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We fabricated and measured the optical loss of polysilicon waveguides deposited using hot-wire chemical vapor
deposition at a temperature of 240°C. A polysilicon film 220 nm thick was deposited on top of a 2000 nm thick
plasma-enhanced chemical vapor deposition silicon dioxide layer. The crystalline volume fraction of the polysi-
licon film was measured by Raman spectroscopy to be 91%. The optical propagation losses of 400, 500, and 600 nm
waveguides were measured to be 16.9, 15.9, and 13.5 dB∕cm, respectively, for transverse electric mode at the wave-
length of 1550 nm. Scattering loss is expected to be the major contributor to the propagation loss. © 2013 Optical
Society of America
OCIS codes: (130.3120) Integrated optics devices; (130.3130) Integrated optics materials.
http://dx.doi.org/10.1364/OL.38.004030

Silicon photonics technology can overcome the limita-
tions of wired interconnections to large scale integration
(LSI) circuits by using ultracompact, energy efficient,
and high bandwidth silicon circuits [1,2]. Silicon-on-
insulator (SOI) has been the dominant development
platform for silicon photonics technology due to its low
optical propagation loss. However, SOI is limited to lateral
integration of photonics and electronics components. Ver-
tical integration of photonic devices is usually performed
through direct deposition of amorphous or polycrystalline
silicon layers [3–6]. Multilayered integration is desirable
due to several advantages such as reduced chip size
and improved thermal isolation. Recently, there has been
an increased interest in polysilicon waveguides due to
their low cost and added design flexibility [3–10]. How-
ever, most of the reported polysilicon films were depos-
ited or posttreated at high temperatures (≥900°C), e.g.,
[3,6–10]. This high temperature may not be suitable for
multilayer integration and back-end fabrication process-
ing [11]. Therefore, we propose polysilicon waveguides
with low thermal fabrication budget achieved using a
hot-wire chemical vapor deposition (HWCVD) method.
An important characteristic of polysiliconwaveguides is

their low-cost compared to SOI. However, earlier reported
optical propagation losses (35–77 dB∕cm) abated the in-
terest for using polysilicon in photonics applications [5].
Engineering the waveguide structure and deposition
processes has recently resulted in reducing the optical
propagation loss to∼6 dB∕cm for transverse electric (TE)
mode [7]. However, annealing polysilicon at temperatures
≥900°C has been widely used to improve the crystallinity
of as-deposited polysilicon films. Takei et al. reported
low-loss, 6.5 dB∕cm, silicon waveguides using hydrogen-
ated microcrystalline silicon (μc-Si:H) deposited at 250°C
[11]. However, microcrystalline silicon has inferior elec-
tronic properties to polysilicon that may restrict the use
of microcrystalline silicon to passive optical devices. In
contrast, polysilicon exhibits good electrical and optical
properties for silicon photonics technology.

To avoid high deposition temperatures, we used
HWCVD instead of the more conventional low pressure
chemical vapor deposition and plasma-enhanced chemi-
cal vapor deposition (PECVD) processing. In a HWCVD
process, the precursor gas (silane) is efficiently broken
into radicals using a remote filament while the substrate
is only heated at low temperatures [12]. Advantages of
HWCVD include low deposition temperatures (≤300°C),
low ion-induced damage, high deposition rate, control-
lable uniformity, large and scalable deposition area,
and lower-cost polysilicon films [12].

Thin intrinsic polysilicon films (220 nm thick) were
deposited by Echerkon’s Nitor 301 HWCVD system
at a substrate temperature of 240°C with a silane and
hydrogen gas mixture. Silane (SiH4) decomposition
was achieved by 75 μm thick tantalum filaments heated
at 1850°C. A 2000 nm thick PECVD silicon dioxide (SiO2)
layer was first deposited at 350°C prior to polysilicon
deposition to form optical isolation. Submicrometer
waveguides were then realized using e-beam lithography
and conventional reactive-ion etching with fluorine-
based chemistry. The waveguides were then covered
with a 700 nm PECVD SiO2 layer that was deposited
at a temperature of 350°C, as shown in Fig. 1. Atomic
force microscopy (AFM) measurement of the surface
roughness of the polysilicon films revealed an RMS
roughness of 8.9 nm, an autocorrelation length of
100 nm, and an average grain size of ∼85 nm (Fig. 2) .

The crystallinity of the polysilicon layer was analyzed
using Raman spectroscopy with a 532 nm excitation la-
ser. The crystalline volume fraction, Xc, of the film was
calculated using

Xc �
Ic−Si

Ic−Si � Ia−Si
; (1)

where Ic−Si and Ia−Si are the sum of the deconvoluted
intensities for the crystalline silicon peaks, centered at
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520 and 510 cm−1, and the amorphous silicon peak
centered at 480 cm−1, respectively [13]. The crystalline
volume was found to be 91%, as shown in Fig. 3.
The transmission properties of the single-mode

HWCVD polysilicon waveguides were characterized us-
ing the cut-back method at a wavelength of 1550 nm.
An Agilent Lightwave 81949A C/L band was used as a la-
ser source. The coupling loss of the nanohole grating
couplers was estimated to be approximately 10 dB.
The design of the nanohole grating couplers allows cou-
pling of TE mode only. The fabricated waveguides had
lengths of 0.1, 0.25, 0.5, 0.85, and 1.3 cm and widths of
400, 500, and 600 nm. Figure 4 shows that the linear
fit of the extracted transmission losses of the TE mode
of the 400, 500, and 600 nm waveguides were found to
be 16.9� 0.4, 15.9� 0.2, and 13.5� 0.3 dB∕cm, respec-
tively. It can be seen that the loss reduces for wider wave-
guides due to reduced interaction of the optical mode
with the sidewall and top surface roughness (Fig. 5).
Several loss mechanisms may contribute to the total

propagation loss. The absorption loss LAbsorp is minimal
because of the hydrogen-terminated dangling bonds.
The RMS roughness of the SiO2 PECVD was less than
0.5 nm. Hence, the scattering loss due the bottom poly-
silicon–SiO2 interface roughness was assumed to be min-
imal. However, scattering loss from the grain boundaries,
sidewall roughness, and top surface roughness can be
significant. Scattering loss is generally a function of
the confinement factor, Γ, which is in turn a function
of the waveguide width, Γ�w�, for a given thickness.
Hence, the propagation loss can be expressed as

PLoss ≈ LMatScatt�Γ�w�� � LTopScatt�Γ�w��
� LSideScatt�Γ�w��; (2)

where LMatScatt, LTopScatt, and LSideScatt are the scattering
losses due to grain boundaries, top roughness, and side-
wall roughness, respectively.

3D finite-difference time-domain (FDTD) method was
used to estimate the loss produced by both the top sur-
face and sidewall roughness. FDTD Solutions by Lumer-
ical Inc. was used to simulate a 220 nm thick and 500 nm
wide waveguide with propagation lengths of 0.25, 0.5,
0.75, and 1 cm. The propagation loss was evaluated using
the cut-back method. The geometry of the waveguide
supports TE mode only and the confinement factor
was estimated to be 0.95. The roughness parameters, ex-
tracted from AFM measurements, such as the RMS value
and the autocorrelation length, were incorporated into
the roughness model. The sidewall roughness of the
waveguide had an RMS value of 4 nm with an autocorre-
lation length of 120 nm. The material-induced absorption
loss was excluded from the model. The simulation mesh
had a resolution of 2 nm. Simulation results showed that
the loss caused by the top surface and sidewall rough-
ness were 9.2 and 3.1 dB∕cm, respectively.

In order to confirm our simulation estimates, a 2D Fou-
rier method was also used to calculate the loss contribu-
tions from the sidewall and the top surface roughness
using the same structure and parameters used in the
FDTD method [14]. Table 1 summarizes the simulation
results of the 3D FDTD and the 2D Fourier methods.

Fig. 1. SEM cross-section of the polysilicon waveguide
covered with PECVD SiO2.

Fig. 2. Topographical AFM image of the polysilicon film de-
posited at 240°C using HWCVD. The RMS surface roughness
was measured to be 8.9 nm.

Fig. 3. Raman spectrum of the polysilicon film. Curve-fitting
shows a crystalline volume of 91% (blue-shaded area).

Fig. 4. Transmission characteristics of the TE mode of the
polysilicon waveguides of widths 400, 500, and 600 nm.
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The table shows that there is a discrepancy of only
�0.2 dB∕cm between the two methods. The results from
the two simulation methods show that the roughness of
top surface has a higher impact on the transmission loss
than that of the sidewall.
The material-induced loss can be calculated using the

extinction coefficient, k. We used a J. A. Woollam
spectroscopic ellipsometry system (192–1700 nm) and
a multilayer model to calculate the extinction coefficient
from which the material-induced loss was found to be
approximately 5.1 dB∕cm. Provided the scattering loss
is completely eliminated, the material-induced loss is
similar to those of previously reported polysilicon wave-
guides [7,10]. The loss can be further reduced by surface
planarization by means of chemical mechanical polishing
or similar methods. The grain boundaries scattering loss
can be improved by deposition at higher temperatures
than 240°C.
In summary, we report on polysilicon waveguides

with transmission losses ranging between 13.5 and
16.9 dB∕cm deposited by HWCVD at 240°C. Material-
induced loss was found to be ≈5.1 dB∕cm. Surface
roughness, which was the major loss contributor, can
be reduced by engineering the surface topography of the
polysilicon films. Future work will focus on improving
the crystallinity and surface roughness of the polysilicon
films.
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Fig. 5. Transmission loss of the TE mode of the polysilicon
waveguides with different widths. The inset shows the confine-
ment of the TE mode in a 500 nm polysilicon waveguide in
FDTD solutions.

Table 1. Contribution of the Scattering Losses Due

to the Top Surface and Sidewall Roughnesses

LTopScatt�dB∕cm� LSideScatt�dB∕cm�
FDTD 9.2 3.1
2D Fourier 9.4 2.9
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