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Optical Transmission Losses in Polycrystalline
Silicon Strip Waveguides: Effects of Waveguide
Dimensions, Thermal Treatment, Hydrogen
Passivation, and Wavelength
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Signal propagation delays dominate over gate delays in the ever-shrinking ultra
large scale integrated (ULSI) circuits. Consequently, silicon-based monolithic
optoelectronic circuits (SMOE) with their light speed signal propagation can
provide unique advantages for future generations of microprocessors. For such
SMOE circuits, we need optical interconnects compatible with silicon technol-
ogy. Strip waveguides consisting of polycrystalline silicon (polySi) clad with SiO,
offer excellent optical confinement and ease of fabrication that are ideal for such
interconnect applications. One major challenge with using this material system,
however, is its insertion loss. In this paper we provide techniques for minimizing
optical transmission losses in polySi strip waveguides. Our previous work using
polySi strip waveguides, showed an optical transmission loss of 15 dB/cm at A =
1.55 um, which is a communication wavelength of choice in optical fibers because
it represents an absorption minimum. Similar measurements in crystalline
silicon strip waveguides! yielded transmission losses of less than 1 dB/cm.
Hitherto, in decreasing loss from 77 dB/cm to 15 dB/ecm, we had minimized loss
from surface scattering by improving the film surface morphology, and de-
creased bulk absorption with hydrogen passivation. In this paper we report a
further reduction in the residual bulk loss from 15 dB/cm to 9 dB/cm. By
experimenting with different waveguide core dimensions, we find that the
contribution of bulk loss towards net transmission loss decreases with waveguide
core thickness. Additionally, high temperature treatment provides strain relief
in the polySi, decreasing transmission loss. Annealing in an oxygen ambient is
not recommended because it always increases transmission loss. Hydrogen
passivation improves transmission, attributable to passivation of light-absorbing
dangling bond defect sites present at polySi grain boundaries. Together, these
methods have resulted in the lowest measured loss value of 9 dB/cm at A = 1.55
pm. Since integrated SiGe and Ge photodetectors are more efficient at shorter
wavelengths like A = 1.32 pm, transmission loss is also measured at A = 1.32 um.
Losses at the two wavelengths (1.32 um and 1.55 pm) are similar when defects
and stress in the waveguides are minimized.
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clock speeds surpass the gigahertz level and clock

INTRODUCTION skew is of the order of picoseconds, currently used

As chip capabilities continue to increase, intercon-
nect constraints are rapidly becoming the dominant
limitation to chip speed. Important among the inter-
connect problems is accurate high frequency clock
distribution, the transmission of the clock signal to all
parts of the chip with minimal differential delays. As
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electrical clock systems will require up to 200 watts of
power and will use 2 billion lines/cm? of interconnect
density.? To reach the Semiconductor Industry
Association’s (SIA) 0.1 um gate-length goal for the
year 2001, we need to use a combination of low
dielectric constant isolation layers along with the
copper metallization, to enable the transport of elec-
trons at GHz speed.
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However, an excellent alternative to electrical in-
terconnects are optical interconnects in silicon
microphotonic circuits, because they offer high band-
width, low power consumption, low noise, and reliable
data transfer with minimal crosstalk, thereby allow-
ing higher interconnection densities. Additionally,
they introduce the signal transmission advantages of
optics while maintaining the computational capabili-
ties of electronics.

In our present work, we further investigate our
previous proposal of polySi/SiO, waveguides for opti-
cal interconnects. The large refractive index contrast
between the core and the cladding (3.5/1.5) enables
excellent optical confinement, thus allowing sub-mi-
cron interconnect dimensions (0.5 pm or less) similar
to the dimensions of conventional electrical intercon-
nect lines.? Additionally, polySi is used as the gate
electrode in metal-oxide-semiconductor devices, the
active layer in thin film transistors, and the high-
value resistor in static memory circuits.*® A signifi-
cant advantage of polySi interconnect material over
single-crystalline silicon material, such as bonded
and etched back silicon on insulator (BESOI), silicon
implanted with oxygen (SIMOX), or silicon implanted
with hydrogen and cleaved (ULTRABOND or SMART-
CUT), is its ease of extension to multiple levels of
interconnection. An added feature is that both the
oxide cladding and silicon core thicknesses can be
easily varied in polySi waveguides, whereas an upper
bound exists on the oxide thickness in SIMOX struc-
tures and a lower bound exists in the core thickness in
BESOI structures. ULTRABOND, which is really a
better way of making smoother and more uniform
BESOI, shares neither of the limitations of cladding
or core thickness as seen in SIMOX or conventional
BESOI. However, ULTRABOND technology is ex-
pensive at present. Therefore, although strip
waveguide structures using crystalline technology
yield transmission losses of less than 1 dB/cm,! polySi
is still a desirable alternative to SIMOX, BESOI and
ULTRABOND. Nevertheless, despite the ease of fab-
rication and flexibility offered by polySi optical inter-
connect technology, challenges in this material sys-
tem remain to be addressed. Important among these
limitations are photon scattering and photon absorp-
tion within the core and at the core/cladding interface,
both of which lead to transmission losses in polySi/
Si0, optical interconnects. In this paper, we discuss
methods to improve the optical transmission proper-
ties of polySi/SiO, strip waveguides.

We evaluate the effects of waveguide thickness,
thermal treatment and hydrogen passivation on rel-
evant material and optical properties of polySi in an
effort to lower the transmission losses. Transmission
electron microscopy (TEM) and x-ray diffraction (XRD)
are used to study the dependence of bulk loss on the
size, structure, and quality of grains and grain bound-
aries. Secondary Ion Mass Spectrometry (SIMS) is
used tostudy thelevel of hydrogenation in the samples.
Two wavelengths of operation are investigated be-
cause they are the communication wavelengths of
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Fig. 1. The cross-sectional view of the experimental strip waveguide
structure used to measure transmission losses in polySi. The polySi
core is either 0.2 pm or 1 um thick and 1, 2, 4, or 8 um wide. The
thickness of the oxide cladding under the polySi waveguide is about
1.8 um and is obtained by thermal oxidation. The oxide above the
polySi core is about 0.25 pm, deposited by low temperature oxida-
tion. Transmission losses are measured in waveguides that are 8 um
in width.

choice in optical fibers: 1.55 um is the absorption
minimum and 1.32 pm is the dispersion minimum in
optical fibers.

EXPERIMENT

The bottom cladding of the waveguides is formed by
thermal oxidation of p-type, < 100 > silicon wafers to
obtain 1.8 pum of Si0,.? This step is followed by the
deposition of 0.2 pum or 1 pm of amorphous silicon at
560°C by using low pressure chemical vapor deposi-
tion (LPCVD). This process involves the pyrolytic
decomposition of silane gas at a chamber pressure of
210 mtorr. The low 560°C deposition temperature is
chosen as it yields smooth waveguides with an RMS
roughness less than 4 nm after a recrystallization
anneal and leads to 42 + 2 dB/cm lower losses com-
pared to polySi deposited at higher temperatures
such as 625°C. Table I has a description of the polySi/
Si0, interconnect sample labelling scheme. Each la-
bel indicates the thickness of the polySi core, the
thermal anneal temperature and ambient, as well as
the hydrogenation condition.

To crystallize these amorphous silicon films into
polySi, the wafers are annealed for 16 h at 600°C in
pure nitrogen, labeled as samples C[1 um-600(N,)] for
the 1 pm polySi films or as samples E[0.2 um-600(N,)]
for the 0.2 pm polySi films. To crystallize any residual
amorphous silicon that may still remain in these films
and to reduce any inter or intra-grain defects, an
additional high temperature anneal is carried out for
select wafers at 1100°C for 16 hin pure nitrogen leading
tosamples D[1 um-600(N,)+1100(N,)] for the 1 pm poly-
Si films and to samples F[0.2 pm-600(N,)+1100(N,)] for
the 0.2 um polySi films. To investigate the impact of
anneal ambient, some wafers with a 1 pum thick polySi
film are annealed in a mildly oxidizing ambient either
at 600°C alone (samples A[1 pm-600(0,)1), to com-
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Table 1. Labeling of Photolithographically Patterned Optical Interconnect
Samples with PolySi Core and an SiO, Cladding*
Sample Loss Thickness Thermal Treatment Hydrogen
Label dB/cm Hm Time/Temperature/Ambient Passivation
A[1 pm-600(0,)] 37+6 1.0 16 h/600°C/(N,+H,0+0,) None
A, [A+ECR] 15+3 ECR
A,JA+ECR+USTI] 37+3 ECR + UST
A;[A+PII] 28+ 2 PII
B[1 pm-600(05)+1100(0,)] High 1.0 [16 h/600°C/(N,+H,0+0,)+ None
16 h/1100°C/(N,+H,0+0,)]
C[1 pm-600(N),] 25+3 1.0 16 h/600°C/N, None
D[1 pm-600(N,)+1100(Ny)] 10+2 1.0 16 h/600°C/N,+ None
16 h/1100°C/N,
EE[0.2 um-600(0,)] 27+ 2 0.2 16 h/600°C/N,+H,0+0, None
E[0.2 pm-600(Ny)] 20+ 2 0.2 16 h/600°C/N, None
E,[E+R-ECR] 15+2 R-ECR
F[0.2 pm-600(N,)+1100(Ny)] 11+2 0.2 [16 h/600°C/Ny+ None
F,[F+R+ECR] 9+2 16 h/1100°C/N,] R-ECR

* Samples are labeled according to their thickhess, thermal treatment temperature and ambiant, and hydrogen passivation conditions. Transmission loss
measurements on these polySi optical interconnects were performed for each experimental condition using a standard cutback technique.! The measured

interconnects were 8 pm in width.

pare with samples C[1 um-600(N,)] or at, both, 600°C
and 1100°C (samples B[1 um-600(0,)+1100(0,)]) to
compare with samples D[1 pm-600(N,)+1100(N,)].
This mildly oxidizing ambient was calculated to have
on the order of 10 torr of water vapor and 100 torr of
oxygen in nitrogen, which yielded a 0.2 pm thick oxide
after the 16 h 1100°C anneal.

The wafers are subsequently patterned into strips
with widths of 1, 2, 4, and 8 um and are
reactive-ion-etched either in an SF plasma or in HBr/
Cl, plasma to obtain the rectangular polySi strip
waveguide cores. Finally, a blanket layer of 0.25 pm
Si0, is deposited to complete the oxide cladding and
to protect the waveguide surface during the facet
polishing required for transmission loss measure-
ment. Figure 1 shows a schematic of the cross section
of the resulting strip waveguides. Unpatterned wa-
fers are cleaved into sections for materials char-
acterization. Selected samples from both patterned
and unpatterned batches are then hydrogenated to
passivate dangling bonds which cause optical absorp-
tion and scattering of light. Four passivation tech-
niques are investigated; they are electron cyclotron
resonance (ECR) plasma hydrogenation, ultrasound
treatment (UST) following ECR plasma hydrogena-
tion, plasma ion implantation (P11) of hydrogen, and
remote-source ECR (R-ECR) plasma hydrogenation.
For ECR hydrogenation, samples A[1 um-600(0O,)]
are immersed in a high density hydrogen plasma at
350°C for 40 min with 600 W power and 0.16 mtorr
pressure. These samples are then referred to as A,
[A+ECR]. Studies have shown, however, that a
considerable amount of the incorporated hydrogen
atoms do not contribute to passivation because they

are weakly bound to one another instead of attaching
to the silicon dangling bond.® Low-temperature ultra-
sound treatment performed at 150°C for 30 min with
a vibrational frequency of 400 kHz, is used for se-
lected samples A; [A+ECR] to supply the additional
activation energy needed for hydrogen-hydrogen bond
separation® followed by hydrogen-silicon bond forma-
tion. These samples are now labeled as samples
A,JA+ECR+UST]. Another hydrogenation method
investigated is plasma ion implantation (PII),” a
method that promises greater hydrogen incorporation
than the ECR process by allowing high implantation
doses of hydrogen. For the experiment, samples A[1
pm-600(0,)] are implanted at 350°C with a dose rate
of 2x 108 cm? sec and an energy of 2 keV and are then
labeled as samples A;[A+PII]. The fourth hydrogena-
tion condition is R-ECR plasma hydrogenation of
samples. This technique minimizes possible surface
damage from a plasma because the sample is placed
away from direct ion exposure. The ions in the plasma
are thus allowed to slow down before impacting the
polySi film surface. For the R-ECR hydrogenation ex-
periment, waveguides from samples E[0.2 um-600(N,)]
and samples F[0.2 um-600(N,)+1100(N,)] are exposed
to ahydrogen plasma for 1 h at 100 W power, 0.33 torr
pressure, and 350°C. These samples are then labeled
as E,[E+R-ECR] and F,[F+R-ECR], respectively.
Optical transmission losses at A = 1.55 pm and
1.32 pm are determined using a standard cutback
technique.® Light output from a diode source is coupled
into a single-mode optical fiber. The fiber is then
connected to a 90—10 power splitter: 90% of the power
is butt-coupled into the waveguide under test, and
10% is directed to a multimeter where it is monitored
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for voltage fluctuations. In order to factor out coupling
loss and to determine the true transmission loss of the
polySistructures, losses of several lengths of waveguides
are measured.! The loss coefficient a is given by
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where T, is the ratio of the output power to the
incident power for waveguides with length L;. There
is an estimated +5% error on our measured values of
0, arising from the error in length measurement.

The internal microstructure of polySi is examined
usingboth TEM and XRD. Planview and cross-sectional
TEM images are used to determine film crystallinity,
grain structure, grain size, and intra-grain defects.
For estimation of the grain size we use two tech-
niques: a line technique® and an area technique.!® For
each sample, the techniques are repeated several
times to obtain a mean grain size value. Using XRD,
various films are analyzed for grain orientation and
degree of crystallinity. Since the polySi films are at
most 1 um thick, a small x-ray incident angle is used
to ensure that the beam does not penetrate tointeract
with the underlying oxide layer.

RESULTS AND DISCUSSION
Effect of Waveguide Thickness

First, to investigate the impact of waveguide di-
mension on optical transmission, the loss in sample
C[1 pm-600(N,)] is compared to that in the thinner
sample E[0.2 pm-600(N,)]. The second column in
Table I lists the measured transmission losses in
waveguides fabricated from each sample. Loss at A =
1.55 pm in the 1 pm thick sample C[1 pm-600(N,)] is
25 + 3 dB/cm compared to the loss in the 0.2 pm thick
sample E[0.2 um-600(N,)] which is only 20+2 dB/cm,
implying that the thinner waveguides show lower
measured loss.

Additionally, we compare the measured loss with
the simulated loss as a function of polySi waveguide
thickness, as shown in Fig. 2. We see that our mea-
surement agrees well with the numerical simulation.
The simulation is based on confinement calculations
and follows the trend that the loss decreases with
decreasing thickness over a wide range of thicknesses.
From these calculations, we attribute the reduced
loss to the reduced overlap of the optical mode with
the lossy core and an increased overlap with the less
lossy oxide cladding. We attribute the overall loss
reduction as polySi waveguide thickness decreases,
to a tradeoff between three competing interactions.
The modes in the thin (0.2 um) waveguide extend out
of the polySi core, compared to the modes in the thick
(1 um) waveguide: reducing the detrimental interac-
tion with the lossy core; increasing the detrimental
interaction with surface roughness; and finally, in-
creasing the beneficial interaction with the less lossy
underlying SiO, cladding.

40

n
<]

-

]
+
t

Loss (dB/cm)

10 —o— Simulated Loss
O Measured Loss
5 <4
1] t + + —
0 0.2 0.4 0.6 0.8 i
Waveguide Thickness {um)

Fig. 2. Simulated and measured core (bulk) loss as a function of
polySi waveguide thickness showing that core loss decreases with
decreasing thickness. The measurement corresponds well with the
simulation of loss as a function of waveguide thickness based on
confinement calculations. (Courtesy A. Domnich and J.S. Foresi,
private communication.)

Effect of Thermal Treatment
(Temperature and Ambient)

Deposited amorphous silicon is recrystallized to
polySi with a low temperature (600°C) heat treat-
mentin anitrogen ambient. When the heat treatment
includes a high temperature (1100°C) anneal, local
defects within the crystalline regions of the polySi
waveguide are reduced, thereby improving transmis-
sion. An ambient of oxygen on the other hand converts
some of the waveguiding regions, at the top surface as
well as at the grain boundaries, to SiO,, and hence
increases scattering losses.

0.2 um Thick Waveguides

The deposited 0.2 pm thick amorphous-Si material
is annealed at 600°C or at 600°C followed by another
anneal at 1100°C, either in nitrogen with a small
oxygen partial pressure or in pure nitrogen. This
leads to four samples. However, the sample annealed
at 1100°C in the oxygen partial pressure ambient was
completely oxidized and was much too lossy to be of
interest and so is not included in Table I.

X-ray diffraction (XRD) data from the other three
samples, EE[0.2 pm-600(0,)], E[0.2 pm-600(N,)] and
F[0.2 um-600(N,)+1100(N,)], are compared in Fig. 3a,
b, and c, respectively. In Fig. 3a, which shows XRD
peaks from sample EE[0.2 um-600(0,)], the sample
annealed at 600°C in an ambient with a small partial
pressure of oxygen, some sharp peaks corresponding
to the various crystal planes within the polySi are
seen. Additionally, an amorphous SiO, peak is evi-
dent at 2-Theta = 18. We attribute this broad peak to
the Si0, within the grain boundaries in the bulk of the
polySi core.

Samples E[0.2 pm-600(N,)] have been treated to a
16 h, 600°C recrystallization anneal in pure nitrogen.
Note from Fig. 3b that the amorphous SiO, peak is not
present in a nitrogen annealed sample as there is no
oxygen in the ambient. Additionally, the XRD peaks
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Fig. 3. X-ray diffraction curves of samples E[0.2 pum-600(N,)],
EE[0.2 um-600(0,)], and F[0.2 um-600(N,)+1100(N,)]. In (a) cor-
responding to the XRD peaks from sample EE[0.2 um-600(0,)],
the sample with a 600°C anneal in small oxygen partial pressure
ambient, a broad amorphous peak is seen at 26 = 18°. In (b),
showing the XRD peaks from sample E[0.2 pum-600(N,)], the
sample treated to a 600°C anneal in pure nitrogen, the lines
corresponding to the silicon peaks are less sharp, compared to
sample E[0.2 um-600(N,)]. This is attributed to strain present in
these samples. Finally, in (c), showing XRD peaks from sample
F[0.2 um-600(N,)+1100(N,)], the sample with a 1100°C anneal in
pure nitrogen, the amorphous peak has disappeared and the
silicon peak lines are sharp again, possibly due to strain-relief
provided by the high temperature treatment.
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corresponding to diffraction from crystal planes are
less sharp when compared to sample EE[0.2
pum-600(0,)]. This broadening of the XRD peaks is
attributed to strain. Strain induces a distribution of
lattice constants in the nitrogen- annealed polySi
material. Although transmission loss in sample E[0.2
pm-600(N,)], at 20 dB/cm, is lower than in sample
EE[0.2 um-600(0,)], at 27 dB/cm, we would like to
identify the source of this loss and reduce it further.
Since strain affects refractive index of polySi which in
turn detrimentally impacts transmission of light, we
attempt to improve transmission by providing
strain-relief through a high temperature anneal at
1100°C. The results are seen in Fig. 3¢, corresponding
toXRD data from sample F[0.2 um-600(N,)+1100(N,)].
Here we see sharper crystal plane peaks with a
reduced background, attributed to strain relief, hence
improved crystallinity. As expected, the transmission
losses for waveguides annealed at the higher tem-
perature decrease from 20 dB/cm to 11 dB/cm. Fur-
thermore, cross-sectional transmission electron mi-
croscopy (XTEM) of sample F[0.2 pm-600(N,)
+1100(N,)] confirms areduction in both, the intragrain
defect density and the grain boundary width, leading
to anincrease in the average grain size from 0.2 um to
0.28 pm, when compared with sample E[0.2
Hm-600(N,)].

1 um Thick Waveguides

From Table I, we can see that the effect of tempera-
ture and ambient are more pronounced in the 1 pm
thick polySi waveguide samples, A[1 um-600(0,)],
B[1 pm-600(0,)+1100(0,)], C[1 pm-600(N,)], and
D[1 pm-600(N,)+1100(N,)].

For example, in going from a 600°C anneal (sample
A[1 pm-600(0,)]: loss = 37 dB/em) to a (600+1100)°C
anneal (sample B[1 pm-600(0,)+1100(0,)]:loss = im-
measurably high), both anneals in a partially oxidiz-
ing ambient, we notice a large difference in loss value.
In the oxidizing ambient, we expect preferential oxi-
dation of silicon, both, at the surface grain boundaries
and at the grain boundaries within the waveguide
core. The surface oxidation results in surface rough-
ening and hence surface scattering. The bulk oxida-
tion results in scattering of the optical modes at the
boundary between the lower refractive index oxide
and the higher refractive index silicon. Although this
oxidation occurs in both samples, it is more signifi-
cant in sample B[1 pm-600(0,)+1100(0,)], because
oxygen diffusion, hence oxidation, is higher at 1100°C
compared to 600°C.

A change in the ambient from partially oxidizing to
inert, decreases transmission loss from 37 dB/cm
(sample A[1l pm-600(0,)1]) to 25 dB/cm (sample
C[1 um-600(N,)]). Therefore, although the diffusion of
oxygen is small at 600°C, it is sufficient to make the
loss in the partial oxidizing ambient 17 dB/cm higher.

Finally, a change in the anneal temperature from
600°C to (600 + 1100)°C brings the transmission loss
down from 25 dB/cm (sample C[1 pm-600(N,)] to
10 dB/cm (sample D[1 pm-600(N,)+1100(N,)]), again
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attributable to strain-relief, hence improved trans-
mission, at the higher temperature.

Effect of Hydrogen Passivation

Crystalline silicon has an energy gap of 1.1 eV,
therefore, dangling bonds at grain boundaries in
polySi can efficiently absorb both 0.8 eV and 0.9 eV
radiation, corresponding respectively to 1.55 pm and
1.32 um wavelength light. Absorption at dangling
bond sites in the amorphous silicon, present either
within the grain boundaries, or at defects within the
grain, can lead to increased optical transmission
losses. Several different hydrogenation processes are
investigated as a means to reduce the effects of dan-
gling bond defects and thus, transmission loss. The
effectiveness of these techniques can be seen from
Table I.

1 um Thick Waveguides

Electron cyclotron resonance (ECR) passivation
reduces the loss by 22 dB/cm in going from sample
A[1 pm-600(0,)] to sample A;[A+ECR]. In this same
sample, however, the process of (ultrasound treat-
ment (UST) following the ECR, reverses the positive
impact of ECR hydrogenation; increasing the loss
back to 37 dB/cm (sample A,JA+ECR+UST]). During
the one hour UST process, the sample vibrates at
50 KHz supplying about 1 eV energy and the sample
temperature reaches about 80°C. This high frequency
vibration (50 KHz) could create micro-cracks in the
polySi film, thereby reducing transmission.

The process of PII, with a high implantation dose
(5%x10%) of hydrogen and high energy (45 KeV) plasma,
offered an opportunity for greater hydrogen incorpo-
ration than the ECR method. However, the resulting
samples A;[A+PII] exhibit a transmission loss of
28 dB/cm, approximately 10 dB/cm higher than the
best ECR result of 15 dB/cm of sample A,[A+ECR].
Since the samples used for this experiment do not
have a protective oxide layer, surface damage sus-
tained during the impact of high velocity plasma
constituents can explain the reduction in transmis-
sion. Hence further experiments with a protective
oxide layer on the surface may be necessary to explore
the advertised advantages of the PII technique.

0.2 um PolySi Waveguides

Remote source ECR (R-ECR) plasma hydrogena-
tion is a technique which minimizes ion impact dam-
age to the surface of the waveguides because the sam-
pleis notlocated directly in the plasma. This technique
is used to passivate samples E[0.2 um-600(N,)] and
F[0.2 um-600(N,)+1100(N,)] yielding sample
E,[E+R-ECR] and sample F,[F+R-ECR], respectively.
The resulting losses are 15 dB/cm in sample
E,[E+R-ECR] and 9 dB/cm in sample F,[F+R-ECR].

Transmission loss decreases after hydrogenation
by 22 dB/cm in sample A;[A+ECR] and by 5 dB/cm in
sample E,;[E+R-ECR], yielding the same final loss
value of 15 dB/cm in both samples. This equivalence
in loss value occurs despite the fact that A;[A+ECR] is

Table II. Transmission Losses at A = 1.3 ym and
1.55 um for Samples EE[0.2 um-600(0,)],
E[0.2 pm-600(N,)], E[E+R+ECR], and
F[0.2 pm-600(N2)+1100(\,) 1*

Loss (dB/cm)

Sample Label 1.32 um 1.55 um
EE[0.2 pm-600(0,)] 44+ 6 27+ 4
E[0.2 pm-600(N,)] 42+ 6 20+3
F[0.2 um-600(N2)+110(N,)] 16+ 3 11+£2
E,[E+R-ECR] 13+2 15+2

* Within the experimental error (+15%), losses are higher at A =1.3 ym
for samples EE[0.2 pm-600(0,)], E[0.2 pm-600(N,)], and F[0.2 ym-
600(N,)+1100(N,)]. The higher loss is attributed to scattering from
wavelength-dependent Rayleigh scattering sites, which appear to be
somewhat neutralized after a high temperature treatment and entirely
neutralized after hydrogen passivation. Transmission losses over a wider
spectral range are currently underway to better understand this loss
mechanism.

thicker, and is annealed in a low oxygen partial
pressure ambient, both of which are detrimental to
light transmission. One explanation for this equiva-
lence, confirmed by SIMS hydrogen depth profiles, is
that the R-ECR treatment results in lower H incorpo-
rationinsample E,[E+R-ECR] thaninthe ECR-treated
sample A;[A+ECR]. An additional explanation is that
the thinner 0.2 pm waveguides have fewer bulk de-
fects (dangling bonds), and hence do not benefit as
much from hydrogen passivation. Also, transmission
in the 0.2 um waveguides is very sensitive to surface
and edge roughness. More experiments are underway
to better understand the sources of this residual loss
of 9 dB/cm in the 0.2 pm waveguides.

The R-ECR technique, coupled with the high tem-
perature (1100°C) crystallization treatment of the
0.2 ym waveguide, gives the lowest reported polySi
waveguide transmission loss of 9 dB/cm in sample
F,[F+R-ECR].

Transmission Losses at A = 1.32 um

Silicon germanium (SiGe) detectors which are com-
patible with polySi waveguide technology have been
proposed and demonstrated by Giovane.'' SiGe photo-
detectors are highly efficient absorbers at A = 1.32 ym
and so transmission at this wavelength is investigated.

Table II compares the transmission losses at A =
1.32 pm and 1.55 pm. For samples EE[0.2 um-600(O,)]
and E[0.2 pym-600(N,)] transmission losses at A =
1.32 um are 44 dB/cm and 42 dB/cm, respectively.
They are each more than 20 dB/cm higher than the
losses at A = 1.55 pum for the same two samples. This
indicates that the ambient of the anneal is a less
significant factor compared to the wavelength, in
transmission losses.

To explain why we see greater transmission loss at
A =1.32 pm compared to A = 1.55 pm, we must re-visit
the sources of loss in polySi waveguides, namely,
scattering and absorption losses. Absorption loss oc-
curs due to electronic transitions between defect lev-
els within the silicon bandgap. Scattering losses can



1386

be categorized either as Rayleigh scattering losses or
non-Rayleigh scattering losses. Rayleigh scattering
loss is inversely related to the fourth power of the
wavelength as shown in Eq. 2,

OA+ (2)

Light of both wavelengths can cause absorptive loss
transitions, indicating that scattering is the main
source of the difference in loss. Furthermore, in polySi
waveguides, localized variations of refractive index
occur at defect sites. These variations act as random
inhomogeneities causing Rayleigh scattering to be
the predominant source of loss.

When sample E[0.2 um-600(N,)] is annealed at
1100°C for an additional 16 h, to yield sample
F[0.2 um-600(N,)+1100(N,)], the measured transmis-
sion loss at 1.55 um decreases from 44 dB/cm to
11 dB/cm. At 1.32 pm the loss decrease is from 42 dB/
cm to 16 dB/cm. The notable material changes result-
ing from the high temperature treatment are: im-
proved degree of crystallinity, larger grain size, fewer
grain boundaries and fewer dangling bonds. Hence,
improved transmission at both A = 1.55 pm and
1.32 pm following the 1100°C anneal can be explained
by a decrease in the number of absorption sites and
Rayleigh scattering centers.

CONCLUSIONS

Transmission losses in polySi waveguides have
been reduced by optimization of processing tech-
niques. Thinner (0.2 um) waveguides show lower
losses than thicker (1.0 pm) waveguides, and this is
attributed to lower bulk losses. A high temperature
(1100°C) thermal treatment yielded lower losses than
a lower temperature (600°C) anneal because of im-
proved degree of crystallinity, larger grain size, fewer
grain boundaries and fewer light-absorbing dangling
bonds. Such thermal treatments in a pure nitrogen
ambient show lower losses than in an oxygen partial
pressure ambient, where oxidation of polySi occurs,
especially at 1100°C. The oxide has a lower index of
refraction compared to polySi and so when it replaces
polySi within the waveguide, it leads to poorer con-
finement of light. Several kinds of hydrogenation
techniques were used to passivate the dangling bonds

o

scattering
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at the grain boundaries. Finally, transmission losses
in polySi waveguides have been reduced to a best
value of 9 dB/cm using an 1100°C anneal followed by
R-ECR hydrogenation. Experiments are currently
underway to isolate and explain this residual loss of
9 dB/cm.
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