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Abstract. An optical waveguide and a grating coupler based on silicon photonics
are designed and fabricated. The device is intended for monitoring the spectral line
777 nm of oxygen plasma, which corresponds to electron relaxation of oxygen
atoms in the plasma. To provide a maximum surface-coupling efficiency, we
optimize the thickness of silicon-oxide cladding and the geometry of the grating
coupler, using finite differential time-domain simulations. Two methods are used
when fabricating a silicon photonic chip, a micro-fabrication with electron-beam
lithography and a semiconductor-based process that employs a 248 nm optical
lithography technology. We suggest our coupler as a conceptual approach to on-
wafer photon-collecting devices designed for studying glow-discharge plasmas.
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1. Introduction

A great number of techniques have been suggested for controlling plasma uniformity and wafer
uniformity, including modifications of gas diffusers, shower-head geometry, geometrically
symmetric chambers and multi-zone electrostatic chucks with radio-frequency power. It is often
very important that the plasma inside a chamber be uniformly distributed in a vacuum system. For
more than two decades, wafer uniformity is of a great interest in plasma etching [1, 2]. In
particular, its microscopic uniformity associated with the extreme edges of wafers still remains a
great challenge [3, 4].

Macroscopic uniformity of wafers is affected by electrical and chemical discontinuity of
plasma [5]. Gradient-potential bending in a plasma sheath near edge ring can cause a potential
electrical discontinuity, while a chemical-concentration gradient available near the wafer edge due
to lower reactant consumption than that in the centre of the wafer can produce a chemical
discontinuity. Thermal discontinuity at the heated edge ring can also influence chemical reactions
in a wafer-extreme-edge region. Thus enhancing the macroscopic plasma uniformity is a primary
goal and numerous etching-process steps are applied during chip-integration flow. Moreover, the
researchers are now interested in monitoring plasma processes using in-situ sensors, in order to
match the plasma uniformity with the wafer uniformity [6, 7]. Optical emission spectroscopy
represents a non-invasive technique for monitoring the intensity of plasma emission, which has
been widely used for diagnosing plasma and monitoring its processes. Its role is important at least
due to a lack of methods for direct monitoring of the plasma uniformity by observing the plasma
through some viewing ports. The present research has been motivated by the needs of direct
monitoring for the plasma-emission intensity from inside a working chamber.

244 Ukr. J. Phys. Opt. 2018, Volume 19, Issue 4



Silicon photonic grating

Note that the modern semiconductor-manufacturing industry is reluctant to introduce
unknown or unproved materials in the processes that occur in vacuum chambers. In part, this is
due to possible cross-contamination of the appropriate materials, which can worsen a
manufacturing yield. It is worthwhile in this respect that silicon photonic devices usually employ
conventional and well-known materials (e.g., silicon, silicon oxide and silicon nitride), and the
methods for their fabrication are compatible with the underlying fabrication technique [8]. Then a
silicon photonic grating coupler would have a great advantage in fabricating on-wafer optical
sensors inside the plasma chamber. Depending on its geometry, this type of grating coupler can
accept selectively vertically injected light, whereas a silicon-nitride waveguide with a silicon-
oxide cladding can efficiently transmit visible light [8, 9].

2. Optical emission of plasma

More than 60% of the steps entailed in processing of wafers involve plasma. Positive ions are
created by removing electrons located at outermost energy levels. Then they interact with the
surface materials to form volatile products during etching process, remove surface materials and
material precursors during deposition, and form solid thin films. Strong electric fields applied to
gaseous species cause gas molecules to be ionized, while the atoms are ionized or excited by
colliding electrons. The excited atoms are very unstable and tend to become located at lower
energy states. According to a collision-radiative model, these excitation and relaxation processes
can be observed during plasma-glow discharge. The amount of the released energy can be
quantified by the amount of the observed photon energy, when considering properly the emission
spectrum (see Fig. 1). Analysis of the optical emission with spectroscopic techniques can reveal
the information about atomic interactions in gaseous phases, so that the optical emission
spectroscopy is the most preferred method for monitoring various processes in plasmas [10, 11].
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Fig. 1. Plasma-glow discharge and its monitoring with optical emission spectroscopy: (a) plasma emission, (b)
optical monitoring of the plasma via a viewing port, and (c) sample optical emission spectra corresponding to
different chemical species in the plasma.

Ukr. J. Phys. Opt. 2018, Volume 19, Issue 4 245



Minhee Lee et al

To reveal spectral emission lines of gaseous species in the plasma-etching systems under
study, we have collected optical spectroscopy data for different individual gaseous injections in the
vacuum chamber. A 6-inch inductively coupled plasma-reactive ion-etching system that uses the
radio-frequency power 300 W at 13.56 MHz has been applied to the gaseous species shown in
Fig. 2. Plasma etching of SiO, employs fluorinated gas species such as CF,, CHF;, C,Fs, etc., in
order to form a volatile product Si—F with ionized fluorine atoms able to interact with silicon
atoms on the wafer surface. The appropriate conditions cause continuous processes of ionization
vs. recombination and excitation vs. relaxation. Therefore the optical emission spectroscopy is
suited for monitoring and analyzing both the plasma-reaction chemistry and the practical
applications based upon the processes that occur in plasma.
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Fig. 2. Optical emission spectra corresponding to some gaseous species in their plasmic states.

Our optical-emission spectroscopy system consists of a collimator, an optical fibre, a
spectrometer, and a computer for data processing and system controlling. One end of the fibre with
the collimator is installed on a sidewall via a quartz glass viewing port, while the other end is
connected to a spectrometer. It would be useful to have some global information on the plasma in
a smaller region of the wafer; however, the field of view 30-40° in a 300 mm wafer requires much

wider fields of view close to 180°.
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Notice that makers of a 300 mm dynamic random memory or flash memory chips would like
to have even more intimate plasma monitoring, e.g. from inside the very chamber, to alleviate
plasma uniformity over large-size wafers. As a result, monitoring of plasma from inside the
chamber would be desired, although installation of optical fibres in the plasma chamber requires
cumbersome equipment modifications. A grating coupler based on silicon photonics, a waveguide,
and an arrayed waveguide device can be a solution for monitoring spatially distributed plasma-
emission intensity. Fig. 3 illustrates a conceptual scheme of our spatially resolved plasma-
uniformity monitoring sensor.

In-Situ Monitoring

Electrode Antenna M.BOX @

Quartz window
© Plasmayyy| )
1=
L]
X

Shield |'_L :J

O

ESC

Chamber

Plasma Tool

Fig. 3. Scheme of a sensor system for monitoring plasma uniformity. A silicon photonic device fabricated on a
wafer is integrated with photodetectors to convert optical signals into electrical ones. Wireless communication
with a controlling PC is preferred.

Usually, silicon photonics employs silicon-on-insulator wafers where silicon serves as a
waveguide-core material and silicon oxide as a cladding one. However, this system manifests
significant signal attenuation below and near the infrared wavelength region. On the other hand,
plasma-glow discharge is located in the visible spectral range, and its spectrum depends on the
chemical species in the plasma. Hence, we have employed silicon nitride and silicon oxide
respectively for the waveguide core and cladding (see also our previous studies [9, 12]). Note that
silicon-nitride core and silicon-oxide cladding have been continuously employed in the grating
couplers addressed in the present study. Our silicon photonic device represents a grating coupler
designed for collecting a vertical cross-section of the emission resulted from plasma-glow
discharge in the wafer. The incident light can be diffracted when it comes to the surface of a
periodic structure, and the Bragg condition describes the relationship between the wave vectors of
the incident and diffracted waves. A Huygens—Fresnel principle helps to understand quantitatively
how the Bragg-diffracted incident light transmits the optical signal.

The plasma-glow discharge includes a large collection of photon—electron energy
transformations, although it appears as a simple planar light source available between two
electrodes. The spectral lines of plasma emission lie in the visible spectral range (300900 nm)
and depend on the chemical species residing inside the chamber. Oxygen represents one of the
common chemical species for monitoring SiO, etching process. We have decided to design a
silicon photonic device for collecting and transmitting the emission peak located at 777 nm (see
Fig. 2b).

3. Design and fabrication of device

Our silicon photonic device includes waveguides and grating couplers. First, we have compared
the optical transmittances of the silicon-nitride based optical device and a device built with a
silicon-on-insulator technology. The simulation results shown in Fig. 4 correspond to such light-
transmitting materials as silicon and silicon nitride. To satisfy a single-mode transmission
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Fig. 4. Optical signal transmittances of strip-line waveguides: (a) silicon strip with silicon-on-insulator and (b)
silicon-nitride strip line.

condition, we have taken the width 0.5 um of the buried oxide layer and its height 0.22 um (see
Fig. 4a). Three points of optical-power monitoring located at the distances 5, 50 and 100 pm from
the light source have been simulated, with two different light-source wavelengths. When we deal
with the light wavelength 4 = 1000 nm, the optical power is attenuated almost by half at the end-
point of the power monitor located at 100 pum. When the wavelength decreases down to
4 =900 nm, the most of the power is attenuated and does not travel even some 50 pm. This implies
that silicon waveguides are not appropriate for transmitting visible light. In a similar manner, we
have also investigated the case of a silicon-nitride strip waveguide (see Fig. 4b). Here the width
and the height are respectively equal to 1.0 and 0.5 pm, while the geometry for the single-mode
transmission is modified properly. The light wavelengths amount to A = 900 and 700 nm. We have
observed almost no optical attenuation at the three monitor locations mentioned above (i.e., 5, 50
and 100 um). This means that silicon nitride is suitable for monitoring plasma-emission light in the
visible spectral range.

Second, we have studied the coupling efficiency of the silicon-nitride grating coupler with a
conventional geometry, as illustrated in Fig. 5. The central light-source wavelength has been set to
A=900 nm (Fig. 5b) and 4 =700 nm (Fig. 5¢). Finite differential time-domain simulations have
testified that vertical coupling of the plasma emission, especially for the oxygen-related peak
located at 777 nm, is feasible with the silicon-nitride grating coupler. The maximum S,; value
obtained for the source with 4 = 700 nm seems to be smaller than that corresponding to 4 = 900 nm,
although it can be improved by optimizing further the grating-coupler structure.
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Fig. 5. lllustration of conventional grating coupler and its coupling efficiency expressed in terms of S-parameters
for insertion (S21) and reflection (Si1): (@) a model of grating coupler used in the simulations; coupling
efficiencies S, and Sy obtained for the cases of input central wavelengths 900 (b) and 700 nm (c).

After that, we have optimized design of the device in terms of the thickness fgox of the
bottom oxide cladding, the incident light angle and the grating period. In the grating couplers used
for conventional purposes, the angle of light incidence is intentionally fixed at a few angular
degrees to have a maximum coupling efficiency. However, the incident angle for the case of
plasma emission cannot be fixed due to the nature of this collective emission that corresponds to
numerous photons forming a spatially distributed light source. Nonetheless, we employ a
hypothesis of coupling of the plasma emission, i.e. we suppose that a certain amount of the
incident light is coupled and the rest of light is reflected or lost. To support this underlying
hypothesis, we have investigated the S,; parameter as a measure of coupling efficiency for the case
of two different incident angles (5° and 9°) and two different 73ox values (2.1 and 2.2 um). The
three-dimensional finite differential time-domain simulations have demonstrated (see Fig. 6) that
the coupling efficiency at the incident angle 5° is higher than that found for the case of 9°. This is
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Fig. 6. Spectral dependences of S, parameter as a measure of coupling efficiency, as calculated for different
incident angles 6 and thicknesses fsox of a bottom oxide cladding: (a) 6 =5° tsox=2.1 um, (b) 6 =5°,
tgox = 2.2 uym, (c) 6 = 9°, tgox= 2.1 um, and (d) 6 = 9°, tzox = 2.2 um. Arrows indicate oxygen-related wavelength
777 nm under our interest.
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well matched with the coupling characteristics of a conventional grating coupler, which manifests
a maximum coupling efficiency nearby the incident angle 3°. Note that we still have some nonzero
amount of the coupling at the incident angle of 9°. The reason is that the ‘plasma-emission source’
cannot be treated as a point one. Moreover, it does not correspond to a fixed incident angle. Thus,
unlike conventional grating couplers used in many applications, we deal with some region of the
incident angles. For the emission wavelength 4 =777 nm associated with oxygen atoms (namely,
excited oxygen radicals), the fgox parameter 2.1 um provides a higher coupling efficiency than that
found for larger f30x values.

Fig. 7a displays a cross section of our silicon photonic grating coupler. Here A is the coupler
period, and the fill factor ff denotes the ratio of the tooth and coupler periods. The depth of the
tooth is determined by the etched depth of the core material. The other design parameters are
functions of the coupler period, as well as the type and the thickness of the covering material. The
device should be properly designed in order to collect selectively a desired spectral emission line.

Assume that the grating coupler is infinite along horizontal direction to satisfy the Bragg
condition. Its effective index is given by n.y=ff nen + (1 — ff)nyp, where ngp and np denote the
effective indices of the grating tooth and the slot. Then the coupler period becomes A = A/(nq;—
n.sind), where 1 is the wavelength of the incident light and #. the refractive index of the cladding.
The typical parameters used in this study are as follows: ng=1.63, nm=1.79, ny;p=1.44,
n.=1.45, and ff'=0.55. Fig. 7b and Fig. 7c show the coupling efficiency obtained for different
coupling periods and incident angles. These results have led us to further studies on the coupling
efficiency as a function of the incident angle # and the coupling period A (see Fig. 8). The grating
coupler collects plasma-emitted photons so that it integrates the light emitted at different injection
angles. We observe the largest amount of plasma emission under the conditions corresponding to
Fig. 8d. Therefore these conditions determine the optimized design of our grating coupler. In
particular, the optimization implies the equalities tgox = 2.1 pm and A = 0.54 pm.
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Fig. 7. Scheme of our grating coupler (a), and spectral dependences of Sy, calculated for different coupling
periods A and incident angles 0: (b) A =0.53 um, 6 =5°, (c) A=0.56 ym, 6 =9° and (d) A =0.57 ym, 6 = 5°.
Arrows indicate oxygen-related wavelength 777 nm.

Our grating coupler represents a surface coupler aimed at collecting the incident plasma-
emission light along the vertical direction. Its coupling efficiency depends on the thicknesses of
cladding and core, as well as the grating period set during micro-fabrication. It is known that even
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small deviations from the proper technological processes of depositing thin films,
photolithography or dry etching can jeopardize the coupling efficiency of a grating coupler. As a
consequence, we have improved fabrication of our device in terms of process integration. We
define, somewhat conventionally, two ‘tracks’ of this integration (see Fig. 9): one is a micro-
fabrication process based on 6-inch wafer with electron-beam lithography, and the other
corresponds to a semiconductor-fabrication process on 8-inch wafer with KrF lithography
(A =248 nm).
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Fig. 8. Spectral dependences of coupling efficiency S, calculated for different coupling periods and incident
angles (see the legend).
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Fig. 9. Two stages of our integrated method for fabricating grating coupler: FE-SEM, field-emission scanning
electron microscopy; FIB, focused-ion beam; ICP, inductive coupled plasma; PECVD, plasma-enhanced
chemical vapour deposition; HDP-CVD, high-density plasma-chemical vapour deposition. JEOL and ASML are
the names of equipment vendors.
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The micro-fabrication is suitable when producing a small quantity of devices because then
the electron-beam lithography can replace the photolithography which represents much more
expensive and advanced technology. Moreover, the problem of uniformity can also be overcome in
the case of small-sized wafers. However, the electron-beam lithography technology still remains
relatively expensive, owing to a great number of scribing lines in the grating coupler.

The second ‘fabrication track’ (see Fig. 9) employs KrF lithography for deep submicron-size
patterning. In this work, the critical dimension of the grating coupler is equal to 238.5 nm, so that
the i-line stepper cannot support patterning repeatability for our geometrically sensitive grating
coupler. During the dry etching process within the both tracks, the dry-etch profile of the tooth
patterning is the most challenging process because the process of collection of light and the light
transmittance of the grating coupler can easily be changed by either the shape or the size of the
patterned grating. Therefore a precise etch control is required for fabricating the silicon photonic
grating coupler. Examples of the devices fabricated as described above are presented in Fig. 10.

(a) Micro-fabrication process (b) Semiconductor process

1

SEM image (Low Res.)

MJU

SEM image (High Res.)
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Ca i ' L B e S S S e

250 nm
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Fig. 10. Examples of grating couplers fabricated using the integrated processes shown in Fig. 9.

4. Conclusion

In the present study, we propose a design and fabrication of the silicon photonic grating coupler
chip, which is used for in-situ monitoring of plasma emission in semiconductor etch domains. The
device is based on the silicon-nitride core and the silicon-oxide cladding, thus providing a
satisfactory transmittance of the visible light collected from the emission of vacuum plasma. We
have studied the coupling efficiency of the grating coupler depending on such geometrical
parameters of the grating coupler as the grating period, the fill factor and the etch depth. Basing
upon the finite differential time-domain simulations, we have shown that the grating coupler with
the thickness fgox = 2.1 um of the bottom oxide cladding and the coupling period A = 0.54 um can
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detect a wide range of incident plasma emissions. Besides, we have investigated the feasibility of
our silicon photonic device. The two kinds of fabrication technology have been considered for this
aim. Our future work will include fabrication of the device and the appropriate functional
measurements performed in a vacuum chamber.
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Anomayia. Po3pobieno i eucomogieHo onmuuHull Xuiego0 ma IpamKosuti NpUCmpiil 368 A3Ky Hd
0CHOGI Kpemniesoi pomonixu. I[lpurad npusnavenuil 015 KOHMPOLIO CHeKMparvhoi ninii 777 Hm
naasMu  KUCHIO, SKA GION0GIO0AE eneKmpOHHIU penakcayii amomié Kuchio 6 naasmi. [[is
3abe3neuents MaKCUManibHoi e@eKmueHoCmi NOBEePXHE8020 38 A3KY ONMUMI308AHO MOBUWUHY
000NI0HKU 3 OKCUOY KPeMHil0 ma 2eoMempil IpamKo6020 HPUCPOI0 36 ’A3KY HA OCHOGI
MOOENIOBAHHSL 3a MEMOoO0OM CKIHYEHHUX Npupocmis y uacogiti obnacmi. [[na eucomosneHis
KpeMHIe8ol (homoHHOT MIKpocXemu GUKOPUCMAHO 08d CHOCOOU — MIKPO-KOHCMPYIOBAHHS 3d
MemoooM eNeKmpOHHO-NPOMeHesol aimoepaghii ma npoyec opmy8aHHs HANIBNPOBIOHUKIB, U0
baszyemvca Ha onmuyHoi nimozpaii 3a mexnonoziero 248 Hm. 3anponorosarull npucmpii 36 3Ky
MOJICHA BUKOPUCTOBYBAMU K KOHYENMYaibHUuti nioxio 00 CMGOpeHHs Npunadié HAKONUYEHHS
gomonis na nioknaoyi, npusHaueHux OJis BUBUEHHA NIAZMU MAII0Y020 PO3PAD)Y.
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