Chapter 3

Fabrication and Experimental Results of
I ntegrated Optical 64 x 64 Silicon-on-Insulator
Arrayed Waveguide Grating

In chapter 2, the accomplished designs and analysis of integrated optical
64x64 SOl AWG devices using computer-aided WDM PHASAR
software. In this chapter, we try to fabricate and measure our designed
64x64 AWG devices. As a result of the excellent guided-wave
characteristics of UNIBOND SOI substrates have been exhibited in
waveguide devices, we focus our attentions on the SOI waveguide
devices based on UNIBOND SOI wafers. The content of chapter 3 is
arranged as follows: Section 3-1 introduces high performance technology
for forming Silicon-on-Insulator (SOI) named Smart-Cut is described. In
Section 3-2, flowchart of device fabrication and the basic semiconductor
processes are discussed. The experiment processes and measurement
results for integrated optical 64x64 SOI arrayed waveguide grating
(AWG) are presented in Section 3-3. Finally, we also give the summary

and discussion in section 3-4.
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3-1 Introduction of UNIBOND Silicon-on-Insulator Wafer

with “ Smart-Cut Process’

A high performance technology for forming Silicon-on-Insulator (SOI)
named Smart-Cut is described. This acts as an atomic level scalpel to lift
off a thin layer of silicon which is transferred to a second wafer. Since
this technology depends on standard semiconductor manufacturing
equipment, capacity increases and silicon market developments, such as

SOI watfer can be carried out large size requirements with ease.

Silicon-on-Insulator (SOI) is described to be like a sandwich material
where the mono-crystalline silicon layer is electrically isolated from the
substrate by an insulator. Smart-Cut is the most recent SOI technology
and uses both wafer bonding and ion implantation. While the process
starts with two wafers, the second wafer 1s not wasted as it is in other
bonding technologies, but is made good use of it again to create another

applicable wafer.

In this section, the technique of SOI materials with “smart-cut process” is

described and essentially comprised as following eight steps in Fig. 3-1:

» Starting with two wafers, one is oxidized to form what will become
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the buried oxide layer of the SOI structure.

Ion implantation of hydrogen (H") ions through the oxide forms the

Smart-Cut layer.

Both wafers go through a modified RCA cleaning step. This is an

important step to prevent voids at the subsequent bonded interface.

The two wafers are bonded together hydrophilically using hydrogen

bonds between facing surfaces.

The top wafer is cut away using the implanted region as a reference.

The SOI wafer is then annealed at 1100  in argon, providing

bonding interface strengthening.

Finally, a touch CMP step finishes the top surface to a roughness <

1.5 A (rms).

The remaining wafer is reclaimed. It can be reused a number of times,
by re-cutting additional slices from “New Silicon A”, see Fig. 3-1, or

once as a new handle substrate (“New Silicon B”).

Smart-Cut technology is based both on ion implantation and wafer

bonding technologies. The ion implantation step ensures uniformity of the
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SOI film, since it uses the surface rather than the backside of the wafer as
the reference plane. The bonding step ensures use of thermally grown,
pin-hole free, buried oxide and the perfect crystalline quality of the top

silicon film.

Key equipment used to perform the process a high current implanter and
a chemical mechanical polisher (CMP) in Fig. 3-1, both are available as

standard equipment.

The advantages of this technique as following terms:

(1)Crystalline quality: The use of medium implantation dose and lights
ions minimizes atomic displacements, giving rise to high crystalline

quality SOI layers.

(2)Thickness unifor mity: The silicon upper layer of the SOI structure is
obtained by separation at the mean ion penetration depth. The thickness is
only related to the ion energy (~8nm/keV in silicon) with no evidence of
dose effect. As the implantation profiles of hydrogen ions are very sharp
and the ion energy is accurately and easily controlled, the layer thickness
after splitting is inherently homogeneous (dispersion < 4 nm). The

achievable thickness dispersion after polishing is closed to 8 nm for an
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average thickness of 200 nm on a 10 cm wafer.

(3)Electrical properties. ULSI electronic devices with ultrathin gate
oxides (40A) have been realized on “ smart-cut process’ wafers. The
breakdown intrinsic field measured on 0.03mm” capacitors is
16~17MV/cm which is comparable to results of the best bulk silicon

material.

The “smart-cut process” appears highly suitable for making high quality
SOI wafers with great advantages of intrinsic low defect density and
thickness homogeneity. All the basic steps involved can be performed on
standard microelectronics facility equipment (ion implanters, furnaces,
wet bench, polishing machines). No wafers are wasted in the grinding and
thinning operations; a single bulk silicon wafer is required to achieve a

SOI wafer.
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3-2 Flowchart of Device Fabrication, and Introduction of

Basic Semiconductor Process

Before we discuss the experimental processes, we will introduce the basic
and common used experimental processes. Our semiconductor processes
have six-manufacture steps, is arranged as follow: (1)Wafer clean;
(2)Coating photoresist; (3)Exposure and Development; (4)Etching;

(5)Remove photoresist; (6)Deposition.

Process 1: Wafer cleaning removes particle and chemical impurities from
the wafer surface without damaging or altering the substrate
surface. Wet cleaning processes are necessary to obtain an
ultra clean wafer surface for manufactuing. Cleaning process
give the wafers clean for the fabrication of semiconductor
device. The surface cleaning and dehydration baking would be
seriously influenced flatness of coating photoresist. Cleaning
wafer is easy and necessary before going to the next process.
Clean process includes using standard RCA process, cleaning
by DI water, and dry out wafer. The standard RCA process is

arranged as follows:
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1. First, the SOI substrate put into the holder, and cleaning by
DI water for 5 minutes.

2. Second, the SOI substrate puts into the mixed liquid
(H,SO,4 : H,O,=3 : 1) about 1200ml, and then cleaning for

10 minutes.
3. The SOI substrate is rinsed by DI water for 5 minutes.

4. Furthermore, the SOI substrate puts into the mixed liquid
(HF : H,O =1 : 100) about 1200ml, and then dipping for

10~15 seconds.
5. The SOI substrate is rinsed by DI water for 5 minutes.

6. The SOI substrate puts into the mixed liquid (NH,OH :
H,O,: HO =1 : 4 : 20, heating to 75°C~85°C) about
1250ml, and then dipping for 10~15 minutes.

7. The SOI substrate is rinsed by DI water for 5 minutes.

8. The SOI substrate puts into the mixed liquid (HCI : H,O,:
H,O=1:1:6, heating to 75°C~85°C) about 1200ml, and
then dipping for 10~15 minutes.

9. The SOI substrate is rinsed by DI water for 5 minutes.

10.The SOI substrate puts into the mixed liquid (HF : H,O =

66



1 : 100) about 1200ml, and then dipping for 10~15

minutes.
11.The SOI substrate is rinsed by DI water for 5 minutes.

12.Final, dry out wafer by nitrogen.

Process 2: We coat photo-resist by using photoresist spin-coating machine.
The wafer is placed on a vacuum chuck in the coater and the
photoresist is dropped onto the center of the wafer. A uniform
and thin photoresist layer can be coated on the wafer surface

after spinning the wafer. The process is arranged as follows:

1. Before coating photoresist process we need to coat
Hexamethyldisilzane (HMDS) in order to promote
adhesion of photoresist to silicon and other
difficult-to-adhere-to surfaces, resist coat, soft-bake,

pre-bake resist.

2. Resist coat is using 500 rpm for 10 second to daub the

photo-resist on the wafer.

3. Furthermore, using 1500 rpm for 10 second to let the

thickness of photo-resist uniform.
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4. And using 500 rpm for 5 second by Photo Resist Spinner.
The photoresist is AZ-6112.
5. Soft-bake at the hotplate with 100°C for 180 seconds to
compact the resist and remove solvent.
After these processes, we can get the photo-resist with
thickness 1.26um.
Process 3: Exposure and development are important process. The process
is arranged as follows:
1.We must use the alignment techniques. The alignment
technique is used to achieve pattern overlay.
2.The exposure is a radiation to induce a photochemical
reaction, the exposure time is 1.8 second by using UV
exposure machine.
3.Development, in order to remove photo-resist by using
development liquid AZ-300 dilute for 2 minutes and renew
development liquid using deionized water for 2 minutes, and
dry out wafer by nitrogen.
4.The condition of hard bake at the hotplate is 100°C for 30

minutes.
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Process 4: Etching is employed to form the structure using desired circuit
that is formed on a wafer by photolithography processes.
Etching techniques are generally categorized into two groups:
dry etching and wet etching. Wet etching is achieved in a
chemical solution between the solution and the etched material.
Wet etching is rarely employed to form fine patterns since the
etched profile is isotropic. Dry etching is performed in an
environment without aqueous reactants. The aqueous reactants
can be removed by ion bombardment (physical sputtering),
chemical reactions induced by gaseous radicals, or a
combination of both physical sputtering and chemical etching.
Reactive ion etching (RIE) can achieve an anisotropic profile
since ion bombardment can enhance the etch rate in the
direction perpendicular to the wafer surface. Dry etching can
obtain a well-defined etched pattern that is critical to a dense
integrated circuit. Due to the dry etching technology is
anisotropic etching, so we use the dry etching technology to

etch our SOI wafer.

In our device, we used reactive ion etching (RIE), which used
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vapor CF, (flow rate: 10sccm) to etch silicon for 50 minutes at

70 mTorr.
Process 5: We use acetone to remove the photoresist.

Process 6: Deposition technology is important and necessary. In this step,
we use plasma-enhanced chemical vapor deposition (PECVD)

to deposit SiO, as the protection layer.

The six Processes are very important in fabricating our design device.
And various parameter of machine is the important factor on the process

flow path.
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3-3 Experiment Process and Results of Integrated Optical 64
x 64 Arrayed Waveguide Grating Based on UNIBOND

SOl Wafer

According to serial discussions of fabricated techniques of UNIBOND
SOI wafers with “smart-cut process’, we fabricated a optical 64 x 64
arrayed waveguide grating (AWG) based on SOI substrate. The structure
represents planar waveguides where the buried oxide is the lower
cladding (nge2= 1.5), the surface silicon layer (ng= 3.5) is the waveguide

core and the top cladding is air (N, = 1).

Before later process, we must design a zero mark. The technique of zero
mark is used to check precise process. The zero mark and alignment are
basic and important process for every semiconductor fabrication. Then
we use the UNIBOND SOI wafer with an active layer upon insulator is
silicon and the thickness is Sum, the insulator layer is silicon-oxide with
lum depth. Etching input/output single mode waveguide, free
propagation region and phased waveguide array of the arrayed waveguide
grating. According to equation (2-1, 2-2), we will etch the depth about 1

um. It is very difficult to etch the depth about 1 um of crystalline silicon
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surface layer only depending with photo-resist. In here, we enhance the
resisted ability of photo-resist by hard mask. The depth of the device is
decides by calculating time. The time of etching is longer; the depth of
crystalline silicon surface layer is deeper. In this experiment, etching time
is about 50 minute. Fig. 3-3 shows the picture of 64 x 64 arrayed
waveguide grating structure with input/output port single mode
waveguide, free propagation region and phase array region on top view.
In our designed 64 x 64 arrayed waveguide grating device, The occupied
area of the phased arrayed waveguide is 1.0 x 0.3cm” and the total device
size is 8.32 x 1.2cm” as shown in Fig. 3-4. The cross section of single
mode rib waveguide based on SOI wafer by scanning electron
microscope (SEM) is shown in the Fig. 3-5. The width of rib waveguide
W, the height of slab waveguide h and the total rib height H is 5.3um,

lum and 4pm, respectively.

The top view of the photo-resist pattern before etching at the interface in
input port single mode waveguide 1s shown in Fig. 3-6. The gap of each
input port single mode waveguide 1s 125um. Fig. 3-7 shows the top view
of the interference between free propagation region and input waveguide
region by SEM. size of the free propagation region (FPR) is 13274.88um
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x 2083.0804um. Fig. 3-8 shows the top view of the interference between
free propagation region and arrayed waveguide region by SEM. The gap
of each phase array waveguide at the interface between free propagation
region and phased array region is 7.3um. As Fig. 3-9 shows, close view
of the interference in phase arrayed waveguide region. By step by step,
we could check the pattern of AWG at phased array region. The depth of
the phased array waveguide is about Ium by measuring with alpha
stepper. The profile of the arrayed waveguide region is shown in Fig.

3-10.

The experimental setups for measuring the output beam from the output
port of rib waveguide are shown in Fig. 3-11. Our light source is the
tunable wavelength laser with A = 1550nm through the 2 % 2 fiber coupler
to the experiment stage and the optical spectrum analyzer (OSA). The
UNIBOND SOI waveguide samples can be rotated, positioned and
adjusted using the rotation stage, translation stage and the X, y, z tilted
stage, respectively, until the mode pattern was detected by the infrared
(IR) CCD camera. Then the IR camera connects to the PC and image
capture card. The picture of experiment frame with measuring optical 64

x 64 arrayed waveguide grating waveguide is shown in Fig. 3-12.
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According to our experimental flow path with the light source wavelength
1550nm, the output near-field images and the output mode pattern of one
channel of 64 output ports are recorded and shown in Fig. 3-13. As shown
in Fig. 3-14, 3-15 and 3-16, we measure the transmittance of AWG with
input port 1 to output ports 14 (1538.7 nm), 38 (1553.7 nm) and 44
(1557.48 nm), respectively. Our light source is the tunable wavelength
laser with different wavelength from 1535nm to 1565nm through the 2x2
fiber coupler to the experiment stage and the power meter. The output
power of -29dB (input power -21.7dB) is measured by instrument.
From the result of calculation, we obtained the approximate transmittance
of -7dB for 64 different wavelengths. We measure spectra of AWG with
input port 1 to all 64 output ports using basic measurement setup, and the
transmittance of the output channel 1 to 64 output channels is shown in

Fig. 3-17.
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3-4 Discussion and Conclusions

In this chapter, the guide-wave propagated along SOI waveguide device
can be confined and the output light mode pattern has been presented
obviously. We also measured the transmittance for 64 different
wavelengths. The results have very bigger effect on the mask
manufacture, exposure, development, etching and peel of photo-resist.
The experiment apparatus have also important relation. However, few
blemishes were presented at experimental results. The mode pattern of
output port is not very beauty and smooth at the surroundings on these
devices. The blemish phenomenon of experiment results of the SOI

waveguide devices can be summarized as in following:

(1) The vertical side of SOI waveguide device is not very standing=90°.

(2) The defects of crystalline exhibited in silicon guiding layer.

(3) The roughness exhibited in a side of the wall of the SOI waveguide

devices with reactive ion etching (RIE) process.

(4) Imperfectible experimental environments (including the experimental

instruments, dust in the air, etc.)
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Although the few deviations presented in our designed optical SOI
waveguide devices, the characteristics of the devices show still promising
results for applying to photonic integrated devices in the future optical

systems applications.
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Coating photoresist by using photoresist spin-coating machine

Alignment wafer and the exposure is aradiation to induce a
photochemical reaction by using UV exposure machine

Development is removing photoresist by using
development liguid

Using RIE, which used vapor CF, to etch AWG

‘ Using PECVD to deposit SiO, as the protection layer |

Fig. 3-2 Fabrication process of our design 64x64 AWG devices

Fig. 3-3 Top view of different 64x64 AWG devices based on a4 inch
SOI wafer

78



1.2cm

8.3cm

Fig. 3-4 Top view of a64 x 64 AWG

Fig. 3-5 Cross section of a SOI single mode rib waveguide by SEM
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Fig. 3-6 A picture of the SOI input waveguide by microscope

Fig. 3-7 Top view of the interference between free propagation region
and input waveguide region by SEM
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Fig. 3-8 Top view of the interference between free propagation region
and phased array waveguide region by SEM

Fig. 3-9 Top view of the interference in phase arrayed waveguide region
by SEM
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Alpha-Step 508

Fig. 3-10 Profile of the input/output waveguide region with surface profiler
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Fig. 3-12 picture of the experiment frame with measuring optical 64 x
64 arrayed waveguide grating waveguide

Fig. 3-13 Output mode pattern of the 38th channel of 64 output ports
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Fig. 3-15 Measurement result of AWG with input port 1 to output port 38
at 1553.7 nm
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Fig. 3-17 Measurement result of AWG with input port 1 to all output ports

86



	3-1 Introduction of UNIBOND Silicon-on-Insulator Wafer

with “Smart-Cut Process”
	3-2 Flowchart of Device Fabrication, and Introduction of

Basic Semiconductor Process
	3-3 Experiment Process and Results of Integrated Optical 64

× 64 Arrayed Waveguide Grating Based on UNIBOND

SOI Wafer
	3-4 Discussion and Conclusions

