Si–H2

respectively. The peak at 840 and 890 cm�1 diminishes when the
pressure is decreased, which clearly indicates that at lower
pressure the ðSi–H2;3Þn chain formation is arrested, resulting in
the formation of void free and dense film.

4.2.3. Effect of power
The power applied to create the plasma is an important deposi-

tion parameter, which facilitates dissociation of the precursor gas.
To study the effect of applied power on the film composition the
applied power is changed between 100 and 300W, while the other
parameters were kept constant at their nominal value as indicated
in Table 2.
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We observe an increase in the Si–H monohydride peak
(2000 cm�1) with an increase in applied power (Fig. 10), while
no polyhybrid peak (2090 cm�1) was observed. However, the
clustered Si–H2 peak at 890 cm�1 appears at higher power and
diminishes when the power is reduced (Fig. 11). Due to the
existence of a higher radical density at high plasma power the
chain reaction leads to ðSiH2Þn formation, which is reduced at
lower plasma power. From the literature, we have found that
better quality α-Si:H is often achieved at low plasma power [5,9].
We believe that the reduction in ðSiH2Þn is one of the reasons
for this.

4.3. Crystallography

The crystalline nature of the deposited film was studied using
glancing angle (11) X-ray diffraction (XRD). The measurements
were compared with the ones obtained from SE and FTIR pre-
sented in Sections 4.1 and 4.2 respectively.

Fig. 12 shows the crystallinity of films deposited with different
silane dilutions. Two peaks can be distinguished in the spectrum. The
broad peak around � 521 could be either from thermal vibration of
the substrate Si lattice or 〈311〉 lattice [10]. The peak at 281
corresponds to the Si〈111〉 crystal in the deposited film. This peak
smears out and disappears with an increase of the precursor dilution,
which indicates that the film evolves from a microcrystalline phase
(at low dilution) to an amorphous phase (at higher dilution). The

crystallinity of the film is also a good indication of the film density:
we observe an excellent agreement between SE (Fig. 2) and XRD
characterization. As discussed earlier in Section 4.1 with increasing
dilution the film density increases due to sufficient incubation time
on the wafer surface. During the network formation, the radicals are
tightly bound in a random fashion creating a highly dense (also
evident from stress) amorphous film. However, at lower dilutions
due to less incubation time, the radical cannot form a tighter bond
but rather as stacking of the species. Another reason for microstruc-
ture/crystalline formation at low dilution is insufficient dissociation
of the precursor yielding polyhydrides.

4.4. Film stress

The two main reasons for having stress in a thin film are
molecular interactions and differential thermal expansion coeffi-
cients (TEC). The stress (s) induces wafer bow and therefore, can
be determined from the wafer curvature. The stress induced by a
given layer is calculated from measuring the wafer radius before
and after the deposition. This also allows to determine if the stress
is either tensile or compressive. Eq. (4) relates stress and the wafer
parameters:

s¼ 1
6

Y
1�ν

t2s
tf

1
Rf

� 1
Rs

� �
; ð4Þ
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where ts is the thickness of the silicon substrate, tf is the thickness
of the deposited film, Rs and Rf are the wafer radius before and
after deposition respectively, ν is Poisson's ratio of the wafer and
Y is Young's modulus of the substrate.

Figs. 13 and 14 show the effect of dilution and plasma power on
the stress in the deposited α-Si:H film. We observe that the stress
is mostly compressive, and it increases with an increase in dilution
and on the contrary, decreases with an increase in the plasma
power. The stress changes from tensile to compressive when the
feed gas dilution is increased from 0 to 25. This transition can be
explained from the changing diffusion length of the radicals on the
surface. As mentioned earlier (in Section 4.1) at higher radical
arrival rate (Rar), the diffusion length is restricted, and this results
in a columnar structure. Due to inter-molecular attraction between
the Si atoms in the columns, neighbouring columns induce a
tensile stress. On the other hand, at higher dilution (or lower Rar)
the densely packed Si atoms repel each other resulting in a
compressive stress (Fig. 14).

From FTIR and XRD characterization, we observe that higher
dilution and lower power yield films with low microstructure,
which is important to achieve low-loss waveguides. Although
stress in itself does not affect the propagation loss, the wafer
bow (Figs. 13 and 14) of the films deposited at low power and high
dilution is unacceptable for further processing, e.g. during the
lithography process, the focus over a wafer with bow will vary
resulting in a large variation in the linewidth [24]. For larger bow,

the substrate holder used in the lithography tool will reject the
wafer. Hence we had to limit our deposition parameters feed gas
dilution and power to r9 and Z180 W respectively.

4.5. Surface morphology

The surface roughness of the film deposited with the optimized
deposition condition (180 W, 2.6 Torr, precursor dilution 9) was
characterized using atomic force microscopy (AFM). The surface
roughness of deposited films is often influenced by substrate
roughness, and therefore, we prepared all the films on a polished
oxide surface with a surface roughness of 0.1 nm rms. We found
that the surface roughness of α-Si:H films increases with an
increase in the thickness of the film. A roughness of 1.4 and
2.1 nm was measured for a film thickness of 220 and 440 nm
respectively (Fig. 15). As the surface roughness of the film can
cause scattering of light eventually resulting in propagation loss,
we have used chemical mechanical polishing (CMP) to smoothen
the surface. After polishing the surface roughness of the films was
0.23 nm and 0.25 nm for 220 nm and 440 nm thick films respec-
tively. During CMP � 40 nm of material is consumed, which
should be taken into account during the initial deposition process.

5. Optical loss measurements

The optical propagation loss of the deposited α-Si:H films in
the telecommunication wavelength range 1500–1600 nm was
studied through the definition and characterization of photonic
wire waveguides. The propagation loss of a photonic wire wave-
guide is mainly caused by three phenomena: scattering of light
from the sidewalls of the photonic wire, scattering of light inside
the core due to voids/microstructures and absorption in the core.
The propagation loss measurement gives the combined effect of
these three loss factors. We studied the effect of the precursor gas
dilution and the plasma power on the propagation loss of qTE
mode in the photonic wires.

Fig. 13. The effect of dilution on the stress and wafer bow of � 220 nm α-Si:H film.
Wafer bow¼Rs�Rf, where Rs and Rf are the wafer radius before and after
deposition respectively.

Fig. 14. The effect of plasma power (with other parameters set at nominal
condition) on the stress and wafer bow of � 220 nm α-Si:H film. Wafer bow¼
Rs�Rf, where Rs and Rf are the wafer radius before and after deposition respectively.

Fig. 15. Surface roughness before (a,b) and after (c,d) polishing of 220 and 440 nm
α-Si:H.

S. Kumar Selvaraja et al. / Optics Communications 313 (2014) 210–216 215



The photonic wires were fabricated in as-deposited α-Si:H of
220 nm on top of 1950 nm of surface polished high-density
plasma oxide. Photonic wire patterns with varying length (0.6–
6 cm) were defined using 193 nm optical lithography and dry
etching. The linewidth of the photonic wires was kept at
� 450 nm. The details of the fabrication process can be found
elsewhere [24]. To compare different materials, we used the same
fabrication process for all wafers, thereby keeping the effect of the
sidewall roughness fixed. As crystalline silicon is a well known low
loss material, we have also fabricated photonic wires in a crystal-
line Si wafer for comparison.

To characterize the propagation loss of the different materials,
light from a broad-band light source is coupled into the waveguide
and the output is measured using a spectrum analyzer. We use TE
grating fiber couplers [25] to couple the light in and out of the
photonic wires. Table 4 summarizes the effect of precursor gas
dilution and plasma power on the propagation loss. The propaga-
tion loss does not change appreciably with decreasing plasma
power (180–300 W). As mentioned earlier we were unable to
pattern the film deposited at 100 W due to wafer bow, which
restricted us to operation above 100 W. On the other hand, higher
dilution clearly shows a considerable improvement in the propa-
gation loss, from immeasurably high loss to 3.46 dB/cm. To our
knowledge this is the lowest propagation loss reported for photo-
nic wires of this dimension (450 �220 nm) fabricated in α-Si:H.

6. Conclusion

A comprehensive material property study has been performed
on amorphous silicon α-Si:H, deposited using a PECVD process.
We investigated and correlated the effects of different process
parameters including the dilution ratio, the plasma power and the
chamber pressure on the material properties. In particular, we
have found that at a low plasma power, low pressure and higher
dilution the film properties are ideal for depositing low-loss α-Si:

H. These parameters can vary slightly depending on the type and
size of the deposition chamber. At the optimum deposition
condition propagation loss as low as 3.46 dB/cm has been achieved
for photonic wire waveguides of 450 nm wide and 220 nm thick.
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Table 4
Propagation loss of α-Si:H photonic wires for various precursor gas dilution and
pressure, while other parameters were kept constant (wafer temperature¼300 1C,
Pressure¼2.6 Torr, spacing¼500 mils/12.25 mm).

Material Dilution ratio (He/SiH4) Power (W) Wire loss (dB/cm)

α-Si:H 9 100 NA
α-Si:H 9 180 3.4670.04
α-Si:H 9 300 3.770.08
α-Si:H 5 180 4.2570.04
α-Si:H 3 180 4.9470.04
α-Si:H 0 180 very high
Crystalline Si – – 2.870.09
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