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11 We demonstrate low-loss hydrogenated amorphous silicon (a-Si:H) waveguides by hot-wire chemical vapor dep-
12 osition (HWCVD). The effect of hydrogenation in a-Si at different deposition temperatures has been investigated
13 and analyzed by Raman spectroscopy. We obtained optical quality a-Si:H waveguide deposited at 230°C that has
14 a strong Raman peak shift at 480 cm−1, peak width FWHM of 68.9 cm−1, and bond angle deviation of 8.98°.
15 Optical transmission measurement shows a low propagation loss of 0.8 dB/cm at 1550 nm wavelength, which is
16 the first to our knowledge reported for HWCVD a-Si:H waveguide.
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19 1. INTRODUCTION

20 Silicon photonics devices are fast evolving from discrete optical
21 components to complete circuits that will eventually require
22 low-loss waveguide interconnects and devices for high-density
23 integration. The reliance of a silicon-on-insulator (SOI) plat-
24 form for building up active optical devices limits the fabrication
25 freedom in term of process temperature for the formation of a
26 multi-layer photonics platform. Therefore, low temperature
27 deposition of low-loss optical materials is essential for building
28 high-density optical integrated circuits. There have been a
29 variety of low temperature deposition techniques for optical
30 waveguide materials. For example, the use of polymer wave-
31 guides is constrained to the uppermost optical layer because of
32 its incompatibility with the CMOS thermal processes [1,2].
33 Low temperature plasma enhanced chemical vapor deposition
34 (PECVD) materials such as silica- and nitride-based wave-
35 guides have been demonstrated. These materials can achieve
36 low propagation losses, but their low refractive indices (∼1.5
37 and ∼2.1 at 1.55 μm, respectively) require mode matching
38 to the silicon devices, adding a layer of complexity to the design
39 and fabrication. In addition, silicon oxynitride and silicon
40 nitride contain N-H stretching bonds from using ammonia
41 in the deposition processes, which can cause absorption at
42 the s- and c-band wavelength range. Although the N-H bonds
43 can be annealed out at high temperatures close to 1000°C, such

44processing renders these materials unsuitable for back end of
45the line (BEOL) processes [3,4].
46Hydrogenated amorphous silicon (a-Si:H) waveguides fab-
47ricated by the conventional deposition method (PECVD) have
48been investigated [5–12]. Its low refractive index difference
49with the crystalline SOI waveguide devices simplifies integra-
50tion, especially in multilayer photonics. The waveguide losses
51in a-Si:H can be investigated from the perspective of its lattice
52network, which affects absorption in the material. In crystalline
53silicon (c-Si), the tetrahedral lattice structure has bond angle of
54109.5° and bond length of 2.35 Å. The amorphous silicon lat-
55tice network comprises 5% and 10% deviation from crystalline
56in the bond angle and bond length, respectively [13]. These
57deviations in amorphous structure do not affect the first few
58neighboring atoms, which is also known as the short range
59order (SRO) of an a-Si network. However, the amorphous
60disorder can induce structural stress to the intermediate range
61order (IRO; that is, beyond the neighboring atoms in the net-
62work), leading to bond breakage and the occurrence of dangling
63bonds. This has a negative impact on the optoelectronic prop-
64erties of the a-Si waveguide material, which will suffer from
65high absorption and degradation over time. Therefore, hydro-
66gen passivation is crucial during or after the deposition of
67amorphous silicon for the development of waveguide device
68applications.
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69 There has been a lot of research carried out on different types
70 of deposition and hydrogenation methods for a-Si:H material,
71 such as sputtering, evaporation, glow discharge plasma chemical
72 vapor deposition, PECVD, and catalytic chemical vapor depo-
73 sition (Cat-CVD) [14–19]. PECVD has been widely reported
74 for the deposition of a-Si:H waveguides [5–12], and the optical
75 propagation losses are summarized and compared to this work in
76 Table 1. Hot-wire chemical vapor deposition (HWCVD), also
77 known as Cat-CVD, has been used to deposit a-Si:H, micro-
78 crystalline silicon (μc-Si:H), and polycrystalline silicon for
79 photovoltaic and thin film transistor applications [23].
80 Previous work performed by Takahiro et al. [24] demonstrated
81 a waveguide loss of 15 dB/cm at a wavelength of 800 nm. The
82 advantages of HWCVD are its low deposition temperature
83 capability, high deposition rate, no plasma induced damage,
84 and large area homogeneity [25–27]. The complete catalytic
85 and thermal decomposition of the precursor gas silane (SiH4)
86 is achieved by the hot filament dissociation of Si and four H
87 atoms. In this work, we demonstrate low-loss a-Si:Hwaveguides
88 for the telecoms wavelength band using theHWCVDprocess at
89 temperatures compatible to BEOL (below 400°C). Raman spec-
90 troscopy was used to analyze the a-Si:H peaks and the amor-
91 phous network characteristics due to hydrogenation, thereby
92 correlating its material quality to the waveguide propagation loss
93 at 1550 nm wavelength. Optical propagation losses were mea-
94 sured using the cut-back method, and control samples with
95 2 μmwide waveguides were used to initially evaluate the optical

96propagation characteristics. Sub-micrometer wire waveguides
97were then fabricated, and a propagation loss of 0.8 dB/cm
98has been obtained.

992. SAMPLE PREPARATION

100The fabrication process started with thermal oxidation of a
101p-type Si substrate to produce a 4.6 μm thick SiO2 cladding,
102followed by HWCVD of a-Si:H layer on top of the oxide layer.
103The thick SiO2 was for optical isolation and to emulate the
104buried oxide (BOX) of SOI wafer. The a-Si:H samples used
105in this work were prepared using the Nitor 301 HWCVD
106system from ECHERKON Technologies Ltd. The system used
10715 tungsten filaments mounted parallel to each other with 2 cm
108separation. Each filament has a length of 30 cm with diameter
109variations from 0.125 to 0.2 mm. The different filament wire
110diameters provide thermal heating to the substrate temperature
111(T sub) ranging from 190°C to 320°C. The reason for using
112tungsten filaments is due to their good catalytic performance,
113low activation energy (71� 20 kJ∕mol at filament tempera-
114ture, T fil < 1700 K [28]) for silicon, low cost, and that they
115are readily available. The distance from the substrate to the fil-
116aments was maintained at 6 cm. The system used a constant
117T fil of 1850°C, which is high enough to achieve the complete
118dissociation of silane [29,30]. In order to maintain the control
119of film thickness, the substrate is first pre-heated without intro-
120ducing any gases. By using different filament diameters, it is

Table 1. Summary of the Performance of a-Si Waveguides and Techniques Used in Silicon Photonics Applications

T1:1

Reference Material
Deposition
Method

Deposited
Temperature

(°C)

Propagation
Loss

(dB/cm) Type

Dimension
(W ×H)
(nm)

Etched
Depth
(nm)

Upper
Cladding Remark

T1:2 [5] a-Si:H PECVD 220 0.7 Rib 15 × 3 μm 1200 Air λ � 1310 nm, without
post processing

T1:3 [6] a-Si:H PECVD 300 2 Rib 1100 × 1300 380 Air λ � 1550 nm, without
post processing

T1:4 [7] a-Si PECVD — 2.7 Wire 700 × 100 100 SiO2 λ � 1550 nm, 10 nm SiNx
intercladding and nitrogen/
argon plasma treatment

T1:5 [8] a-Si:H PECVD 300 3.46 Wire 480 × 220 220 SiO2 λ � 1550 nm, CMPb

process on lower claddingT1:6 a-Si:H PECVD 300 1.34 Ridge 480 × 220 70
T1:7 [9] a-Si:H PECVD 400 3.2 Wire 550 × 220 220 SiO2 λ � 1550 nm, CMPb

process on lower cladding
T1:8 [10] a-Si PECVD 300 3.8 Wire 450 × 220 220 TEOSa λ � 1550 nm, without

post processing
T1:9 [11] a-Si:H PECVD 250-300 2 Rib 2100 × 2100 900 SiO2 λ � 1550 nm, without

post processingT1:10 a-Si:H PECVD 250-300 5.3 Wire 500 × 200 200
T1:11 [12] a-Si:H PECVD 250 0.6 Ridge 780 × 440 100 TEOSa λ � 1550 nm, CMPb

process on deposited a-Si:H
T1:12 [20] c-Si — — 3.6 Strip 445 × 220 220 Air λ � 1550 nm, without

post processing
T1:13 [21] c-Si — — 3.4 Wire 630 × 220 220 Air λ � 1550 nm, sidewall

smoothing by wet chemical
oxidation

T1:14 [22] c-Si — — 0.92 Wire 500 × 265 265 Air λ � 1550 nm, without
post processing

T1:15 This work a-Si:H HWCVD 230 0.8 Wire 650 × 400 400 SiO2 λ � 1550 nm, without
post processing

aTEOS, tetraethyl orthosilicate.
bCMP, chemical mechanical polishing/planarization.
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121 possible to obtain different film thickness. The a-Si:H thickness
122 is 400 nm deposited at 0.01 mBar with a silane and hydrogen
123 gas mix ratio of 2.4∶1. The 400 nm thickness is chosen so that
124 the Raman laser (wavelength) penetration depth can fully inter-
125 rogate the deposited a-Si:H film without interference from the
126 background silicon dioxide layer. After the a-Si:H deposition,
127 the film was covered with 5 nm thick PECVD SiO2 at 350°C as
128 a passivation layer to prevent atmospheric degradation. We pre-
129 pared two batches of a-Si:H waveguides. The first batch was
130 fabricated using standard photolithography and anisotropic in-
131 ductively coupled plasma (ICP) etching to produce 2 μm wide,
132 fully etched wire waveguides, which were used as control sam-
133 ples to study the role of hydrogen in the structural ordering and
134 to correlate this to the optical propagation loss. The second
135 batch was fabricated using direct write lithography and aniso-
136 tropic ICP etching to produce fully etched wire waveguides
137 with widths of 250, 350, 550, 650, and 850 nm. For each
138 width in batch two, waveguides with different lengths ranging
139 from 3 to 10 mm were produced with grating couplers. Finally,
140 the a-Si:H waveguides were clad with a 1 μm thick PECVD
141 SiO2 layer.

142 3. MEASUREMENT SYSTEMS

143 There are other measurement and characterization techniques
144 such as electron spin resonance (ESR) and the constant photo-
145 current method (CPM) to evaluate the defects of amorphous
146 silicon [12,31]. These are the viable methods to evaluate
147 absorption in a-Si. In this work, however, we used Raman spec-
148 troscopy to evaluate the atomic structure to understand the
149 crystallinity and density of the material. A Renishaw Invia
150 Raman spectrometer with 532 nm Nd:YAG excitation laser
151 was used. The laser has a penetration depth of 100 nm for
152 a-Si:H material. A scanning electron microscope (SEM) and
153 atomic force microscope (AFM) were used to examine the cross
154 section and surface roughness of the waveguide. Based on
155 the analysis of the Raman spectra, the best Gaussian fit of
156 a-Si:H network material with optimal T sub was determined.
157 Preliminary transmission measurements were then conducted
158 on the a-Si:H waveguides deposited at various T sub, with di-
159 mensions of 2 μmwidth × 400 nm height, using the Fabry–
160 Perot [32] method to correlate with the Raman results. The
161 light was coupled into the device by the end-fire coupling ap-
162 proach with ×40 magnification objective lens at the input and
163 output of the waveguide. The output light is fed to an InGaAs
164 photodetector. Using the optimized material, wire waveguides
165 with a range of widths were fabricated to evaluate its optical
166 propagation losses. The propagation losses were measured
167 using the cut-back method with the fiber grating couplers with
168 a total insertion loss of 3 dB, and the optical transmission was
169 normalized to the grating couplers. Agilent 8163B, an inte-
170 grated tunable laser source, and a photodetector system were
171 used to couple light in and out of the waveguides by gratings
172 and TE polarized optical fibers.

173 4. MATERIAL CHARACTERIZATION
174 DISCUSSION

175 Raman spectroscopy has been used for atomic structural
176 characterization of a-Si:H [33,34]. The Raman spectrum of

177standard a-Si:H has four Raman active phonon modes, namely,
178a transverse acoustic (TA) peak at 135 cm−1, a longitudinal
179acoustic (LA) peak at 330 cm−1, a longitudinal optical (LO)
180peak at 450 cm−1, and a transverse optical (TO) peak at
181480 cm−1, which can be used to determine the structural qual-
182ity of a-Si:H [35]. Due to the symmetry in the face centered
183cubic (fcc) lattice, c-Si has a narrow sharp Raman peak from the
184TO phonon mode ωTO, positioned at 520 cm−1, with a full
185width at half-maximum (FWHM) ΓTO of about 3.5 cm−1

186[35]. In amorphous silicon, the small change in the structural
187distortion of the SRO network induces substantial modification
188to the phonon density of states. Thus, there is no translation
189symmetry, and ωTO has a broad Raman peak positioned near
190480 cm−1, with ΓTO ∼ 60 cm−1 [36,37]. Structural distortion
191also induces a change in bond length and bond angle Δθb. In
192the Raman spectrum of the amorphous silicon network, the
193TO phonon (vibration) mode is attributed to SRO, while
194the TA, LA, and LO phonon vibration modes are from the
195structural distortion in the IRO network [34]. Moreover,
196the area intensity ratio of ITA∕ITO, ωTO, and ΓTO are sensitive
197to the change in bond angle of the a-Si network and ITA∕ITO
198also indicates structural disorder in IRO.
199Figure 1 shows the Raman shift results from the effect of the
200deposited temperatures and the structural behavior of the
201a-Si:H. Figure 1(a) presents Raman spectrum of a-Si:H material
202deposited at 230°C, in which all vibration modes are defined.
203Figure 1(b) provides the Raman shift of ωTO as a function of
204T sub, where the dotted line is a guideline for the center of the
205Raman line 480 cm−1. The plot shows that ωTO does not
206depend on the T sub from 190°C to 320°C as compared to
207PECVD [34]. The results indicate two regimes for the
208HWCVD, namely, the diffusion control regime and kinetic
209control regime indicated in Fig. 2(a), where hydrogenation
210influences the a-Si:H quality during deposition. It has been
211shown that the concentration of hydrogen increases with a de-
212crease of T sub in HWCVD [38]. In our experiment, the change
213of T sub was achieved by changing the diameter of the tungsten
214filaments. This could induce the additional change in hydrogen
215concentration, even though the flow rate of the precursors and
216filament temperature were maintained. It appears there is an
217interplay of the two mechanisms due to hydrogen and T sub

218during the deposition process. The a-Si:H material deposited
219at 210°C, 230°C, and 250°C shows a low structural disorder
220of the amorphous network with ωTO appearing around
221480 cm−1, which indicates high-quality a-Si:H deposited in
222this temperature range. It also suggests that hydrogen passiva-
223tion into the dangling bonds stabilize the SRO of a-Si. For
224a-Si:H material deposited at 190°C and 320°C, there is an up-
225shift in ωTO to 490 cm−1 and 493 cm−1, respectively, as shown
226in Fig. 1(b). This is due to the mixture of micro- and nano-scale
227voids in the amorphous silicon network [33,39,40]. As shown
228in the inset of Fig. 1(b), the deconvolution of the amorphous
229peak into two Gaussian functions are related to the amorphous
230and intermediate voids.
231In the Arrhenius plot of Fig. 2(a), at T sub 320°C of the dif-
232fusion control regime, hydrogen concentration in a-Si:H is ex-
233pected to be less for the passivation of dangling bonds than the
234one deposited at T sub 190°C, which has reduced densified layer
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235 with micro/nano-scale voids and increased average bond length
236 of Si-Si atoms. These a-Si:H films with voids will have an inho-
237 mogeneous strain, which translates to a broadening of the ωTO

238 peak, as reported by Hishikawa et al. [34], showing a shift in
239 ωTO is due to the change in the stretching force of Si-Si bonds
240 in SRO. For the presence of the Si-H and Si-H2 stretching
241 modes, we managed to obtain broad Raman shift spectra be-
242 tween 1600 cm−1 and 2300 cm−1 (not shown) for the 190°C,
243 230°C, and 320°C samples. When these spectra were fitted
244 with the Voigt function, we obtained low to medium stretching
245 modes of 2091 cm−1, 2048 cm−1, and 2018 cm−1 for the re-
246 spective deposition temperatures of 190°C, 230°C, and 320°C.
247 The Raman shift of the 230°C and 320°C samples are the closet
248 to the Si-H bond at 2000 cm−1, which indicates hydrogenation
249 of the a-Si lattice network. Our measurement agrees with
250 Johnson et al. [41], Matsumura [42], and Smets et al. [43] that
251 their a-Si:H also has a broad Raman peak, showing evidence of
252 Si-H and Si-H2 bonds and also suggesting nano-crystalline and
253 voids in the amorphous silicon network [44]. However, for fur-
254 ther verification of Si-H and Si-Hn bonds in a-Si network,
255 FTIR could provide more information of the hydrogen content
256 in the material.

257The peak position of TO also indicates the effect of stress in
258the film, where tensile stress downshifts ωTO and compressive
259stress upshifts ωTO. Ratnayake et al. [45] suggest that there is a
260linear relationship for the internal tensile and compressive stress
261with regard to the deposition temperature. The film deposited
262at 210°C shows evidence of tensile stress with a downshift to
263476 cm−1, while the film deposited at 320°C indicates com-
264pressive stress with an upshift to 493 cm−1. The Raman spec-
265tral information for a-Si:H networks deposited at different
266T sub, at different deposition rates, and with different surface
267roughnesses is tabulated in Table 2.
268The FWHM width of the TO peak (ΓTO) is proportional to
269the structural angular distortion, which means the larger ΓTO,
270the more structural distortion in the bond angle distribution
271[36]. Figure 1(c) shows the dependence of structural deforma-
272tion on the substrate temperature T sub. The material deposited
273at 210°C has a FWHM ΓTO of 67� 1 cm−1 compared to the
274pure amorphous Si, which has a ΓTO of 60 cm−1. Han et al.
275[33] reported that device-quality a-Si:H has a ωTO centered
276at 480 cm−1 with FWHM ΓTO of 70 cm−1, which closely
277matches our experimental ωTO result at 480.5 cm−1 with ΓTO

278at 68.9 cm−1 for the a:Si-H material deposited at 230°C.

F1:1 Fig. 1. Extensive Raman characterization on the structural disorder of a-Si:H network as a function of T sub. (a) Raman spectrum of a-Si:H
F1:2 network deposited at 230°C of T sub shows four Raman active modes and the structural information available from those, such as peak position,
F1:3 can indicate chemical species and symmetry; ω shift can specify the stress and strain; and FWHM can express structural disorder and angular
F1:4 distortion of the material network. (b) TO peak position as a function of T sub, where the dotted line is a guideline for standard TO peak frequency,
F1:5 ωTO of a-Si:H at 480 cm−1. Insets are deconvolution of TO peak into amorphous and micro-voids in the topology of a-Si:H deposited at 190°C and
F1:6 320°C, where the solid line represents the TO peak of the Si-Si stretching mode of deposited film and the dotted lines represent the Gaussian
F1:7 deconvolution of the TO peak. Red dotted lines suggest amorphous and green dotted lines suggest micro-voids. (c). TO peak width ΓTO as a
F1:8 function of T sub, where dotted lines are guidelines for standard ΓTO at the fully amorphous condition and device-quality a-Si:H. (d) Dependence of
F1:9 the ratio of ITA to ITO on hydrogen concentration in diffusion control region. Schematic blue dotted arrows represent how bending modes vary with

F1:10 the hydrogen content in H-role region and how the stretching mode changes with T sub in the T -role region.
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279 Based on Beeman’s linear relationship [36] (Γ � 15� 6Δθb)
280 between ΓTO and bond angle deviation Δθb, the a-Si:H
281 material deposited at 230°C has a bond angle deviation of
282 8.98°, with respect to the crystalline Si bond angle. Our
283 bond angle deviation result is within the range reported by
284 Beeman et al. and Han et al. on a fully formed amorphous sil-
285 icon network [33,36]. The FWHM ΓTO becomes wider when
286 T sub is at 190°C and 320°C (shown in Table 2), which implies
287 changes in inter-atomic lattice spacing due to either compres-
288 sive or tensile strain and thus larger bond angle fluctuations.
289 The exact bond angle fluctuation requires future X-ray diffrac-
290 tion measurements and correlates to ωTO and ΓTO with a T sub

291 that requires more temperature points. For now, our goal is
292 to achieve low temperature deposition of a-Si:H for silicon
293 photonics applications.

294The TA phonon mode at the Raman peak position of
295∼135 cm−1 is attributed to the bond bending mode in the
296IRO of the amorphous network, while the TO phonon at
297480 cm−1 is attributed to the bond stretching mode in the
298SRO of the amorphous network [38]. By taking the Raman
299area intensity ratio of I �TA� peak to I �TO� peak, we can study
300the role of hydrogen on the TA bending modes (IRO) and TO
301stretching modes (SRO). Figure 1(d) presents information re-
302lated to the role of hydrogen on IRO or SRO. In the hydrogen-
303dominated diffusion control regime, bond bending decreases
304[�ITA∕ITO�↓] as the hydrogen concentration increases, which
305indicates that the effect of hydrogen on the structural disorder is
306more prominent in IRO than SRO. This observation matches
307the experimental results of Gupta et al. [38]. In the temperature
308(T sub)-governed kinetic control regime, bond stretching in-
309creases with decreasing T sub, indicating that thermally induced
310structural distortion is more obvious in the SRO. These results
311show a balance between hydrogen diffusion and thermal dep-
312osition required to achieve device-quality a-Si:H. The experi-
313ments also show the optimized temperature of 230°C, which
314meets the above requirement.
315The cross-section SEM images of the a-Si:H films are shown
316in Fig. 2(b), where the red box highlights the core thickness of
317400 nm surrounded by SiO2. The films deposited at 190°C and
318320°C show granular structure due to defects such as micro-
319voids. The a-Si:H film deposited at 230°C is relatively defect
320free with high densification. The small particles on the facets
321are due to residue from the cleaving.

3225. RESUTLS AND DISCUSSION

323Initial propagation loss measurements were performed using
324the Fabry–Perot method on the 2 μm wide fully etched wave-
325guides deposited at different T sub temperatures. Figure 2(a)
326shows the deposition rate and the propagation loss of the
327a-Si:H waveguide for the different temperatures. The mass
328transport control (also known as diffusion control) deposition
329regime is observed at temperatures above 210°C, which is char-
330acterized by small changes of the deposition rate with temper-
331ature. The surface-limited or kinetic control regime occurs
332below 200°C, where the deposition rate is dependent on
333temperature changes. The small drop in the deposition rate
334at 320°C could also suggest that gas reactions are more promi-
335nent above this temperature, but temperatures above this point
336were not investigated as they are outside the temperature range
337of interest. The average deposition rate of a-Si:H material is
3380.55 nm/s for the temperature range 210°C–320°C, while
339the deposition rate drop to 0.45 nm/s at T sub of 190°C. It
340is noteworthy that the trend in the Raman shift matches the

Table 2. Raman Spectral Information of a-Si:H Network for Different Substrate Temperatures

T2:1 Substrate Temperature,
T sub (ºC) ωTO (cm−1) ΓTO (cm−1) Δθ (°) I �TA�∕I �TO�

Deposition Rate
(nm/s)

Surface Roughness
(nm)

T2:2 190 490 79.85 10.81 2.08 0.46 1.32
T2:3 210 476.36 66.5 8.58 1.36 0.57 1.1
T2:4 230 480.5 68.9 8.98 0.73 0.55 1
T2:5 250 480 68.25 8.88 1.12 0.55 0.84
T2:6 320 492.6 90.78 12.63 1.84 0.52 3.58

F2:1 Fig. 2. (a) Arrhenius plot shows the deposition rate versus the
F2:2 temperature (square symbol) and shows the propagation loss (dB/cm)
F2:3 corresponding to the deposited temperature (diamond symbol).
F2:4 (b). Cross-sectional SEM images of the a-Si:H films deposited at
F2:5 the different substrate temperatures. Red box represents a-Si:H layer
F2:6 surrounded by silicon dioxide. Inset: the field intensity profile of the
F2:7 propagation mode (at λ � 1.55 μm) obtained from the 2 μm width
F2:8 waveguide.
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341 trend in the propagation loss measurements, where the loss of
342 a-Si:H deposited at 190°C and 320°C is higher compared to
343 those of a-Si:H at 210°C, 230°C, and 250°C. The waveguide
344 deposited at 230°C gives the lowest loss of 1 dB/cm. The inset
345 in Fig. 2(b) shows the optical intensity profile from the end
346 facet of the waveguide. We note that the AFM root mean
347 square (rms) surface roughness of the a-Si:H film deposited
348 at 190°C and 320°C is 1.32 nm and 3.58 nm, respectively,
349 while the a-Si:H deposited at 210°C, 230°C, and 250°C has
350 a rms roughness of about 1 nm (see Table 2).
351 From the Raman characterization, the a-Si:H film deposited
352 at T sub of 230°C is a promising candidate for low-loss silicon
353 photonics platforms. Therefore, a 400 nm thick a-Si:H film
354 was deposited at 230°C, wire waveguides with different widths
355 were fabricated as mentioned in Section 2, with their propaga-
356 tion losses assessed by the cut-back method, and coupling
357 with optical fibers was performed via grating couplers. The el-
358 lipsometer measurement showed refractive index n � 3.695,
359 κ � 3.167 × 10−6, and estimated band gap energy Eg �
360 1.624 eV was measured for the bulk material at 1550 nm using
361 the Cody–Lorentz model [46].
362 The measured propagation losses at a wavelength of
363 1550 nm for different widths are shown in Fig. 3(a). The
364 cross-section image of a waveguide with a width of 350 nm
365 is shown in the inset of Fig. 3(b). Waveguides with widths rang-
366 ing from 350 to 850 nm were measured under TE polarization,
367 while the narrow 250 nm wide waveguide was measured under
368 TM polarization only. The propagation loss [decibels per cen-
369 timeter (dB/cm)] as a function of waveguide width is plotted in
370 Fig. 3(b). The propagation loss was decreased with increasing
371 width. The lowest propagation loss is 0.8 dB/cm for the
372 650 nm wide waveguide, while the 350 nm wide waveguide
373 has a loss of 27 dB/cm. The higher loss is due to the weaker
374 optical confinement and mode interaction with the surround-
375 ing sidewall roughness and air voids as seen in the inset of
376 Fig. 3(b). For an 850 nm wide waveguide, the loss was
377 increased to 3 dB/cm, which could be attributed to the fabri-
378 cation error. Since the optical confinement is well within the
379 650 nm wide waveguide, and as the rms surface roughness is
380 low, we focused our analysis on how much material absorption
381 contributes to the loss after the hydrogenation and deposition
382 at 230°C. The extinction coefficient κ can be calculated using
383 the measured loss as the absorption coefficient α, where
384 α � �4πκ�∕λ. Using the excitation wavelength at 1550 nm,
385 the extinction coefficient κ is 1.85 × 10−6.
386 To evaluate the origin of the losses, we performed numerical
387 analysis using a commercial software called MODE Solutions
388 by Lumerical that uses a finite-difference eigenmode (FDE)
389 solver approach to calculate the loss. We modeled all fabricated
390 widths of the wire waveguides in the following order: (a) with
391 absorption but without roughness and (b) with an absorption
392 coefficient, sidewall/surface roughness, and air voids, which are
393 the artifacts from fabrication. Simulations for different wave-
394 guide widths were executed using the n and κ values from
395 the ellipsometer. First, the extinction coefficient was added into
396 the material to simulate the propagation loss of the waveguide
397 due to the material absorption at 1550 nm wavelength. The
398 extracted extinction coefficient is 1.845 × 10−6, which closely

399matched to our analytical estimate of 1.85 × 10−6. Under
400the assumption of high optical confinement, the simulated loss
401of 0.73 dB/cm is comparable to the experimental loss of
4020.8 dB/cm for the 650 nm wide waveguide. Further simulation
403with only the extinction coefficient on other waveguide widths
404shows no significant changes to the propagation loss. AFM
405measurement of surface roughness is shown in Fig. 4(a). From
406the cross-sectional view of the waveguide [inset of Fig. 3(b)], air
407voids are present between the SiO2 cladding and the a-Si:H
408waveguide. All these roughness factors were taken into account
409in the simulation condition (b). The sidewall of waveguide has
410the anisotropic roughness (7 nm correlation length) to resemble
411the etching result, while the AFM measured top and bottom
412surface roughness is 3.58 nm (worst case). The same sidewall
413roughness was applied to the air void, where the width of the
414air void is 50 nm at an angle of 30° to emulate the fabricated
415features shown in Fig. 3(b). All waveguides support the funda-
416mental TE mode, except from the waveguide that has 250 nm

F3:1Fig. 3. (a). Measured propagation loss, which is normalized to the
F3:2coupling loss for different widths. (b). Measured propagation loss
F3:3(black dots) (dB/cm) of the fully etched ridge waveguide as a function
F3:4of waveguide width at excitation wavelength 1550 nm. The dotted line
F3:5is for the eye guide. The squares are the analytically calculated propa-
F3:6gation losses. Inset is the cross-sectional image of measured waveguide
F3:7W � 350 nm, H � 400 nm.
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417 width, as shown in Fig. 4(b). The simulated propagation losses
418 (red squares) were plotted together with the experimental loss
419 (black dots) in Fig. 3(b). The simulation and the experimental
420 results show excellent agreement, which strongly suggests that
421 roughness scattering dominates the propagation loss more than
422 the material absorption. This means the HWCVD a-Si:H
423 deposited at 230°C has very good hydrogen passivation in
424 the SRO amorphous network.

425 6. CONCLUSION

426 From the Raman results, in addition to a-Si:H Raman shift of
427 480 cm−1, it is critical to achieve a FWHM of less than
428 70 cm−1 and a bond angle deviation of 6.6° < Δθb ≤ 10°.
429 This is to ensure the optical quality of a-Si:H material for wave-
430 guide device applications. We have achieved those conditions at
431 a deposition temperature of 230°C and shown that the absorp-
432 tion loss is lower than the scattering loss. We demonstrated,
433 for the first time to our knowledge, a very low optical loss
434 of 0.8 dB/cm at 1550 nm wavelength using the HWCVD
435 method. This low-loss waveguide offers a potential intercon-
436 nect solution for high-density silicon photonics integration.
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