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Amorphous silicon waveguides for microphotonics
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Amorphous silicona-Si was made by ion irradiation of crystalline silicon withk1.0™ Xe ions

cm 2at 77 K in the 1-4 MeV energy range. Thermal relaxation of the amorphous network at 500 °C
for 1 h leads to an amorphous layer with a refractive indem-68.73, significantly higher than that

of crystalline silicon(n=3.45 at\ = 1.55m). a-Si can thus serve as a waveguide core in Si based
optical waveguides. Channel waveguides were made by anisotropic etching of anl.5
silicon-on-insulator structure that was partly amorphized. Transmission measurements of these
waveguides as function of the amorphous silicon length show that-thiepart of the waveguides
exhibit a modal propagation loss of 70 ¢n(0.03 dBum™1) and a bulk propagation loss of 115
cm 1(0.05 dBum™1). Losses due to sidewall roughness are estimated, and are negligible compared
to the modal loss. €2002 American Institute of Physic§DOI: 10.1063/1.1486035

I. INTRODUCTION well as optical and electronic properties have been studied
intensively and depend critically on the exact processing
Silicon is the most widely used semiconductor materialconditions. In contrasg-Si made by ion irradiation of crys-
in current electronic devices, because of its excellent elecalline silicon has reproducible properties that are insensitive
tronic properties. Single crystalline Si of high quality is to the preparation details, while voids seem to be absent in
available and the processing and microfabrication of Si arghis materiall Heat treatment of pura-Si made by ion irra-
well known. Since silicon is transparent in the near infrareddiation induces structural relaxatfband reduces the defect
Si is also an ideal optical material. Si-based waveguides magtensity, which leads to an improvement in the optical and
serve as optical interconnects on Si integrated circuits, or telectronic properties. Overall, it seems that hydrogenated
distribute optical clock signals on a microprocessor. In sucta-Si has better transparency in the near-infrared than pure
cases, using Si provides the advantage of integration with-Si. However, purea-Si can be made more easily in a Si
existing electronic circuits. So far, optical waveguide tech-processing sequence, as it requires a single ion implantation
nology in silicon is not well developed. Fabrication of step. Furthermore, puie Si has larger thermal stability then
waveguides in Si requires a core with a higher refractivehydrogenatea-Si. Given these pros and cons of parsi,
index than that of crystalline Sic¢Si). it seems interesting to study its applicability in microphoto-
Amorphous Si &-Si) is an interesting candidate as a nic integrated circuits. In this article we study the properties
core material. While the density of pueeSiis 1.8% lower of amorphous silicon waveguides made using silicon-on-
than that ofc-Si,! the refractive index of pura-Si, at near-  insulator(SOI) substrates and discuss the feasibilityaeBi
infrared wavelengths, is higher than that®fSi.>~> Amor-  waveguides for silicon microphotonic channel waveguides
phous silicon can thus be used as a waveguide core materiahd optical interconnects, and as a guiding layer in two-
on crystalline Si. As pura-Si contains a large density of dimensional photonic crystals.
point defects and dangling bonds, the optical absorption at
near-infrared wavelengths can be substantial. These point de-

fects can be passivated to some extent by incorporation d% PROPERTIES OF AMORPHOUS SILICON

hydrogen. In fact, hydrogenateatSi made by deposition To study the amorphization and structural relaxation of
shows (_axcellent electrical quality, and relatively low optical a-Si, crystalline Si100 samples were mounted on a copper
absorptiorf. block that was kept at liquid nitrogen temperature. Samples

Amorphous silicon has already received a lot of interesiyere irradiated with X 10*° Xe ions cni? in the 1—4 MeV
both from a fundamental point of view and because of itsenergy range to form amorphous layers of different thick-
possible use in solar cells and optoelectronic devices. Hydraess. Al irradiations were done with the ion beam incident
genateda-Si films can be deposited using a number of dif-under an angle of 7° with the surface normal to avoid ion
ferent techniques, including plasma enhanced chemical vahanneling effects along th€l00) crystal direction. After
por deposition(CVD), rf sputtering, and hot-filament CVD. jrradiation the amorphous silicon was heat treated at 500 °C
The hydrogen content, void density, structural properties afor 1 h in a vacuum tube furnace(base pressure
<10 ® mbap. The amorphous layer thickness was measured

aAuthor to whom correspondence should be addressed; electronic maiPy Rutherford backscattering SPeCtromdﬂBS) ghanneling
m.d.dood@amolf.nl measurements using 2 MeV Héons at a scattering angle of
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. . . FIG. 2. Realn) and imaginaryKk) part of the index of refraction for relaxed
FIG. 1. RBS channeling spectra of amorphous silicon made by ion irradiazmorphous silicor(drawn ling as function of wavelength, obtained from
tion of crystalline Si with 1.6<10"° Xe ions cm 2 The Xe ion energy was spectroscopic ellipsometry measurements. The index is compared to litera-
1 MeV. Spectra are shown for the as implanted sample and for a samplgre values for crystalline silicofdashed lings(see Ref. 2 In the near-

annealed fo1 h at 500 °C. For comgrison a channeling spectrum of crys- infrared part of the spectrumk 1100 nm) the refractive index of amor-
talline Si and a random Si spectrum are shown as well. The surface Chanthous is typically 0.3 higher than that of crystalline silicon, while the

of Xe is indicated in the figure and the Gaussian distribution of Xe ions isabsorption is small.
clearly visible.

165°. Variab'e ang'e Spectroscopic e”ipsometry in the 300_thiCkneSS aCCUrately the e||ipsometl‘y data was fiI’St f|tted toa
1700 nm wavelength was used to determine the refractivéodel assuming a transparent layer in the range
index ofa-Si and to obtain independent information on the > 1200 nm!! The refractive index was then obtained for the
amorphous layer thickness. entire wavelength range by point by point fitting of the com-
The RBS channeling measurements for 1 MeV Xe irra-plex refractive index, while keeping the layer thickness
diation are shown in Fig. 1. The data for ion irradiatedfixed. By comparing data for samples made using different
samples are compared to channeling and random spectra %€ ion energies it was found that the optical properties are
unirradiated crystalline Si. As can be seen, the Si signal folindependent of layer thickness. Also, samples annealed for 2
lows the random height starting from the Si surface channep at 500 °C or for 1 h at 550 °C gave the same results. The
around channel 280, up to a certain depth in the sample fd#ensity of pure amorphous silicon is lower than that of crys-
both the as-implanted and the sample annealed at 500 °C féglline silicont and thus a density difference cannot explain
1 h. Annealing leads to the removal of point defects andhe higher refractive index. Hence the high refractive index
amorphous pockets in the Si near thea-Si/c-Si interface, ~ at infrared wavelengths must be attributed to a difference in
which sharpens the interface. In addition, solid phase epitaxh€e electronic bandstructure. Such a difference is apparent
ial crystallization takes place at a growth rate of 0.083 A/s affom the data near the direct band-to-band transitions in the
500 °C>*°leading to a shift of the interface. This explains the Visible part of the spectrum as observed in Fig . 2. Ellipsom-
difference in channeling spectra between the as-implante@try as performed here is not sensitive to very small optical
and annealed samples. The Gaussian shaped profile aroud@sorption. Given the experimental error on the ellipsometry
channel 390 is due to the implanted Xe ions. The peak of thélata, an upper limit of the loss coefficient of amorphous
implanted Xe distribution is roughly at the center of thesi  Silicon at 1.5um is found: 100 cm™.
thickness, and the Xe peak concentration~i6.08 at. %.
From similar channeling measurements and f':lnneasling Stu‘i’l’l. AMORPHOUS SILICON WAVEGUIDES
ies we conclude that all samples irradiated witk 10'° Xe
ions cm 2 in the energy range 1-4 MeV, became amorphous ~ To further investigate the optical losses @fSi, com-
up to the surface. The amorphous silicon thickness after armercially available silicon-on-insulaté8OI) substrates with
nealing ranged from 0.am for 1 MeV irradiation to 2.Qum  a 1.5um thick (100 orientedp-type (14—22€) cm) Si layer
for 4 MeV irradiation. on a 3.0um thick SiG, layer grown by wet thermal oxida-
Figure 2 shows the measured complex refractive indexion were ion irradiated with X 10'° 2 MeV Xe ions cm 2 at
of amorphous silicon, made by 1 MeV Xe irradiation, after T=77 K. The irradiation, followed by thermal relaxation at
thermal relaxatiorfdrawn line compared to literature values 500 °C for 2 h leads to the formation of -a1.2 um thick
for crystalline silicon(dashed ling After relaxation the el- amorphous silicon layer. During irradiation part of the SOI
lipsometry data for wavelengths longer than Ju2 can be substrate was masked leading to a triangularly shaped amor-
described with a lossless layer with a refractive index3  phous silicon surface layer on the substrétee inset in
higher than that of crystalline silicon. To obtain the layerFig. 4).
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FIG. 3. Cross section TEM images of amorphous silicon channel Guide #

waveguides or-Si on SiG;; (a) cross section of the amorphized crystalline
region; (b) sidewall of a-Si guide; and(c) sidewall of c-Si guide. The

! ) ! FIG. 4. Measured transmissiolV () of c-Si waveguides with a shoa-Si
thickness of the cross sections is 610 fpand 310 nm(c).

section as function of guide numbébottom axi$ and a-Si length (top
axis). The collection efficiency is estimated and is indicated on the left axis
and is used as the 0 dB point of the waveguide loss indicated on the right
axis. Measurements are shown after structural relaxation at 500 °C for 2 h

After irradiation, a series of 1em wide Waveguides at (O) and after additional annealing at 500 °Or_fib h in aforming gas
a 50 um repeat distance were defined using electron-bearff-0% H/90% No) atmosphere(+). A schematic representation of the
. . . . sample geometry is shown in the inset.
lithography and deep anisotropic etching. Mask patterns
were defined in a resist double layer consisting of a 400 nm
th?ck hgrd baked p_hqtoresist Igy(ehiPR 504, with an 80 nm IV. RESULTS AND DISCUSSION
thick silicon containing negative tonebeam resis{SNR)
on top. Aftere-beam exposur€100 kV, 150 uC cm ) the For optical transmission measurements, waveguide
pattern was developed for 20 s in xylene and rinsed for 30 samples were sawcut te7 mm length. The end faces were
in iso-propyl-alcohol. The pattern was then anisotropicallymechanically polished in order to attain an optimal light cou-
transferred in the bottom photoresist layer by low pressur@ling into the waveguides. Transmission measuremenks at
O, reactive ion etching at room temperatpe=0.3 Pa, 0.07 =1.49um were performed by coupling an InGaAsP laser
W cm 2 rf power density,—180 V dc biag. Before etching diode into the waveguides using a tapered optical fiber. 6%
the underlying Si, a dip in hydrofluoric acid%) was used of the input power was split off to monitor the input power
to remove the thin native oxide. The pattern was then transfrom the laser. The fiber alignment was controlled using pi-
ferred in the silicon by electron-cyclotron resonanfB€R) ezoelectric actuators. Mode images were obtained by imag-
driven plasma etching using a low press(@¢l Pa SFK;/0, ing the light from the output facet on an infrared camera
gas mixture(5.6:1.0 at —95 °C. A microwave power of 400 using a 10X microscope objective. For transmission mea-
W was used, combined with-al5 V dc bias, resulting in an surements, the output mode was collected by a Ge diode
etch rate of~300 nm min* and anisotropic etch profilé.  detector and was compared to the input power monitored
All patterning processes were controllgdsitu by laser in-  simultaneously on an identical Ge diode detector.
terferometry. The Si was etched back till the etching stopped  Figure 4 shows the measured transmissgmpen circleg
at the underlying oxide layer, resulting in 14m high Si  for a series of 70 waveguides. A schematic of the measure-
profiles® ment setup with the amorphous and crystalline parts of the

Figure 3 shows bright field cross sectional transmissiorwaveguides indicated is shown in the inset. The first2
electron microscopyTEM) images of the waveguides taken waveguides are crystalline along their full length. By moving
using 300 kV electrons. Cross sections were first sawcut tthe input fiber along the horizontal direction on the sample,
0.5—-1 mm thickness, then thinned to 1&n thickness by waveguides with an amorphous section of increasing length
mechanical grinding and polishing, and finally ion milled are probed. As can be seen, the measured transmission drops
with 5 kV Ar ions to electron transparency. Figuréa83 exponentially with increasing-Si length. From the angle of
shows the waveguide structure of the amorphous Si wavehe triangular amorphous region it is known that the amor-
guide. The cross section shows a 10 thick amorphous phous silicon length increases by 2Bn per guide. This
Si region on top of a 0.4m crystalline Si layer on a 3.0 information was used to convert the horizontal scale to a
um thick SiQ, layer. As can be seen, the anisotropic ECRIlength scald€top axig. The best fit to the dataashed line in
etching process has proceeded continuously through theig. 4) results in an extinction coefficient af=70 cm !
a-Si/c-Si interface and leads to a similar sidewall angle for(0.03 dBum™2). This is consistent with the upper limit of
both materials. Figures(B) and 3c) zoom in on the side- 100 cm ! derived from ellipsometry in Sec. II.

walls of thea-Si waveguide and-Si waveguide, respec- The transmission in Fig. 4 is measured relative to the
tively. They show small sidewall roughness, as will be dis-input power in the tapered fiber and thus contains both the
cussed further on. coupling loss and collection efficiency in our setup. The col-
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lection efficiency was measured to be 4% by directly collectecm™ found from Fig. 4. In fact, a sidewall roughness of
ing the laser light from the tip of the tapered fiber without a=~200 nm is needed to obtain a loss figure of 70 ¢m
waveguide. This value is indicated by the arrow in Fig. 4.which would strongly disagree with the TEM data of Fig. 3.
The right axis in Fig. 4 shows waveguide loss in dB, cor-Therefore we conclude that the measured loss ofattfi
rected for this collection efficiency. The combined transmiSWaveguide is main|y due to intrinsic absorption in the amor-
sion and coupling losses through the 7 mm long crystallinghous silicon itself. To convert the modal loss of 70 ¢ro
waveguidegi.e., withouta-Si) is less than 9 dB, which cor-  the intrinsic absorption coefficient of amorphous silicon, the
responds tar<'3 cm*. This is insignificant compared to the confinement factor of the waveguide mode should be taken
value of 70 cri* measured for the-Si waveguides. into account. Both from the experimentally measured mode
In the remainder of this article we will discuss the natureand the f|n|te e|ement Calculation a typ|ca| Conﬁnement fac_
of the optical loss o&-Si waveguides. Several loss mecha-tor of 60% is estimated. The absorption coefficient of amor-
nisms should be considered, including coupling losses, scaghous silicon at 1.5um is thus estimated to be 115 ¢h
tering losses due to sidewall roughness, and intrinsic materiqb_o5 dBum™Y).
losses. Free carrier absorption can in our case be neglected |t is known that hydrogen can passivate point defects in
since the experiments were carried out on lightly dopetf Si. a-Si and could thus reduce the absorption observed at 1.5
Coupling loss occurs when coupling from the tapered,m_ 1o study this, the waveguide sample as described above
input fiber to the waveguide and also when the mode cross€sas  annealed in a forming gas atmosphere
the junction between the-Si and a-Si section of the (10% H,/90% N,) at 500 °C for 1 h. Given a typical diffu-
waveguides as they have different optical mode sizes. BotQjon constant of K in silicon, hydrogen could diffuse-30
types of coupling loss can be estimated from the mode over;m jnto the a-Si network and passivate defects inside the
lap that can be calculated based on measured mode profileg.s; other experiments indicate that under these conditions
The measured output modes of the waveguides and the tggncentrations of a few at. Yoatomic hydrogen can be in-
pered fiber are both described satisfactorily by GaUSSianrporated ira-Si. The+ symbols in Fig. 4 show the trans-
shaped mode profiles. Assuming optimum alignment fromyssjon measured after this hydrogen treatment. It cannot be
fiber to waveguide, a lower limit of the coupling loss of 0.45 yigtinguished from the transmission measured before anneal-
dB can be gstlmate_d. The loss occurring at the transmorihg in hydrogen. Apparently it is not possible to passivate
from the c-Si to a-Si part of the waveguide is calculated yefects responsible for absorption lossesaisi made by
using the waveguide modes obtained from a finite elemeney jon-irradiation by the thermal treatment described
simulation. The loss due to mode mismatch is estimated tQp e
be 0.25 dB(94% transmission Note that the coupling losses The optical losses im-Si waveguides described in this
lead to a vertical shift of the data in Fig. 4 and do not affectyic|e (0.05 dBum %) makea-Si an ideal waveguide core
the exponential decay observed. . material in Si microphotonic circuits. With typical dimen-
To investigate scattering losses due to sidewall roughgjong well below 100um, intrinsic losses on the scale of
ness, TEM images of the waveguide cross sedfsee Figs. g ,ch devices would be quite tolerable. As the fabrication of
3(b) and 3¢)] and scanning electron microsco§EM) im- s ysing ion irradiation is fully compatible with Si micro-
ages(not shown taken from the top and along the propaga-¢aprication and integrated circuit processing this enables the
tion direction were used to measure roughness of both the,,ication of waveguides in Si, with the vertical confine-
c-Si and a-Si wavegu_lde sidewalls. A S|dev_vz_all rou_ghness ment provided by the higher indexSi. To keep the dimen-
(0) of ~5 nm for ¢-Si and ~10 nm fora-Si is derived.  gjong of these devices as small as possible and to obtain a
Within the experimental resolution of the SEM-5 nm),  high packing density requires waveguides that can make
these values are confirmed by the SEM images taken fror{)ew small bends. With the high refractive index @fSi a

the top. As can be seen in Fig(b the roughness at the panging radius of order km may be achievet® Alterna-
a-Si—c-Si interface is small, and is expected to be of angyely two-dimensiona(2D) photonic crystal structures have

atomic scalé?® To calculate the scattering losses due to SUrpheen proposed to achieve high transmission for 90° bends
face roughness, we use an expression derived by"Tien i, very small radius of curvatur€:?! In the remainder of

based on the Rayleigh criterion: this article we will describe how a combination af Si
47\2(1 sin® 6 1 waveguides and Si photonic crystal technology may be used
asz(h_z) (E cosd | 1 +(1/p)+(1/q))02’ (1)  to achieve such small bending radius for the important tele-
g communication wavelength of 1/&m.
whereo? is the variance of the surface roughness,s the Figure 5 shows a SEM image of 2D Si photonic crystal

wavelength in the guiding layet, is the thickness of the waveguide bend designed for operation atulb wave-
guiding layer.# is the mode angle of the mode propagatinglength. The device consists of an array of 205 nm diameter
in the waveguide, and g/and 14 are the penetration depths cylindrical Si rods placed on a square lattice with a lattice
of the mode into the cladding. Using the calculated propagaeonstanta=570 nm. The rods are am long and have a 2
tion constant of the waveguides as obtained from a finitgum thick a-Si top section to confine the light in the vertical
element simulation and the measured valuesofothe scat-  direction. Input and output channel waveguides to test the
tering loss can be estimated to be 0.1°¢r0.4 dB cm %) for device are defined as well. The inset zooms in on the en-
the c-Si guide and 0.4 cm' (1.6 dBcm?) for the a-Si  trance of the photonic crystal waveguide and clearly shows
waveguide. These values are much lower than the loss of 7he removed row of rods and the input waveguide. The mask
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efficient of a-Si made by ion irradiation is found to be 115
cm 1(0.05 dBum™Y). Since the processing af Si made by

ion irradiation is compatible with standard Si microfabrica-
tion and integrated circuit technologg; Si can be used to
vertically confine light in microphotonic devices with dimen-
sions well below 100um. As an example, a 2D photonic
crystal device is presented in which the vertical confinement
may be achieved by index guiding in gu2n thick a-Si top

section.
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